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Abstract. The paper presents a comparison between different numerical modelling ap-
proaches aiming to simulate the in-plain behaviour of three types of earthen materials, name-
ly adobe masonry, rammed earth and cob. For this purpose, uniaxial and diagonal
compression tests were carried out, which allowed determining important mechanical param-
eters, such as compressive strength, Young’s modulus, Poisson’s ratio, shear strength and
shear modulus. Furthermore, the tests allowed assessing the level of non-linear behaviour of
the respective stress—strain relationships as well as the failure modes. The experimental re-
sults were then used for the calibration of numerical models (based on the finite element
method) for simulating the non-linear behaviour of the earth materials under in-plane shear
loading. Both macro- and micro-modelling approaches were considered for this purpose. The
procedures adopted for model calibration established the reliability of various modelling
strategies for the different loading conditions. The simplified approach based on macro-
modelling shows a satisfactory accuracy and low computational costs. The results reproduc-
ing the uniaxial compression are in good correspondence with the post-elastic behaviour ob-
served in the experimental campaign. The micro-modelling approach adopted to reproduce
the shear behaviour, even with higher computational cost, represents a suitable tool to pre-
dict the adobe masonry and rammed earth collapse mechanisms.
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1 INTRODUCTION

Earthen materials show interesting environmental advantages when used as building mate-
rials [1, [2]. There are several available techniques where these materials are employed with
structural purposes, namely as earth blocks (adobe), compressed earth blocks (CEB), rammed
earth and cob [3].

Adobe masonry is built with earth block units laid with mortar, usually an earth mortar.
The manufacture of adobe masonry usually follows the same principles as those used for fired
clay brick masonry. These blocks are produced by throwing a handful of a malleable mass of
earth into a mould, and then are demoulded and put to dry under the sun.

Rammed earth is an earthen construction technique in which moistened earth is compacted
in consecutive layers within a wooden formwork. Rammed earth exhibits two distinctive
physical characteristics: a low moisture content, usually below the plastic limit of earth (‘soil-
moist’) when filled into the formwork and a wide, poorly sorted particle size distribution
ranging from clay to gravel-size (up to 64 mm) fractions.

Cob is a mixture of earth and plant fibres, where walls made of cob can be regarded as fi-
bre-reinforced monolithic structural elements. The largest particle size of the soil usually does
not exceed the sand fraction. The earth is mixed with water to a plastic consistency and then
the straw fibres are worked upon to shape the walls, layer by layer [4, 5].

In last decade several studies were carried out to numerically model the behaviour of
earthen materials under static [7, 8, 9, 11, 12, 13, 14, 15, 16, 17] and under pseudo-dynamic
loading [18, 19, 20]. This article presents a comparative study on the numerical modelling of
three different earthen materials under static in-plane loading.

The material characterization and its modelling are hardly predictable due the variability
shown by the raw earthen materials. For this reason, a detailed characterisation of the earthen
materials properties is required when the use of complex constitutive laws is necessary. In ad-
dition, considering the aforementioned aspects, the constitutive model, selected referring to
the material behaviour and the analysis computational demand, needs to provide a good match
between representativeness, complexity, accuracy and reliability.

The first part of the paper presents the mechanical characterisation of earthen materials
carried out. Earthen wallets were tested in the BAM laboratories within an experimental pro-
gram whose goal was to derive the basic mechanical properties to employ in the numerical
simulation. The second part of the paper deals with the numerical modelling of the earthen
wallets implemented in FEM software TNO DIANA 9.6 [21].

The aim of the numerical analysis is to simulate the non-linear shear behaviour of earthen
materials. For adobe masonry the non-linear constitutive laws are based on the multi-
directional fixed crack model and combined interface model. A total strain rotating crack
model (TSRCM) was used for rammed earth and cob. The macro-modelling approach was
considered for the simulation of the experimental tests, and the respective FEM models were
calibrated according to the experimental results obtained. Additionally, the micro-modelling
approach intended to evaluate the influence of the interfaces between layers on the shear be-
haviour of rammed earth and failure mechanism block-mortar in adobe masonry.
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2  EXPERIMENTAL PROGRAM

2.1 Materials and preparation of the samples

In the experimental program the earthen wallets were tested under uniaxial compression
and diagonal compression. Earthen materials for the experiments were sourced from a local
manufacturer of prefabricated earthen building products. Earth blocks were produced by a
mechanised moulding procedure (no compression) with a size of 240 mm x 115 mm x
71.5 mm. Earth mortar was provided as pre-mixed dry mortar and was mixed with water for
sample preparation according to DIN 18946 [22]. Adobe masonry wallets of size 500 mm x
500 mm x 115 mm with a bulk density (y) of 1870 kg/m® were produced by laying six earthen
unit courses in accordance with EN 1052-1 [23]. Samples were built without pre-wetting the
earth blocks for compression tests. For the shear tests, samples with wetted blocks were built.

The rammed earth wallets were manufactured with approximate dimensions of 500 mm X
500 mm x 110 mm. The manufacturing process consisted in manually compacting fairly dry
earth (moisture content 9-10%) in six layers within a plywood formwork, with a timber ram-
mer. The resulting average layer thickness after compaction was of about 84 mm. The wallets
showed a y of 2190 kg/m>. For the basic cob formulation, the premixed earth was first mixed
with water to plastic consistency. Afterwards the straw fibres were added and mixed thor-
oughly in a high performance shear mixer. The cob mass was then thrown onto the cob heap
in a diagonal pattern. By throwing the plastic cob, mass void space and air inclusions are min-
imized. Wallets of 420 mm x 420 mm X% 115 mm were cut from a large cob heap showing a y
of 1430 kg/m>. After production, the wallets were stored in a climate room at 23 °C and 50%
relative humidity (RH) for drying. Samples were removed from the climate room shortly be-
fore mechanical testing took place. The detailed description of material characterisation is re-
ported elsewhere [5, 6].

2.2 Uniaxial compression tests

A layer of low strength cement mortar was used between the top and bottom surfaces of
samples and the supports to regularise the contact surfaces. The distribution of the load ap-
plied to the samples was given by means of two I-shaped steel profiles fixed at the top and
bottom surfaces. The compression tests were performed under displacement control. The test
speed was set at constant value to reach the failure within 20—30 min. The deformations of the
samples were measured through linear variable differential transformers (LVDTs).

