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Load-bearing capacity of earth masonry –
an experimental and numerical analysis
The structural design of load-bearing earthen mason-

moisture level [5] [7], which is essentially determined

ry in Germany is based on the Lehmbau Regeln [1].

by the relative humidity (RH) in the hygroscopic water

The verification procedure outlined in these regu-

content range [8]. The interim results of the current

lations is based on a global safety concept that no

research project for the development of a structural

longer corresponds to the state of the art from a re-

design concept for earthen masonry also showed a

liability theory perspective. As a result, the structural

clearly recognisable dependency between the ma-

design concept for earthen masonry will most likely

terial moisture level and the relevant strength and

be discontinued by the German Institute for Building

deformation properties. Detailed knowledge of the

Technology (DIBt) in 2023. A structural verification of

moisture-dependent material behaviour of earth

load-bearing earthen buildings would then only be

blocks, earthen mortar and masonry is absolutely es-

possible in Germany with an approval for individu-

sential to developing a consistent and reliable struc-

al cases (ZiE) or a project-related permit type (vBg).

tural design concept for earthen masonry. Within the

Both methods are associated with considerable addi-

framework of the current research project, extensive

tional work and higher costs, which is a decisive dis-

tests on the pressure load bearing capacity of earth

advantage for earthen masonry construction com-

blocks and earthen mortar as well as earthen mason-

pared to conventional masonry construction. In or-

ry after conditioning at different RH levels are there-

der to enable a straightforward practical application

fore being carried out and analysed. Furthermore,

of earthen masonry, the Federal Institute for Materi-

numerical models are being calibrated on the basis

als Research and Testing (BAM), the Institute for Solid

of the experiment results, which facilitate a detailed

Construction of the Technical University of Darm-

analysis of the bending pressure bearing capacity of

stadt and ZRS Engineers are laying the groundwork

earthen masonry.

for an updated structural design concept based on
the product standards for earth blocks [2] and earth-

This paper presents, firstly, the interim results ob-

en masonry mortar [3]. The project will also investi-

tained so far concerning the experimentally deter-

gate the extent to which the design rules based on

mined moisture-dependent material characteristics

the simplified calculation methods for unreinforced

of earth blocks, earthen mortar and masonry. Based

masonry according to DIN EN 1996-3 / NA [4] can be

on this material, numerical investigations for deter-

transferred to earthen masonry construction. If the

mining the system bearing capacity of earthen ma-

normative verification procedure can be applied to

sonry under the influence of moisture are carried out

earthen masonry, it would be conceivable to include

and explained.

earth blocks and earthen masonry mortar in the national appendix of Eurocode 6 in the future, which

Experiment investigations

would result in a significant expansion of the field of

Materials and test methods

application of earthen masonry.

Blocks and mortar

The earth blocks and earthen masonry mortars invesVarious scientific studies have shown that the

tigated in the research project originate from factory

strength and deformation properties of earthen ma-

production. Experimental investigations were carried

sonry building materials relevant to structural design

out on both compression-moulded normal-format

are strongly dependent on the prevailing material

solid blocks (NF) and on extruded solid blocks in 3DF
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The compressive strength of the mortars was determined in accordance with DIN 18946 [3] on
prisms

measuring

40 × 40 × 160 mm³.

Deforma-

tions were tested on large prisms with dimensions of 100 × 100 × 200 mm³ in accordance with
DIN 18555‑4 [9], whereby the load application was
carried out in accordance with DIN 18945 [2] in three
load branches up to one third of the maximum load.
Thus, the deformation properties could be determined without creep effects, which is not the case
with the load scheme provided in DIN 18555-4 [9]
01 Extruded earth block 3DF (left), compression-molded
earth block NF (right)

using a test duration of 15-20 minutes until breakage. The strain was measured continuously using
clip-on extensometers.

format (see Figure 1). In addition, mortars of compressive strength classes M2 and M3 according to

The compressive strength of the 3DF blocks was de-

DIN 18946 [3] were tested.

termined in accordance with the earth block standard using a full block levelled with gypsum mortar.

