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A B S T R A C T   

Refractory masonry with dry joints is widely employed as a protective lining in industrial applications requiring 
high-temperature treatments. The thermal and mechanical behaviour of alumina spinel refractory masonry is 
investigated for a wide range of mechanical loading conditions at ambient and high temperature up to 1500 ◦C 
within the framework of the ATHOR project. This paper discusses the different numerical analysis approaches for 
the simulation of the experimental results. Micro and macro modelling approaches show good agreement with 
the large scale uniaxial and biaxial compression tests for loading and unloading at the ambient temperature. 
Simulations carried out for large scale uniaxial and biaxial creep tests as well as biaxial relaxation tests at 
1500 ◦C show good agreement. The numerical results indicate the ability of these modelling approaches to 
represent the complex thermomechanical behaviour of the refractory masonry. Both methods demonstrate an 
orthotropic and highly nonlinear behaviour of the refractory masonry as observed in the experimental campaign. 
The numerical outcome, validated with experimental results demonstrate compatibility between micro and 
macro modelling approach that can be employed to evaluate local and global behaviour of large industrial 
installations.   

1. Introduction 

Refractory masonry structures are extensively employed in various 
industrial applications operating at high temperatures, such as steel la
dles, rotary kilns and furnaces. These refractory materials provide sta
bility with good thermal, chemical and mechanical performance at high 
temperatures [1]. Refractory masonry in steel ladle linings experiences 
high cyclic thermal loads, thermal shock, and severe chemical envi
ronments [2,3]. Therefore, these linings undergo high thermomechan
ical loads arising from thermal and mechanical boundary conditions. 
Such harsh environment leads to in-service degradation and failure of 
refractory linings [4]. Therefore, increasing the knowledge to allow 
better predicting the thermomechanical behaviour of such installations 
is of crucial importance. This is a complex and challenging work in the 
current engineering praxis due to the interaction between different re
fractory materials and nonlinear thermomechanical behaviour at high 
temperatures [5,6]. 

Refractory materials exhibit complex behaviour. At lower tempera
tures, their behaviour is quasi-brittle, while at high temperatures, it 
becomes ductile [4]. Due to this behaviour and the challenging envi
ronment in which these materials usually work, understanding failure 
mechanisms and thermal damages of the refractories becomes essential 
[7,8]. The importance of the occurrence of creep for refractories in in
dustrial applications has been shown in previous research [9,10]. The 
same can be described for the corrosion of refractories; its existence is 
known and studied extensively [11,12]. 

Typically in a steel ladle, mortarless masonry (also known as dry- 
stacked masonry) is used for the linings [13]. The arrangement of re
fractory bricks and the dimension tolerances of the bricks leave small 
gaps between the bricks’ faces, defined as a dry joint. The behaviour of 
this joint depends on surface roughness and geometric imperfections 
[14–16]. Material discontinuity induced by the dry joints and its cyclic 
opening and closing behaviour alters the macroscopic behaviour of the 
masonry [17–19]. The global structure exhibits an orthotropic and 
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nonlinear response different from the behaviour of base refractory ma
terials [20]. Therefore, extensive investigations are required to optimise 
the design of such linings. Large-scale experimental campaigns are 
limited in this field due to high cost, technical complexities and severe 
working conditions involved. Thus, numerical models must be employed 
to study the global behaviour of mortarless refractory masonry, which 
can be validated with the available experimental outcomes [21–23]. 