For adobe masonry, the compressive strength (fc) values ranged between 2.7 and
3.8 N/mm?. The Young’s modulus (E) was in the range of 587-1071 N/mm?. Failure was
usually abrupt after maximum stress was reached, it was visible by vertical or diagonal cracks
with sometimes cone shaped cracking pattern, at least one side, sometimes on both sides.
Crack patterns of the wallets are shown in Fig. 1a. Accordingly the stress-strain curves (Fig.
1b) exhibit a short phase of post-peak strain softening under compression, due to its brittle
behaviour under uniaxial load. Fig. 2a depicts the crack pattern at the failure of one of the
rammed earth wallets. The crack pattern was characterized by the formation of a cone shape
at the top, bottom or at both regions. The wallets exhibited a brittle failure in a short time after
achieving their maximum compressive stress. The axial stress-strain curves obtained from the
compression tests are presented in Fig. 2b, as well as the respective envelope. These curves
thoroughly highlight the non-linear behaviour of rammed under uniaxial compression, which
starts from low stress levels. It should be noted that f. showed relatively low scattering and
varied between 3.3 and 3.9 N/mm?, while E presented relatively high scattering and varied
between 2844 and 5048 N/mm?.
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Figure 1: Compression tests on adobe masonry: (a) crack pattern of a wallet; (b) compression stress-axial strain
curves and respective envelope.

A typical crack pattern at the failure of one of the cob wallets tested is shown in Fig. 3a.
Fig. 3b reports the compression tests results in terms of axial stress-strain curves and the re-
spective envelope. These curves draw attention to the non-linear behaviour of cob under com-
pression. The values of f. showed relatively low scattering and varied in the range of 1.55—
1.63 N/mm?. Also E presented relatively low scattering and varied in the range of 977—
1084 N/mm?>.

The deformations of the samples were relatively high, where the maximum values meas-
ured for axial strain (¢) were higher than 30 mm/m. Due to the presence of straw, the cob
samples showed a ductile behaviour under compressive load, without distinctive maximum in
a long post-peak phase. Crack patterns after the tests were almost random and only in one
sample a cone shaped failure was observed.
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Figure 2: Compression tests on rammed earth: (a) crack pattern of a wallet; (b) compression stress-axial strain
curves and respective envelope.
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Figure 3: Compression tests on cob: (a) crack pattern of a wallet; (b) compression stress-axial strain curves and
respective envelope.

Pull-off tests were performed to obtain an estimation of the tensile strength (f7) for adobe
masonry and cob. In the case of cob, the strength obtained from these tests is expected to be
higher than the real tensile strength, due to some limitations of the test, such as resin impreg-
nation and lack of control regarding the failure mechanism. The average value obtained corre-
sponds to about 20% of f., which is a relatively high relation when compared with the 10%
relation generally assumed in the modelling of masonry materials. Table 1 summarises the
mechanical properties obtained from compression and pull-off tests.

Material fe (N/mm?) E(Nmm? v () fi (N/mm?)

Adobe masonry  3.28 (0.40)  803°(204)  0.37(0.13) 0.52° (0.12)/0.307 (0.08)
Rammed carth  3.73(023)  4207°(921) 0.27 (0.03) nd

Cob 1.59 (0.03) 10219(50)  0.14 (0.06) 0.32 (0.06)

Table 1: Results of the uniaxial compression and pull-off tests. * Calculated between 5% and 30% of . by linear fitting;
b determined at 1/3 of maximum stress; ¢ adobe; 9 mortar; standard deviations in brackets; nd = not determined.

2.3 Diagonal compression tests

Diagonal compression tests were performed according to the standard ASTM E 519-10
[24]. The LVDTs were fixed at both sides of the samples. A layer of low strength cement
mortar was used between the bases of samples and the supports to regularise the contact sur-
faces. Diagonal compression tests on adobe masonry were carried out under displacement
control. According to the standard test method, the loading speed was adjusted in a way that
the failure point was reached after 1-2 minutes. The experimental results evidenced how the
global performance of adobe masonry elements is mainly governed. The sample yields the
stress until a first diagonal crack appears by exceeding the maximum elastic horizontal strain. The
crack ran not only along joints but also through blocks (Fig. 4a). At the second yielding point the
sample failed by sliding of the blocks along the joints until complete collapse. The stress-strain
curve of most of samples showed a distinctive yielding point, when the elastic limit of the samples
was reached and first cracks appeared (Fig. 4b). This type of stress-strain response is linked to the
actual failure mode of the sample. Details on mechanical testing are reported in a previous study
[9, 10]. The shear strength (fs) of the samples was calculated from the maximum load. The fs val-
ues ranged between 0.15 and 0.30 N/mm?. The initial shear strength (fi,) of the earth mortar and
its bond behaviour to the earth block is a crucial factor. Therefore, shear tests according to EN
1052-3 [25], procedure A, were carried out.
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Figure 4: Diagonal compression tests on adobe masonry: (a) crack pattern of a wallet; (b) shear stress-shear
strain curves and respective envelope.

For rammed earth and cob the tests were performed under force control at a rate of about
130 N/s. The failure of the rammed earth samples was typically preceded by the appearance
of a crack close to the early peak shear stress. Then, further cracks developed forming a sys-
tem of running cracks that crossed diagonally the sample from the top to the bottom support
(Fig. 5a). Cracking at the interface between the layers was also observed, where the diagonal
systems of cracks tended to follow partially this interface.

Fig. 5b presents the shear stress-shear strain curves, as well as the respective envelope. In
general, the wallets exhibited an early peak shear stress, which was followed by shear harden-
ing. The shear hardening phase imparts most of the shear deformations occurring in the tested
samples. Both fs and shear modulus (G) showed relatively high scattering, where fs varied be-
tween 0.54 and 0.83 N/mm? and G varied between 1260 and 2146 N/mm?. Details on me-
chanical testing are reported in a previous study [8].
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Figure 5: Diagonal compression tests on rammed earth: (a) crack pattern of a wallet; (b) shear stress-shear
strain curves and respective envelope.

The cob samples failure occurred with the initiation of a main crack at the middle of the
samples, which progressed towards the supports in diagonal direction. Cracking initiation was
observed to occur near the maximum load. The typical failure mode of the wallets is illustrat-
ed in Fig. 6a showing the cracking pattern at failure.
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Fig. 6b presents the shear stress-shear strain curves, along with the respective envelope. In
opposition to the compressive behaviour of cob, the shear behaviour presents very high scat-
tering. The wallets exhibited a noticeable non-linear behaviour in shear, with a very large
hardening phase. This phase is probably depending from the contribution of the fibres to the
shear behaviour, allowing the wallets to achieve large shear strains ys (higher than 8 mm/m)
before failure. All parameters showed relatively high scattering, where fs varied in the range
of 0.37-0.64 N/mm?, shear strain at the maximum shear stress (ys) varied in the range of 5.6—
10.7 mm/m and G in the range 311-634 N/mm?. Details on mechanical testing are reported in
a previous study [26]. The results of the diagonal compression tests are listed in Table 2.
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Figure 6: Diagonal compression tests on cob: (a) crack pattern of a wallet; (b) shear stress-shear strain curves
and respective envelope.