After storage of the test specimens in climates with

The compressive strength of the NF blocks was tested

different humidity levels, tests were carried out to de-

according to DIN 18945 [2] using half blocks stack-

termine the compressive strength and deformation

bonded on top of each other and in accordance with

behaviour of the blocks and mortars in order to quan-

DIN EN 772-1 [10] using a full block. In tests accord-

tify the influence of the RH on strength and deforma-

ing to DIN EN 772-1 [10] the determined compres-

tion properties. In addition to the standard climate

sive strengths were normalised with the shape factors

for earthen building materials (23°C / 50% RH), the test

specified in the standard. After comparing the results

specimens were conditioned at 20°C / 65% RH and

of both test methods, it can be assessed whether the

23°C / 80% RH until constant mass was reached and

shape factors for conventional masonry are also suit-

were then tested immediately after removal from the

able for testing earth blocks. In both test methods,

climatic chamber.

the load application surfaces were also levelled with

02 Test specimen for determining the modulus of elasticity taken from three whole 3DF blocks (left) and three half NF
blocks mortared on top of each other (right)
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Table 1: Overview of the test programme on blocks and mortars
Block /

Compressive strength

Mortar

Samples

Test procedure

Quantity

Samples

Test procedure

halved, stack-bonded

DIN 18945

10

full block

DIN EN 772-1

10

3 half blocks
stack-bonded

full block

DIN 18945 and
DIN EN 772-1

10

3 full blocks
stack-bonded

Method according
to Schubert in
conjunction with
DIN 18946

Prism
160 × 40 × 40 mm³

DIN 18946

6

Large prism
100 × 100 × 200 mm³

NF

3DF

Modulus of elasticity

M2
M3

gypsum mortar. The strains were determined on test

Quantity
3

3

DIN 18555-4 in

conjunction

3

with DIN 18945

sides using three inductive displacement transducers

specimens consisting of three blocks stack-bonded

each. For each side of the specimen, the transverse

on top of each other with as thin a layer of gypsum

strains were measured once and the longitudinal

mortar as possible (≤ 2 mm) (see Figure 2). The cho-

strains were measured twice. The layout and length

sen test specimen geometry was based on SCHU-

of the measuring sections can be seen in Figure 3

BERT [11], as this facilitates strain measurement in

and Figure 4.

the middle third of the test specimen height, which
is almost free of lateral strain obstruction. Further-

Results

more, the strain measurement is not influenced by a

Blocks and mortar

horizontal joint in the measurement range as would

The compressive block strengths determined in

be the case for normal sized blocks according to

accordance with DIN 18945 [2] after condition-

DIN 18945 [2]. The load is applied in three cycles up

ing in a standard climate (23°C / 50% RH) averaged

to one third of the maximum load with correspond-

4.38 N / mm² for the NF blocks and 4.98 N / mm² for

ing holding times according to [2]. As with the mor-

the 3DF blocks, with the lowest individual values ex-

tar tests, the strain was measured continuously us-

ceeding 3.0 N / mm² in each case. Both blocks can

ing clip-on extensometers. An overview of the test

therefore be assigned to compressive strength class 3.

specimens and methods can be found in the follow-

The mortar compressive strengths were 4.13 N / mm²

ing table.

for the mortar classified as M3 and 3.99 N / mm² for
the mortar classified as M2. The mortars can there-

Masonry

fore be assigned to strength classes M3 or M4 ac-

The determination of centric masonry compressive

cording to DIN 18946 [3] and are therefore both one

strength was carried out on RILEM specimens. Dur-

compressive strength class higher than specified

ing the production of the test specimens, the earth

by the manufacturer. As expected, the compressive

blocks were pre-wetted by immersing them in a con-

strength of mortar and blocks decreases with in-

tainer with approx. 10 mm of water for about 5 sec-

creasing RH. Likewise, the modulus of elasticity of the

onds. A total of four block-mortar combinations were

blocks decreases with increasing RH. An overview of

tested: NF / M2, NF / M3, 3DF / M2 and 3DF / M3. Three

the test results can be found in Table 2 and Table 3.