Several modelling strategies were developed in the literature to 
simulate mortarless masonry structures. Limit analysis and discrete 
element modelling (DEM) can be employed to evaluate the collapse 
mechanism of masonry walls subjected to various mechanical loading 
[24–28]. Finite element modelling and DEM are widely used for the 
structural analysis of heritage structures usually built with masonry 
[29–31]. Furthermore, surrogate models can also be used in combina
tion with these approaches to characterise behaviour of complex nu
merical simulation to significantly reduce computational cost [32]. 
However, these approaches are mainly focused on structures at ambient 
temperatures. Finite element modelling (FEM) is widely used for ma
sonry structures operating at various temperatures. FEM can be 
employed from a micro-scale to a super large scale [33]. In the so-called 
micro-models (even if meso-models would be a better choice of 
wording), bricks and joints (mortar or mortarless) are modelled sepa
rately while in macro-models, bricks and joints are replaced by a 
homogenised equivalent material. For a realistic representation of the 
behaviour of a structure, a comprehensive set of material parameters is 
needed. Given the complexity involved, most studies encompass more 
straightforward techniques in numerical simulation of refractory ma
sonries, such as linear thermo-elasticity. Limited work is available where 
more complex models, including viscoplasticity and damage, are utilised 
[22,34–36]. These models are usually used to simulate small-scale ex
periments, mainly due to expensive computational costs and solution 
convergence problems. However, micro-models provide valuable in
formation regarding localised behaviour (stress/strain concentration, 
localised damage, etc.) when detailed material parameters are used. 

Macro-models utilising homogenised material approaches can be 
used to overcome the challenges of micro-modelling. However, for 
mortarless refractory masonry, few studies exist that address this 
modelling approach. Nguyen et al. [18] developed and validated a ho
mogeneous equivalent material model by replacing the bricks and joints 
with an equivalent material to simulate mortarless refractory masonry 
structures. The bricks are considered to obey isotropic linear elasticity. 
The model considers the influence of joint closure on the homogeneous 
mechanical response of the system. Ali et al. [20,37] further developed 
the multiscale numerical model with viscoplasticity that promotes a 
better understanding of the nonlinear mechanical behaviour of re
fractory masonry structures at high temperatures. This macro-model can 
be used to simulate large structures with reasonable computational 
costs. 

This study aims to perform numerical analyses to validate micro and 
macro-modelling approaches with the experimental results gathered by 
Ali et al. [38]. These tests were performed with different loading con
ditions at ambient and high temperatures (1500 ◦C). The numerical 
models in this study employ the elastic-viscoplastic behaviour of the 
refractory material to simulate the response of the mortarless masonry 
wall. The framework of these modelling approaches is available in 
literature discussed earlier. Micro modelling offers detailed and accurate 
representations but demands significant computational efforts and 
detailed input data. While macro modelling provides computational 
efficiency and simplicity but sacrifices detailed information and may not 
capture localised effects accurately. Additionally, performance of these 
approaches has not been validated with large-scale experimental data 
for a mortarless refractory masonry. 

Therefore, this study presents a comprehensive analysis to compare 
the outcome of both modelling approaches in detail to check the accu
racy of results. The results obtained from these models validate the key 
parameters necessary for analysis of such masonry, dry joint behaviour 

and viscoplastic behaviour of the material at high temperature, which is 
not present in current literature. This validation will assist in developing 
coherent modelling approaches needed to design large industrial 
structures with mortarless refractory masonry. 

The present paper is organised as follows. In section 2, a description 
of the mortarless refractory masonry structure and critical thermo
mechanical properties is presented. In section 3, a detailed description of 
the micro and macro modelling approaches is discussed, along with joint 
closure and reopening criteria. Verification of the numerical models and 
results of mortarless refractory masonry walls subjected to ambient and 
high temperatures are presented and discussed in sections 4 and 5, 
respectively. Key findings of the present study and conclusions are given 
in Section 6. 

2. Mechanical and physical properties 

In the experimental campaign carried out by Ali et al. [38], 
mortarless masonry built up with alumina spinel bricks (150 × 100 ×
140 mm3) was subjected to various loading conditions at ambient and 
high temperatures. A schematic overview of the test setup used is pre
sented in Fig. 1. The test setup consists of a monolithic reaction frame in 
which the hydraulic jacks, loading beams, LVDTs and heating system 
were connected. Additional details regarding the experimental setup, 
the tested specimens and the acquisition system can be found in [38]. 
Thirteen tests were performed on alumina spinel walls. Six tests were 
performed at room temperature and the remaining seven tests were 
carried out at high temperature. The test series names, loading condi
tions in directions perpendicular to the surfaces of bed and head joints 
and testing temperature are given in Table 1. For all tests, the di
mensions of the walls are 1125 × 1100 × 140 mm3. 