Material /s (N/mm?) G (N/mm?) fro (N/mm?)
Adobe masonry 0.21 (0.05) 397° (340) 0.018
Rammed earth 0.70 (0.11) 1582% (333) -

Cob 0.50 (0.11) 442% (100) -

Table 2: Results of the diagonal compression tests. ? Calculated between 5% and 30% of f; by linear fitting; ®
determined at 1/3 of maximum stress, standard deviations in brackets.

3 NUMERICAL MODELLING

3.1  Geometry, boundary conditions and loading

The finite element method (FEM) was used to numerically simulate the mechanical behav-
iour of the wallets tested under uniaxial and diagonal compression tests. The models were
prepared and implemented by means of the FEM software TNO DIANA 9.6 [21].

A plane stress state was assumed for all models, allowing analysis with lower complexity
and computer processing demand. The 2D analysis represents a valid assumption given the
geometry of the wallets and the in-plane loading applied. Eight-noded quadrilateral elements
(CQ16M) were used to simulate the three earthen materials in both macro- and micro-
modelling approaches. In the micro-modelling approach, interfaces between layers were
simulated using six-noded zero-thickness interface elements (CL12I). The load was applied
by imposing uniformly distributed vertical displacements on the constrained nodes at the top
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of the FEM models. As the self-weight was expected to have marginal contribution to the
stress state, it was not considered in the modelling.

In the simulation of the compression tests of adobe masonry, the two constraining rigid
steel beams were also included in the model, by means of two additional surfaces at the base
and on top of the wallet, each with a height of 120 mm. The wallets tested under diagonal
compression were modelled similarly to the uniaxial compression test previously described.
The diagonal load was applied through the steel shoes, included in the model, and placed at
two opposite corners of the wallet to correctly distribute the load over the wallet. The width of
the steel supports over the two sides of the corner was 149 mm. modelled with six-noded tri-
angular elements (CT12M). The boundary conditions were defined by considering a width of
the supports of about 125 mm.

Both macro- and micro-modelling approaches were considered. In the first case adobe ma-
sonry was considered as a homogeneous and continuous material, whereas in the second case
the inhomogeneity of masonry was taken into account through the definition of a discontinu-
ous system of units connected by interfaces at the centre of the mortar joints. The macro-
model is a suitable tool for practical application in large structures and was based on plasticity
formulations for isotropic quasi-brittle materials with consideration of the cracking behaviour.
For the micro-model, the approach undertaken was based on the definition of appropriate el-
ements whose behaviour was governed by a composite interface material model. The compo-
site interface model allows capturing all possible masonry failure mechanisms, such as tensile
cracking, frictional slip and crushing along the interfaces.

Rammed earth was firstly treated as a homogeneous continuum medium, which allows ob-
taining models with lower complexity than those obtained from a micro-modelling approach.
Then, the rammed earth was treated as a set of stacked layers of finite elements to simulate
the interfaces between compaction layers. Cob was modelled only as a homogenous and con-
tinuous material using macro-modelling. Then, the mechanical parameters were calibrated
through the comparison of the numerical outcomes with the experimental results presented in
the previous section. Characteristics of numerical models are reported in Table 3.

Material Adobe masonry Rammed earth Cob

Modelling Macro Micro Macro Micro Macro Micro

Dimension (mm) 500 x 500 x 115 499 x 505 x 117 401 x 407 x 123
CQleM CQleM CQleM  CQleM CQI6M -

Mesh elements CTIOM CTIOM

No. of elements  484%/ 576° 1140 400 560%/ 580° 400 -

Table 3: Numerical modelling approach and geometry; ® uniaxial compression; ® diagonal compression.
3.2 Adobe masonry

3.2.1. Constitutive laws

A multi-directional fixed crack model was assumed [27] where cracking is specified as a
combination of tension cut-off, tension softening and shear retention. A constant tension cut-
off according to Rankine criterion was used, combined with a yielding criterion for compres-
sion according to Von Mises criterion (Fig. 7a). The shear retention was assumed to be con-
stant (Fig. 7b). Table 4 reports the values of the mechanical properties considered for the
macro-model. In particular, the assumed £ and v correspond to the mean values obtained from
uniaxial tests.
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E v fi fe S Compressive Tensile
(N/mm?) () (N/mm?) (N/mm?) (-) behaviour behaviour
803 0.37 0.30 3.28 0.20 Multi-linear law (Fig. 7d) Brittle

Table 4: Initial values of parameters assumed for adobe masonry macro-model (uniaxial compression).

The f. was assumed as the mean value from the tests as well. As a comparison, the mean
compressive strength was calculated also excluding the extreme values obtained from the
tested wallets. However, a difference of 0.87% with respect to the value used in the numerical
model was found being not relevant for the outcomes of the analysis. The coefficient of shear
retention (f) was chosen in the range of 0.15-0.25 typical of similar brittle or quasi-brittle ma-
terials. This parameter allows to describe the post-cracking shear behaviour and was defined
in order to provide the sample with a certain value of stiffness after cracking due to interlock-
ing phenomena [27, 28, 29].

The uniaxial constitutive law considered for tension is brittle (Fig. 7c) due to limited in-
formation regarding the tensile behaviour of the tested masonry. The f; = 0.3 N/mm? was as-
sumed as the tensile strength of the mortar employed for the joints. For compression, a
multilinear law (Fig. 7d) was assumed, based on the results of the experimental tests under
uniaxial compression in terms of stress-strain diagram, which lead to satisfactory results.

02 o, 5 1 g, (N/mm2) --Experimental
envelope
ft 41 L --Compressive
: ’ 5 constitutive law
f fct 3 1 =AY . e
Jec ¥ PREL
Tt 1 24 S
L 11
7. / - 0
fec 0 L . . EC(/o?
R £ — 0.0 0.5 1.0 1.5
(a) (b) (©) (d

Figure 7: Material model assumed in the macro-modelling of adobe masonry: (a) Rankine/Von Mises plasticity
models; (b) constant shear retention law; (c) brittle tensile behaviour; (d) compressive behaviour [21].

In the micro-modelling approach the model was built considering geometrically expanded
units represented by continuous elements, while the behaviour of the mortar joints and unit-
mortar interface is lumped into discontinuous interface elements. According to this approach,
each joint, consisting of a mortar layer and the two unit-mortar interfaces, is lumped into a
‘mean’ interface while the units are expanded in order to keep the geometry unchanged. Ma-
sonry is thus considered as a set of elastic blocks bonded by potential fracture/slip lines at the
centre of joints.