test specimens were prepared for each block and

For the normal format blocks, both the results of the

mortar combination and stored at 23°C / 50% RH or

stack-bonded halved blocks (NFhalf) and the results

at 23°C / 80% RH until constant mass was reached. A

tested on the full block and normalised by means of

further test series at 20°C / 65% RH still needs to be

the shape factor (NFfull) are given. The normalised

carried out. The test was carried out in accordance

compressive strengths are on average approx. 10%

with DIN EN 1052-1 [12], whereby the time of testing

higher than the values of the test on the stack-bond-

was determined by duration to reach a constant mass

ed halved block according to DIN 18945 [2]. How-

and not after a defined period of 28 days. The load

ever, in order to be able to make a reliable statement

was constant and regulated at a loading speed that

about the applicability of the shape factors according

causes a break after approx. 15 minutes. The strains

to DIN EN 772-1 [10] for the testing of earth blocks,

were continuously recorded on the front and rear

further investigations need to be carried out.
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03 Layout and length of the measuring sections of the RILEM test specimens taken from NF blocks (a) and 3DF blocks (b)

Figure 5 shows the compressive strength (f / f50%) and

of elasticity. Only in the case of the 3DF blocks is this

modulus of elasticity (E0.33 / E0.33,50%) of the earth

trend less pronounced.

blocks based on standard climate (23°C / 50% RH). If
the RH is increased from 50 to 80%, the compressive

Figure 6 also shows the related compressive strengths

strength of the 3DF blocks is reduced by approx. 35%

(f / f50%) of the earthen mortars. Here the reduction in

and that of the NF blocks by approx. 25%. With the

compressive strength due to an increase in RH from

same increase in RH, the reduction in the modulus

50 to 80% is approx. 29%.

of elasticity is somewhat higher at approx. 42% for
the NF blocks and approx. 45% for the 3DF blocks.

Masonry

On the basis of the inserted linear interpolation, it is

As with earth blocks and earthen mortars, an increase

easy to see that there is an almost linear relationship

in the RH of earthen masonry is accompanied by a

between RH and compressive strength and modulus

decrease in compressive strength and modulus of

04 Masonry specimens taken from NF blocks (left) and 3DF blocks (right) including measurement equipment used during
the test
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Table 2 Average values of the test results for earth blocks

Block

NF

3DF

Table 3

Test climate

Compressive
strength
NFhalf / NFfull

Coefficient
of variation
NFhalf / NFfull

Modulus of
elasticity

T / RH [°C / %]

f [N / mm²]

Vk [%]

E0.33 [N / mm²] Vk [%]

Q0.33 [N / mm²]

Vk [%]

23 / 50

4.38 / 4.57

5.9 / 1.6

2806

2.8

15743

12.7

20 / 65

4.03 / 4.23

3.6 / 3.7

2167

4.4

16315

8.3

23 / 80

3.30 / 3.63

3.5 / 2.4

1629

4.2

15615

10.5

23 / 50

4.98

3.3

3350

20.5

7372

24.5

20 / 65

3.98

1.5

3011

12.4

5845

13.6

23 / 80

3.28

3.0

1874

5.5

10304

39.8

Average values of the test results for earthen masonry mortar
Compressive strength Coefficient of variation

Modulus
of elasticity

Coefficient of variation

T / RH [°C / %]

f [N / mm²]

Vk [%]

E0.33 [N / mm²]

Vk [%]