The higher level of accuracy of the micro-model in the reproduction of the obtained exper-
imental results lays in the possibility to take into account all the masonry failure mechanisms.
In the present case, all the damage was considered to be concentrated in the weak joints and in
potential pure tensile cracks in the blocks, vertically placed in the model in the middle of each
unit. Therefore, according to the geometry outline reported in Fig. 8a, the wallet was subdi-
vided into expanded block elements connected through joint interfaces. A second type of in-
terface was also included on the half of each block. This method accounted for potential
cracks through the units, and resulted to be quite a reliable method from the convergence
point of view compared to the use of smeared crack models for the units, thus effective in
preventing a wall’s response characterised by overstrength [30, 31].

In the micro-model such extended elements, representing the earth block units, were de-
scribed through a linear-elastic material, while the non-linearities have been concentrated at
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the interfaces. A good approximation of the failure mechanisms for the in-plane loaded ma-
sonry wallets can be described by the constitutive model developed by Lourengo and Rots
[32], shown in Fig. 8b. This model assumes three failure modes: tension cut-off, compression
cap, and shear failure, developed under plasticity concepts. The internal damage associated
with each failure mechanism is modelled in the mortar joints using internal parameters related
to fracture energy in tension, compression and shear. Such interface material model allows
considering possible tensile cracking, crushing or sliding along the joints.

The E and v of the units are taken from the characterisation tests on adobe samples [9]. The
/i value of earth blocks obtained from the tests was assumed for the potential block cracks,
while for their stiffness and tensile fracture energy (G') values available in the literature [30,
33] were assumed. The micro-modelling approach based on interface finite elements requires
the definition of the joint stiffness. In the present case, the values assumed in the numerical
models were calculated from the mean value of E obtained from the experimental uniaxial
compression tests (Table 1). In the followed approach, the stiffness of the units was kept un-

modified, while the normal joint stiffness (Knjoin:) was calculated using the following equation
[33]:

Kn,joint =1 /(]’l(l / Ewai— 1 /Eblock)) (1)

Whereby the height of the block (/4) is equal to 72 mm, and the tangential stiffness (Ks,joinr)
was calculated directly from the normal stiffness using the theory of elasticity as follows:

Ks,joint = Kn,joint / 2(1 + V). (2)

Furthermore, in order to describe the possible mechanism of cracking of the units, an addi-
tional interface discrete cracking law was included in the model. The law is based on a total
deformation theory, which expresses the tractions as a function of the total relative displace-
ments, the crack width, and the crack slip. For tensile softening an exponential law has been
assumed (Fig. 8c). The micro-properties assumed for earth blocks and earth mortar are report-
ed in Table 5.

S ~ |7
oint/interface ’\ ~._C
Var / 4 ; ~._Coulomb

B 65 o
‘ joint/interface SR “_friction
1O " . N, S
i y L, Y ~.node
¢ cap mode / 4 S N
a i / / ~
Z . / / ()N
> / PLN

’ \\
3 / ’ tension
‘brick’ | / N <
! / N mode
) [ .’(\ N
: [ H 4 o
I |

A termadiats s . X Aun
= potential brick crack Intermediate \ residual yield surface

yield surface

—e
o S

initial yield surface
(@) (b) (c)

Figure 8: Discretisation and connectivity adopted in the micro-modelling (a). Combined cracking-shearing-
crushing model for joint interfaces (b) and discrete cracking relationship for tensile half-block cracks (c) [21].

Unit Joint (stiffness) Unit crack

E \% Kn.joint Ks,joint kn ks ﬁ,crack Glf,'crack
(N'mm?) () (N/mm’) (N/mm’) (N/mm®*) (N/mm’) (N/mm?) (N/mm)
2197 045 17.57 6.41 1.0-10* 1.0-10° 0.52 0.08

Table 5: Elastic properties for blocks, joints and potential block cracks of adobe masonry.



Lorenzo Miccoli, Rui A. Silva, Angelo Garofano and Daniel V. Oliveira

The inelastic properties of the joint interfaces are reported in Table 6.

Tension Shear Compression

Srjoint € c tanp tany Gy Sejoint Css G
(N/mm?) (N/mm) (N/mm?) (-) (-) (N/mm)  (N/mm?) (-) (N/mm)
0.01 0.005 0.018 0.575 0 0.05 3.28-3.0-2.19 16 0.6

Table 6: Inelastic properties for the joints of adobe masonry.

3.2.2. Calibration of the models and results

As expected, the macro-model, based on the experimental data, is able to provide results in
agreement with the experimental tests in terms of uniaxial stress-strain behaviour (Fig. 9). The
numerical analysis was also carried out considering a parabolic law for compression. Howev-
er, the model resulted to be unsatisfactorily able to follow the non-linear behaviour of the
tested wallet after the linear branch. In Fig. 10 the cracking pattern of the wallet at different
load levels is reported, showing the progression of damage in the homogeneous material. In
this case, the model gives a less realistic representation of the cracks in the wallets, which re-
sulted in a symmetric pattern, while in the reality an asymmetric distribution arises.
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Figure 9: Comparison between experimental and macro-model numerical results under axial compression.
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Figure 10: Cracking progression in the adobe masonry macro-model under axial compression at different levels
of compressive strain: (a) € =5 mm/m; (b) € = 7.5 mm/m; (c) € = 12 mm/m.
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In the first phase, a numerical analysis was performed considering the same material model
assumed for the uniaxial compression tests, with the aim to reproduce the shear behaviour as
well. The results of the analysis showed a shear strength of the masonry higher than the exper-
imental one, assumed to be due to the poor performance of the employed yielding criterion in
reproducing the behaviour of a simple element subjected to diagonal compression. Further-
more, an attempt was carried out setting the f; of the masonry to the value of cohesion (¢) (ini-
tial shear strength fi0) obtained from the shear tests on the earth block/mortar joint samples
equal to 0.018 N/mm?. The only sensitive difference observed from the model was in the ini-
tial stiffness of the curve. Therefore, a Mohr-Coulomb criterion was included in the material
model to simulate the behaviour of the sample tested in diagonal compression. The adopted
parameters for materials are summarised in Table 7.

E v fi fe p c sing Tensile
(Nmm?*) () (Nmm?») Nmm?) (-) ©N/mm?) () behaviour
803 0.37 0.30 3.28 0.20 0.018 0.755 Brittle

Table 7: Initial values of parameters assumed for adobe masonry macro-model (diagonal compression).

In particular, the same parameters already employed in the uniaxial compression model
were used. The Mohr-Coulomb criterion is based on the definition of the cohesion coefficient
and friction angle: such values were assumed equal to the values obtained from the shear tests
on the earth block/mortar joint samples. As it can be seen from Fig. 11, a good approximation
of the experimental shear behaviour was obtained.
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Figure 11: Comparison between experimental and macro-model numerical (Mohr-Coulomb criterion) results for
adobe masonry under diagonal compression.

An improvement of the model behaviour for higher values of tangential strain can be at-
tained if more information about the softening behaviour of parameters such as the cohesion
coefficient or the friction angle is provided. In Fig. 12, the cracking pattern of the wallet is
given, evidencing that the simplified modelling strategy was not able to reproduce the exact
cracking pattern observed during the tests, particularly for higher loading steps, requiring for
this purpose a more detailed material description and accounting for interface failure mecha-
nisms.
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Figure 12: Cracking progression in the adobe masonry macro-model under diagonal compression at different
levels of shear strain: (a) y; = 1.2 mm/m; (b) y, = 5 mm/m; (¢) ys = 20 mm/m.

The results obtained from the experimental characterisation of materials carried out in the
present study were considered for the values of fc, ¢ and tangent of friction angle (fang). For
the tensile fracture energy of the interface, data available in the literature suggest values in the
range of 0.005—0.2 N/mm, depending on the unit-mortar combination [34]. The tangent of the
dilatancy angle (fany) was assumed to be zero, as the angle approaches the zero-mark when
the normal stress increases and to avoid a non-conservative shear strength prediction [35]. For
the values of shear fracture energy and the parameter (Css), typical values have been initially
considered in the analysis [30, 36] and afterwards calibrated on the basis of the experimental
results. Several analytical cases were carried out to calibrate and assess the influence of some
interface model parameters on the non-linear shear behaviour of the wallet. The parameters
examined were the effect of the fang, the interface compressive strength (fzoint), the interface
compressive fracture energy (G%), and the parameter Css, which allows to take into account
the contribution of shear stress to failure. The results of the analysis on the micro-model under
uniaxial compression load are reported in Fig. 13.

4.0

f,
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3.0

T joint = 3 N/mm?

2.0
I,

cjoint

=2.19 N/mm?

1.0 —Experimental envelope

Compression stress (N/mm?)

—Numerical micro-model
(uniaxial compression)
‘

0 5 10 15
Axial strain (mm/m)
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Figure 13: Comparison between experimental and micro-model numerical results for adobe masonry under axial
compression.

The analysis was carried out considering a value of fcjoin: of 3.28 N/mm?, equal to the com-
pressive strength of the earthen masonry. This value was considered as an upper limit, and
two values of 3.0 N/mm? and 2.19 N/mm? (Table 6) took into account the high variability of
the mechanical properties of the joints mortar with moisture content and curing time, and for
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possible micro-cracking phenomena occurring in the masonry joints during curing and han-
dling operations of the wallets prior to testing. The o-¢ curves correspond to different values
of compressive strength of the joints, as indicated in Table 6. They show the significant de-
pendence of the non-linear behaviour of the micro-model on the characteristics of the joints,
in the case of uniaxial compressive loading. In fact, in this case, all the sources of non-
linearity were concentrated in the unit-joint interfaces’ behaviour for which it was only possi-
ble to set a parabolic softening law for the compression side. Such a law is not able to perfect-
ly follow the experimental post-peak behaviour, especially in the case of simple uniaxial
compressive loading. On the contrary, this drawback was not found in the case of the macro-
model, where it was possible to set a generic multilinear law for compression. In Fig. 14, the
numerical non-linear z-y curves obtained for two values of the interface compressive strength
are illustrated and compared with the experimental results.

04
—Experimental envelope
—Numerical micro-model
& 0.3 A (diagonal compression)
g B
Z e joint = 3.28 N/mm?
%02
=
Z) A z fc.ioim =2.19 N/mm?
<
[
% 0.1 - D
0.0 — ‘ ‘ ‘ :
0 5 10 15 20 25 30 35

Shear strain (mm/m)

Figure 14: Comparison between experimental and micro-model numerical results for adobe masonry under diag-
onal compression.

The value of fzjoine = 3.28 N/mm? resulted in a shear curve, which approximated the exper-
imental curves corresponding to higher shear strength, while the value of £, join = 2.19 N/mm?
led to a curve in good agreement with the experimental results. With respect to the latter case,
as indicated in the graph, four analysis steps have been considered: (a) 0.5 Tmar = 0.13 N/mm?;
s = 1.8 mm/m; (b) Tmax = 0.26 N/mm?; ys = 6.6 mm/m; (c) = 0.15 N/mm?; y; = 17 mm/m; (d)
7= 0.095 N/mm?; ys = 3.0%. For the considered steps, Fig. 15 shows the minimum (compres-
sive) principal stress distribution. The evolution of the compressed strut which forms diago-
nally in the wallet during the loading process is shown as well.

-.496
-.992
=1.149
-1.98
-2.48
-2.98
-3.47
-3.97
-4.47
-5.21

0.5tmax = 0.13 N/mm? Tmax= 0.26 N/mm? 7=0.15 N/mm? r=0.09 N/mm?

(@ (b) (© (d)

Figure 15: Minimum principal stresses (N/mm?) of the micro-model of the adobe masonry under diagonal com-
pression at different levels of shear strain: (a) y; = 2 mm/m; (b) y, = 7 mm/m; (c) y; = 17 mm/m; (d) y, =30
mm/m. Yellow and white colours indicate cracking.
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3.3 Rammed earth

3.3.1. Constitutive laws

The material behaviour of rammed earth and cob wallets was simulated by using the
TSRCM. The TSRCM consists on a model of distributed and rotating cracks based on total
strains. In this model, the crack direction rotates with the principal strain axes [37, 38, 39],
and it embodies several possible non-linear stress-strain relationships for the compressive and
tensile behaviours. TSRCM is often used in the numerical modelling of historical construc-
tions, where the compressive behaviour of masonry is in general represented with a parabolic
relationship [40, 41]. However, this relationship was shown to be excessively stiff and inca-
pable of representing the large non-linear behaviour of earthen materials [8, 42].