23 / 50

4.13

8.7

3258

4.6

23 / 60

3.71

7.2

23 / 70

3.42

7.4

pending

pending

23 / 80

2.94

7.8

2691

41.4

23 / 50

3.99

5.2

5450

4.2

23 / 60

3.35

9.4

23 / 70

3.04

7.9

5139*

3.3*

23 / 80

2.86

6.8

3118

12.9

Mortar Test climate

M2

M3

Coefficient of Transverse strain Coefficient of
variation
module
variation

* Values determined at 20°C / 65% RH

elasticity. For masonry made of normal-sized blocks,

As Müller et al. [13], [14] have already established, the

an increase in the RH from 50 to 80% results in a re-

load-bearing behaviour and failure mechanisms of

duction in compressive strength of approx. 33%, re-

earthen masonry are in principle the same as those of

gardless of the mortar used. The modulus of elasticity

conventional masonry which can be clearly observed

of the test series produced with mortar M2 decreases

in the crack formations in the failure pattern. In con-

by about the same amount, i.e. approx. 34%, where-

trast to conventional masonry, however, the elon-

as the modulus of elasticity of masonry produced

gation at break of earthen masonry is comparatively

with mortar M3 decreases by only 13%. Compressive

high and increases with increasing RH. This correla-

strengths and moduli of elasticity of masonry test

tion becomes clear when comparing the stress-strain

specimens made of 3DF blocks decrease between

curves. Figure 7 shows the normalised stress-strain

34% and 37%. The results are given as average values

curves of the earthen masonry specimens as average

of the respective test series in Table 4.

values of the tests. The higher elongations at break of
the test series carried out at 80% RH can be seen. Ad-

A comparison of the compressive strengths of ma-

ditionally, the stress-strain curves of masonry made

sonry with the same type of block and RH shows that

of fired bricks and aerated concrete were entered

the mortar has hardly any influence on the compres-

with the key figures for determining the modulus of

sive strength of the masonry, which is mainly due to

elasticity according to DIN EN 1996-1-1 / NA [15] in

the very similar compressive strengths of the mason-

order to illustrate the different elongations at break.

ry mortars used (see Table 3: Average values of the
test results for earthen masonry mortar).
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05 Related compressive strengths (left) and modulus of elasticity (right) of NF and 3DF blocks

06 Related compressive strengths of the mortars
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Furthermore, it can be stated that the relationship

specimens made of normal sized earth blocks. For

of modulus of elasticity to compressive strength in

modelling, the approach of a simplified micro model-

earthen masonry is significantly lower than in sand-

ling approach has been chosen in which the individ-

lime or fired brick masonry. In order to facilitate a

ual masonry blocks are modelled as masonry prisms

comparison of the relationships, the average values

together with half of the adjacent mortar joints. A

of the masonry compressive strengths were con-

masonry prism is separated using 10 × 10 × 10 mesh

verted into characteristic strengths using the factor

elements. Rigid load application plates are provided

of 1.2 specified in DIN 1052-1 [12]. The correspond-

at the base and top of the model to avoid singularities

ing values of masonry made of normal-sized blocks

in support and load application areas. The support

are E0.33 / fk = 460 – 600, which is approximately in

conditions at the upper and lower wall end merely

the value range of E0.33 / fk = 500 – 650 [15] speci-

facilitate free rotation around the longitudinal axis of

fied for aerated concrete masonry. In masonry made

the model. The bond conditions between the indi-

of 3DF blocks, however, the relationship of modulus

vidual block rows are defined by contact elements

of elasticity to characteristic compressive strength is

in the bedding joints. These are assigned a discrete

considerably lower at E0.33 / fk = 280 – 310, although

crack model without tensile strength. The geometry

the elasticity moduli of the 3DF blocks are significant-

of the numerical model is shown in Figure 8.

ly higher than those of the NF bricks, at least under
standard climatic conditions (see Table 2: Average

The masonry prisms are modelled with the aid of a

values of the test results for earth blocks). The exact

total strain crack model (see Figure 9), which allows

cause of this is to be determined in the further course

both non-linear material behaviour under uniaxial

of this research work.

bending pressure stress to be depicted as well as
different pressure and tensile behaviour to be taken