These relationships were initially assumed to be parabolic in compression (Fig. 16a) and
exponential in tension (Fig. 16b). However, it should be noted that the parabolic relationship
in compression was later changed to a multi-linear relationship, as discussed in the next sec-
tion. The crack band width (/) of the elements was assumed to be dependent on the area of the
element (4), according to Eq. (3). The unloading and reloading of the TSRCM is simulated by
a secant approach, see [21, 43] for further details. The initial values assumed for the parame-
ters required by the TSRCM are reported in Table 8. The average results obtained from the
uniaxial compression tests were used to define the initial values of f, £ and v. The initial val-
ues of the remaining parameters were assumed on the base of recommended values for histor-
ical masonry. The compressive fracture energy (G.) was estimated as 1.6f;, the tensile
strength (f7) as 0.1/, the mode-I tensile fracture energy (G'y) as 0.029f.. The micro-model inter-
face elements were modelled using the non-linear Coulomb friction model (Fig. 16¢).

h=+4 (3)
TSRCM
Material E % fe G fi Gy
(N/mm?) (-) (N/mm?) (N/'mm) (N/mm?) (N/mm)
Rammed earth 4207 0.27 3.7 5.98 0.37 0.011
Coulomb friction model
Material ken ks c tang tany St
(N'mm*) (N/mm’) N/mm?) () -) (N/mm)
Interface 421-10° 1.66-10° 0.56 0.75 0 0.25

Table 8: Initial values of parameters assumed for the numerical modelling of rammed earth.
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Figure 16: Stress-strain relationships adopted in the TSRCM for rammed earth modelling: (a) compression;
(b) tension. Coulomb friction model used in the modelling of the interfaces between rammed earth layers: (c).
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The parameters required by this model were neither determined experimentally nor availa-
ble in the literature for the case of rammed earth. This means that these parameters had to be
carefully estimated with basis on recommended values for the micro-modelling of historical
masonry. The initial values of the interface normal stiffness (k») and of the shear stiffness (k)
were firstly assumed to be very high, to avoid concentrating the elastic deformations in the
interface elements. Therefore, k» was assumed as 100F and ks was estimated using Eq. (4).
The cohesion (c¢) was estimated as a function of the tensile strength estimated for the rammed
earth, namely as 1.5f;. The friction angle (¢#) was assumed to be 37° and the dilatancy angle ()
as zero. The tensile strength of the interfaces (f/) was defined as 2/3f;, while taking into ac-
count that the maximum value mathematically allowed by the model is c¢/fan¢g. Finally, the
tensile behaviour of the interfaces was assumed as brittle.

k

k =—"1—
*2(14v) @

3.3.2. Calibration of the models and results

The calibration of the models consisted in an iterative process where the numerical re-
sponse was compared against the experimental envelopes. Firstly, the values adopted for the
stiffness of the interface elements were assessed by comparing the macro- and micro-model
tests. This process was carried out by considering the initial values of the parameters, and by
increasing and decreasing both in about one order magnitude. Fig. 17a presents the uniaxial
compressive stress-axial strain curves of the models.

The values of the stiffness adopted for the interfaces of the reference micro-model (Mi-
cro_ref) seem to be compatible with the deformability of the reference macro-model (Mac-
ro_ref), since the curves were almost coincident. Adopting a stiffness one order of magnitude
higher than the reference value (Micro 10k) seems to bring the curves even closer. However,
it was observed that adopting excessively high values of interface stiffness caused conver-
gence problems in the models of the diagonal compression tests. On the other hand, a value of
stiffness one order of magnitude lower than the reference value (Micro_0.1k) deviates consid-
erably the curve from that of the macro-model. This means that in this case the deformation of
the model concentrated mainly in the interfaces. Therefore, it was decided to keep the initial
values of the stiffness. Fig. 17a also shows that the models seem to be excessively stiff for
simulating the compressive behaviour of rammed earth. In fact, the numerical curves present a
good fitting with the experimental envelope up to about 1/3 of the maximum compressive
stress (~1.2 N/mm?), where the experimental behaviour is apparently linear. Beyond this point,
the adopted numerical models are not able to follow the early non-linear behaviour depicted
by the experimental envelope. However, the parabolic relationship available in TNO DIANA
software [21] does not allow adjusting its pre-peak behaviour, in terms of deformability, to
overcome this limitation. Therefore, a multi-linear relationship was adopted, instead. This re-
lationship was calibrated considering the average curve of the uniaxial compression tests, re-
sulting in the curve depicted in Fig. 17b. The second point of the multi-linear relationship was
defined for 0.3f: and taking into account the experimental E.
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Fig. 18a presents the shear stress-shear strain curves of the macro- and micro-model of the
diagonal compression tests using the reference values of the parameters and the multi-linear
relationship previously calibrated under uniaxial compression. Both models present similar
curves and a behaviour much more brittle than that of the experimental curves. This means
that the calibration of the models requires adjusting G, which is the main parameter control-
ling the brittleness. Fig. 18b depicts the curves of the calibrated models, which resulted from
an increase of the initial value of this parameter in about 10 times. This important increase is
justified by the fact that rammed earth behaves as a monolithic material more than masonry
does. Furthermore, the rammed earth features a broad particle size distribution (PSD), which
includes particles with large dimensions. This factor has great contribution for the interlock-
ing at the crack surfaces by promoting its roughness. This aspect enhances the fracture energy
of rammed earth relative to historical masonry, where cracking occurs mostly at less rough
surfaces, namely the interfaces between mortar and masonry units. The curve of the macro-
model is characterized by an early peak shear stress, followed by a small shear hardening until
the maximum shear stress is achieved. On the other hand, the curve of the micro-model does
not exhibit this early peak shear stress.
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3= St
2 0.4 T b7 0.4
8 8
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Experimental envelope Experimental envelope
Macro-model Macro-model
— — Micro-model — — Micro-model
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Figure 18: Behaviour of the macro- and micro-model of the rammed earth under diagonal compression: (a) using
the initial parameters; (b) after calibration.
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The model achieves first the maximum shear stress, followed by a drop in stress with a
subtle shear softening. Possibly, this drop in stress is related to the failure of interface ele-
ments, which is then compensated with stress redistribution. However, the development of the
macro-model curve is closer to those obtained from experimental tests. The macro-model pre-
sents higher maximum shear stress than the micro-model, whose values are 0.69 N/mm? and
0.63 N/mm?, respectively. Both values correspond to a minor underestimation of the average
shear strength obtained from the experimental tests (0.70 N/mm?). In general, it is shown that
both curves fit within the experimental envelope, meaning that the use of the TSRCM might
provide good results when modelling full rammed earth structures.

The failure modes of both models were also analysed. Fig. 19 and Fig. 20 present the max-
imum principal strains obtained for an imposed vertical displacement of 1.00 mm. The dam-
age of both models is shown to concentrate in the middle due to the development of tensile
stresses, and at the supports due to stress concentration. This corresponds to the evolution of
the system of cracks observed in the experiments. In the macro-model, damage is also ob-
served to occur at the four borders of the model, which indicates that these regions are vulner-
able to the occurrence of delamination failure. The micro-model confirms the occurrence of
this failure mode, since it is possible to observe the failure of interface elements at two of the
borders, as also observed in the experimental tests.
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Au=1.00 mm
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Figure 19: Maximum principal tensile strains for an imposed vertical displacement (Au) of 1 mm: rammed earth
diagonal compression macro-model.
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Figure 20: Maximum principal tensile strains for an imposed vertical displacement (Au) of 1 mm: rammed earth
diagonal compression micro-model.
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Furthermore, this model also shows that delamination can occur in the central region,
where the diagonal system of cracks is developed. In general, both models are capable of de-
tecting potential zones of failure by delamination. However, the macro-model does not allow
controlling this failure mode, neither allows differentiating it from the failure of the rammed
earth material.

34 Cob

3.4.1. Constitutive laws

A multi-linear approach for the compressive behaviour, proposed by Miccoli et al. [8], is
adopted here for the modelling of cob, which is presented in Fig. 21. This relationship in-
cludes a linear branch up to 0.3f., proportional to the average £. The compression tests did not
allow defining the post-peak behaviour in its full extension, although it was observed to be
very resilient. Thus, a negative stiffness equal to 2.0% of the average £ was considered. As
shown in Fig 17b, the relationship in tension was presumed to be exponential.
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Figure 21: Stress-strain relationship in axial compression adopted in the TSRM for modelling cob.

As for rammed earth, the crack band width (h) was assumed to depend on the element area
(Eq. 3). The unloading and reloading of the TSRCM is simulated by a secant approach [21,
43]. The initial values assumed for the parameters required by the TSRCM were based on av-
erage values obtained from the compression tests, namely f, £ and v. Since the estimation of
tensile strength provided by the pull-off tests is expected to lead to an overestimation of this
parameter, it was decided to estimate the parameters required by the exponential relationship
with basis on suggested values for historical masonry. The values of f; and G/r were estimated
as 0.1fc and 0.029f;, respectively. Table 9 summarises the initial values of the parameters
adopted in the model.

fe E v fi Gy
(N/mm?) (N/mm?) (-) (N/mm?) (N/mm)
1.59 1021 0.14 0.159 0.0046

Table 9: Initial values of the parameters assumed for the macro-model of cob.
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3.4.2. Calibration of the models and results

The calibration of the model was carried out through an iterative process of comparison be-
tween the numerical response and the experimental envelope. This process was carried out by
fixing the initial values of the parameters obtained directly from tests, namely fc, E and v,
while fi and G'r were adjusted. Fig. 22a presents the shear stress-shear strain curve of the
model considering the initial values of the input parameters and those after calibration. The
initial values adopted seem not to promote a good match with the experimental results. In this
case, the f; of the model achieves a value of about 0.35 N/mm?, which corresponds to 70% of
the average value obtained from the experimental tests. The respective strain ys achieved a
value of 12.7 mm/m, which corresponds to a deviation of 51% in relation to the experimental
average. Furthermore, the numerical response seems to lead to a rather brittle failure when
compared with the experimental behaviour, where the shear strain boosts after achieving a
peak shear stress. This means that the relationships typically used for historical masonry for
estimating f; and G’rdo not seem to be adequate in the case of cob.

The calibration of the model was achieved after increasing the initial values of f; and G/rin
about 1.3 and 25 times, respectively (see Table 10).

fe E v Ji G'r
(N/mm?) (N/mm?) (-) (N/mm?) (N/mm)
1.59 1021 0.14 0.207 0.1155

Table 10: Calibrated values of the parameters assumed for the macro-model of cob.

The fact that cob is a monolithical material (absence of discrete joints) and that presents
straw (fibres) in its constitution, justifies an increase in tensile strength with respect to the ini-
tial value. The presence of straw also justifies a much larger fracture energy value. For in-
stance, Aymerich et al. [44] reports bending tests on beams made of earth reinforced with
wool fibres, where the calculated G'rachieves to values of about 2 N/mm, which is still higher
than the value used in the calibrated model.

On average terms, the calibrated model shows good match with the experimental response.
The model achieved a maximum shear stress of about 0.45 N/mm?, which corresponds to 90%
of the average value obtained from the experimental tests, while the respective shear strain
was of about 7.6 mm/m, corresponding to a deviation of about 10%. The shear modulus found
in the calibrated model was of about 363 N/mm?, corresponding to a deviation of about 18%
in relation to the average of the experimental values. The shear modulus of the calibrated
model is controlled by the elastic parameters (£ and v), which were defined with basis on the
compression tests. Despite of the deviation found, these parameters still result within the
range of variation of the experimental tests for the shear modulus.

The judgement on the agreement between numerical and experimental responses is largely
affected by the high scattering observed in the diagonal compression tests. Therefore, it was
decided to assess the agreement in terms of normalised shear stress-shear strain curves, see
Fig. 22b. Each of the experimental curves was normalised by dividing shear stresses and shear
strains by the corresponding fs and ys, respectively. The normalised experimental curves show
lower scattering than the non-normalized ones, meaning that the development of the former is
very similar. With respect to the normalised numerical response, a good agreement is found
with the experimental results. This means that the numerical model is fully capable of captur-
ing the development of the pre-peak shear stress-shear strain curves.
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Figure 22: Comparison of the responses of the numerical model and experimental tests of cob: (a) shear stress-
shear strain curves; (b) normalised shear stress-shear strain curves.

The simulation of the damage occurring in the experimental tests was also possible, as
shown by the numerical maximum principal strains in four critical load levels. These load
levels are given in Fig. 23 and were defined as function of £, namely 0.83 f;, 0.92 £, 0.97 f;

and 1.0 f.
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Figure 23: Critical points used to compare the damage in the model and that occurred in the cob wallets.
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The maximum principal strains obtained in these critical load levels are compared in Fig.
24. The numerical model replicates well the damage observed in the wallets during their test.
In stress level 0.83fs, no relevant cracking was detected in the samples, where the numerical
model demonstrates also lack of this type of damage. The initiation of cracking damage was
observed in the samples to occur just before 0.92f;, where the numerical model seems to show
the initiation of a middle crack. The numerical model in stress level 0.97f; evidences the de-
velopment of the middle crack towards the supports and the development of damage in terms
of crack widening. Finally, stress level 1.0fs shows the full development of the crack in both
the samples and the model. However, the numerical model is incapable of capturing the diag-
onal orientation of the crack observed in the experimental tests, which is most probably a con-
sequence of lack of symmetry in the samples (e.g. imperfections) and testing setup.
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Figure 24: Maximum principal strains obtained in the numerical model of cob for the critical points: (a) 0.83f;;
(b) 0.92f;; (c) 0.97f;; (d) 1.0f;.
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4 CONCLUSIONS

An analysis of the mechanical properties of three traditional earthen construction materials
is presented based on compressive and shear test results. Uniaxial compressive and diagonal
compression tests on wallets were carried out to determine basic mechanical parameters and
in particular the post-peak strain behaviour.