Numerical investigations

into account. The material law according to DIN EN
1992-1-1 [16] is used to model the stress-strain rela-

Modelling of earthen masonry

tionship under compressive stress:

Based on the material parameters obtained in the
experiment, a numerical model is being developed
with

to estimate the influence of moisture on the global
bearing capacity of earthen masonry under centric
and eccentric compressive loads. The calibration of

with
(1)

the model is based on the test results of masonry

07 Comparison of the stress-strain curves of earthen masonry at different RHs including the idealized stress-strain curves
of brick and aerated concrete masonry according to EC 6
1.0
3DF_50% RH
3DF_80% RH

0.8

NF_50% RH
NF_80% RH
0.6
σ/f

Brick
Aerated concrete

0.4

0.2

0.0
0

2

4

6

8

10
ɛ [‰]
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Table 4 Average values of test results for earthen masonry
Test series

Test climate

Compressive
Quantity strength

Coefficient
of variation

Modulus
of elasticity

Coefficient
of variation

Block / Mortar

T / RH [°C / %]

[-]

f [N / mm²]

Vk [%]

E0.33 [N / mm²]

Vk [%]

23 / 50

3

3.72

3.8

1656

6.9

23 / 80

3

2.51

3.1

1093

10.9

23 / 50

3

3.66

6.2

1399

3.9

23 / 80

3

2.43

4.4

1225

12.1

23 / 50

3

3.56

0.2

911

8.5

23 / 80

2

2.36

1.25

592

13

23 / 50

3

3.59

3.4

848

17.9

23 / 80

2

2.27

3.6

570

1.4

NF / M2

NF / M3

3DF / M2

3DF / M3

non-linear course of the stress-strain relationship

with:

can be approximated well by means of the numerical model. Further information on numerical modelling of earthen masonry can be found in Brinkmann
et al. [17].
The tensile behaviour of the masonry prisms is approximated with a linear course and brittle postcracking behaviour. The applied tensile strength cor-

Load bearing capacity of earthen masonry under

responds to the bending tensile strength of the earth

the influence of moisture

blocks under the respective ambient climate condi-

The numerical model is used to analyse and compare

tions determined in the experiment. Since the con-

the system load-bearing capacity of earthen mason-

tact elements in the bedding joints have no tensile

ry under compressive stress at 50% RH and 80% RH.

strength, however, they determine the bending ten-

Both the slenderness of the model as well as the ec-

sile strength of the entire model.

σ
Table 5 summarises the input parameters for the

fb,t

modelling of the masonry prisms. In the numerical

ɛult

analysis, it is assumed, for simplification purposes,

ɛf

that the moisture content of the building component

ɛ

and thus also the strength and deformation properties are constant throughout the wall thickness.
To validate the model, Figure 10 shows the numeri-

f

cally generated stress-strain relationships under centric compressive loading for a relative humidity of
50% and 80% compared with the tensile test diagram
determined in the experiment. It is apparent that the

09 Total strain crack model of the masonry blocks

Table 5 Input values for modelling
Test climate

f

fb,t

E0.33

εf

εult

T / RH [°C / %]

N / mm²

N / mm²

N / mm²

[‰]

[‰]

23 / 50

3.69

1.59

1527

5.08

6.06

23 / 80

2.47

1.17

1159

6.44

7.90
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125

125
250

50

50

81

81

81

81

81

81

81

81

81

81

250
125

125

115 mm

486 mm

Z

Z
Y

Y

X

X

81

81

50

50

Z
X

586 mm

486 mm

Z

Z

115 mm

Z
Y

X

586 mm

Y

08 Geometry of the numerical model

centricity of the pressure normal force acting on it

gests that the stiffness of earthen masonry is reduced

are varied. The results of the load analyses are shown

to a similar extent as the compressive strength when

in Figure 11.

humidity increases. This fact can lead to a significant
simplification in the creation of moisture-dependent