The experimental results were used to calibrate the behaviour of adobe masonry, rammed
earth and cob wallets by means of non-linear finite element method based on the macro- and
micro-modelling approaches. Appropriate constitutive behaviour was considered and the cho-
sen geometries were in respect with the restraint conditions observed in laboratory testing. For
adobe masonry, a finite element macro-model calibrated on the basis of the experimental data
was firstly developed, which resulted in a useful prediction of the strength of adobe masonry
elements. The numerical stress-strain curve provided by the macro-model of the wallet tested
under uniaxial compression was in good correspondence with the experimental ones, also
considering the post-elastic behaviour. A simplified approach based on macro-modelling and
the homogeneous equivalent material calibrated in this phase can be adopted for the study of
larger structural systems or entire buildings, being characterised by satisfactory accuracy and
lower computational cost. Although the global stress-strain behaviour was found to be satis-
factory, the appropriateness of such non-linear isotropic continuum models for adobe masonry
is not fully confirmed considering the observation of the crack pattern.

A detailed analysis of the mechanical behaviour of the tested adobe wallets was carried out
following a micro-modelling approach. The model allowed to take into account all the possi-
ble failure mechanisms occurring in the masonry elements and was found to be particularly
suitable for the description of masonry shear behaviour. The analysis of principal stresses dis-
tribution during the non-linear analysis provided information about the actual mechanisms of
load transfer between blocks and mortar joints. The micro-models were able to reproduce the
correct non-linear behaviour of earthen masonry and represent a suitable tool for the predic-
tion of the masonry collapse mechanisms, as shown by the comparison with the failure modes
observed during the tests.

A list of recommended values for the parameters in the models is presented in Table 11,
based on the results from experimental testing and with basis on the numerical analysis per-
formed in this paper.

The non-linear behaviour of rammed earth was modelled using the TSRCM to simulate the
behaviour of the rammed earth material, while the Mohr-Coulomb failure criterion was used
to model the interfaces between layers. The compression behaviour of the rammed earth was
simulated using a multi-linear relationship. This relationship was built considering the aver-
age stress-strain curve of the compression tests. This assumption was necessary to obtain a
good agreement with the experimental results of the compression tests.
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Equivalent homogeneous material (macro-modelling)

Compressive behaviour Tensile behaviour

(multi-linear constitutive law™*) (brittle constitutive law)

E 1% ¢ Emax c. E 1% t

(N'mm?) (- {N/mmz) (%) Gy (N/mm) 2 ) {N/mmz)
(2.8-3.2) Multi-linear

) ) ) fe/E relations.* ) © (0.09°0.11)

Shear behaviour (constant shear retention) Mohr-Coulomb criterion

S c tang

) (N/mm?) ()

0.2 (0.05-0.10)f; 0.575-1.15

Micro-modelling

Blocks Block cracks

E Vv ﬁ,cmck Glf,'crack

(N/mm?) () (N/mm?) (N/mm)

* * * (O 1_0.5)](1‘,cmck

Joint interface

ﬁ,joint Glf ﬁjoint Gcf c tan¢ GHf

(N/mm?) (N/mm) (N/mm?) (N/mm) (N/mm?) (-) (N/mm)

(0.03— (0.67—  (0.25— (0.05-0.10)

0.5 fijoint 0.575-1.15  0.05

OIO)ﬁ IOO)ﬁ O.SO)fc,joint ﬁ

Table 11: Recommended values for the numerical analysis of adobe masonry. * From testing.

Furthermore, the important non-linear behaviour of rammed earth seems to deem the com-
pression behaviour of this material as non-compatible with relationships traditionally used for
modelling masonry. Regarding the simulation of the diagonal compression tests, the calibrat-
ed macro- and micro-models demonstrated good comparison with the experimental envelope
of the shear stress-shear strain curves and with the experimental damage pattern. The micro-
model allowed capturing the failure by delamination of the interfaces between layers, similar
to the one observed in the experimental tests. This revealed to be the main advantage of the
micro-model approach, yet the macro-model seemed to provide an equivalent numerical
simulation of the shear behaviour. Therefore, the macro-modelling approach here presented is
sufficiently accurate to simulate the global shear behaviour of the rammed earth walls tested.
This approach requires the definition of adequate stress-strain relationships. The use of the
micro-modelling approach, where an additional computational effort is required, is justified
when specific collapse mechanisms involving failure of the interfaces between layers are ex-
pected. The calibration of the models provided a better insight on the macro- and micro-
modelling of rammed earth walls with the TSRCM and the Coulomb friction model, namely
with respect to the definition of the stress-strain relationships and respective parameters. A list
of recommended values for the parameters in the models is presented in Table 12, based on
the results from compression tests and with basis on the numerical analysis performed in this

paper.
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TSRCM
Material E v fe G fi Gy
(N/mm?) (-) (N/mm?) (N/mm) (N/mm?) (N/mm)
Rammed carth
* * Multi-linear Multi-linear (0.08-0.12) (0.10-0.50)
relations.* relations.* /¢ Ji
Coulomb friction model
Material kn ks ¢ tang tany S
(N/mm’) (N/mm®) (N/mm?) () -) (N/mm)
Interface
100E P (1.5-2.0)  0.58-1.00 0 (0.67-1.00)
C21+w) fi fi

Table 12: Recommended values for the numerical analysis of rammed earth. * From testing.

For numerical modelling of the shear behaviour of cob, the TSRCM was adopted. The cal-
ibration of the model allowed to verify that relationships typically used for estimating tensile
parameters in historical masonry (namely f; and G’y are not adequate for cob. With this re-
spect, the calibration of the model resulted in new relationships, where f; was estimated as
0.13f: and G'r as 0.558 f. These relationships are of great numerical interest as testing the be-
haviour in tension is often a difficult task.

The response of the wallets tested under diagonal compression was found to present great
variability. However, the numerical model was found to present good match with the experi-
mental data, on average terms. Furthermore, the numerical model was found to capture well
the development of the shear stress-shear strain curves and the development of the damage
generated during the tests. Therefore, the modelling approach used seems adequate to provide
a reliable simulation of the local and global shear behaviour of cob. A list of recommended
values is reported in Table 13.

fe E v S G
(N/mm?) (N/mm?) (-) (N/mm?) (N/mm)
* * * (0.10-0.16)fc (0.3-0.8)f

Table 13: Recommended values for the numerical analysis of cob. * From testing.
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