It can be observed that the load-bearing capacity of

design formulas since the reduction of the bearing

earthen masonry is significantly reduced when the

load at increased humidity can be taken into account

RH is increased. As cross-sectional failure is generally

using a uniform factor for both cross-sectional and

decisive in the case of low slenderness, the compres-

stability failure.

sive strength of the masonry determines the maximum normal force that can be absorbed. Due to this,

Conclusions and outlook

the load-bearing capacity of compact earthen ma-

This paper has presented experiment investigations

sonry walls is reduced, as expected, by the ratio of the

to determine the strength and deformation proper-

compressive strengths under the respective climatic

ties of earthen building materials under different cli-

conditions of f80% / f50% = 0.67 when the RH increases

matic conditions. It was shown that the compressive

from 50% to 80%. As shown in Figure 12, however,

strength and modulus of elasticity of earthen masonry

the ratio NRd,80% / NRd,50% remains almost constant

and its individual components decrease with increas-

even at greater slenderness. Since the load-bearing

ing relative humidity. An increase in relative humidity

capacity of masonry in the area of stability failure no

from 50 to 80% led to a reduction in the compressive

longer depends on the compressive strength but pri-

strength of the tested earthen building materials of

marily on the stiffness of the masonry, this effect sug-

25-35% and a reduction in the modulus of elasticity

10 Experimental and numerical stress-strain relationship under centric compressive load
5.0
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results

4.0

σ [N/mm2]

Numerical
results
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11 Numerically determined bearing capacity of earthen masonry under eccentric compressive load
at 50% RH and 80% RH
1.0

e/t = 0.01

0.8
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N Rd80% / N Rd50%
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0.6

0.4
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0.0
0
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12 Ratio of load capacity at 80% RH to load at 50% RH

25
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hef/t

of 25-45%. Furthermore, it could be determined that

sification grades of the mortar compressive strength

the current valid standard test procedure for earth

classes according to DIN 18946 [3] are appropriate

blocks provides similar results to the test procedure

or whether here too, an alignment with the mortar

for conventional masonry blocks according to DIN

classes according to DIN EN 998-2 [18] should take

EN 772-1 [10] with subsequent conversion via the

place. Load-bearing earthen masonry mortars usu-

shape factors defined there. The extent to which the

ally have strengths of 2.5 N / mm² to 5 N / mm² and

shape factors for earth blocks actually provide valid

could therefore be assigned to mortar classes M 2.5

results must be clarified in the course of further re-

or M 5. In the course of designing earthen masonry

search. However, against the background of a pos-

according to the simplified calculation methods of

sible structural design of earthen masonry according

DIN EN 1996-3 / NA [4] a minimum mortar compres-

to DIN EN 1996-3 / NA [4] it appears to make sense in

sive strength of f ≥ 2.5 N / mm² may be sufficient with-

principle to align the determination of the compres-

out accepting significant losses in terms of masonry

sive strength for earth blocks with the test specifica-

compressive strength.

tions common in masonry construction. Due to the
low influence of the mortar compressive strength on

In order to analyse the bearing capacity of earthen

the compressive strength of masonry, it can be taken

masonry under different climatic conditions, a nu-

into consideration whether the relatively narrow clas-

merical model was calibrated on the basis of the
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material characteristics determined in the experi-

project “Creation of a structural design basis for

ment. The load-bearing capacity under eccentric

earthen masonry based on DIN EN 1996-3 / NA by

compressive stress was reduced at 80% RH to ap-

means of experiment and numerical investigations”.

proximately two thirds of the load-bearing capacity

Furthermore, we would like to thank the companies

at 50% RH. Interestingly, the ratio NRd,80% / NRd,50%

claytec e.K. and conluto® for providing materials and

corresponds approximately to the ratio of compres-

their expertise, as well as Christof Ziegert for his (al-

sive strengths f80% / f50% not only in the area of cross-

ways helpful) contributions to the discussion.

sectional failure, but also in the area of stability failure
as well as with varying eccentricity. This fact leads to
the conclusion that the stiffness of earthen masonry
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