Alumina spinel material has temperature dependent thermal and 
mechanical properties. The Young’s modulus [39], and the ultimate 
compressive stress [16] variations with temperature are presented in 
Fig. 2a and b, respectively. The coefficient of thermal expansion of the 
material is 8.87 × 10− 6 K− 1 [40]. The friction coefficient between 
alumina spinel bricks has been characterized by Oliveira et al. [16] at 
different temperatures and reported in Table 2. Detailed thermal and 
mechanical properties of this material can be found in [16,38,40,41]. 

The creep behaviour of the material was characterized within the 
framework of the ATHOR project. The creep parameters were identified 
by Samadi et al. [6] and Teixeira et al. [10] at three different temper
atures, namely: 1300 ◦C, 1400 ◦C and 1500 ◦C. They are reported in 
Table 3 (A, n and m are the constants of the Norton-Bailey creep law 
[42]). The Norton-Bailey creep law is shown in Equation (1). The 
equivalent creep strain rate (ε̇cr), which is a scalar, is a function of the 
equivalent von Mises stress (q) and the total equivalent creep strain (εcr). 

ε̇cr = (Aqn[(m + 1)εcr ]
m
)

1
m+1 (1) 

To verify whether creep is significant for temperatures below 
1300 ◦C, four compressive creep tests (at 1200 ◦C and 1000 ◦C, each 
temperature repeated twice) were carried out [39]. The results of these 
tests are compared with the results of compressive creep tests at higher 
temperatures [6,10] in Fig. 3. It can be noticed that for temperatures 
below 1200 ◦C and for the studied compressive stress level (6 MPa, 
maximum load used in the large-scale creep and relaxation tests re
ported later in this work), the creep of the material is insignificant. All 
the material properties mentioned above were used for building both the 
micro and macro-modelling approaches. 

3. Modelling approaches 

Masonry structures are composed of units and joints. They feature a 
wide variety of combinations with different component materials, ge
ometry, and textures. These combinations imply a significant number of 
descriptive material parameters, thus, being a complex research field 
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[43]. Therefore, the importance of sophisticated numerical tools capable 
of predicting the behaviour of the masonry from the linear stage, 
through cracking and degradation until complete loss of strength is 
paramount [44]. In the 1990s, the masonry research community began 
to show interest in sophisticated numerical tools to study masonry 
instead of the prevailing tradition of rules-of-thumb and empirical 
formulae [45]. 

As a composite material, masonry has certain particularities that 
make it challenging to adapt existing numerical tools from more 
advanced research fields, such as the mechanics of concrete, rock, and 
other materials [45]. The numerical approach for masonry can focus on 
the micro-modelling of the individual components or the macro- 
modelling of masonry as a composite. Depending on the level of accu
racy and the simplicity desired, it is possible to use the different 
modelling strategies, see Fig. 4 [44]. 

In the first approach, mechanical properties of both the unit and 
mortar and the interface between them must be considered (Fig. 4a). 
Alternatively, a simplified micro-modelling approach (Fig. 4b) can be 
adopted. In the simplified procedure, the units are expanded by adding 

the mortar thickness. The expanded units are modelled as a series of 
continuum elements. The interaction between the expanded units is 
modelled as a series of interface elements. However, some accuracy is 
lost since Poisson’s effect of the mortar is not included [44]. These 
micro-modelling approaches are certainly capable of well reproducing 
orthotropic behaviour of masonry but are characterised by long pro
cessing times, being only recommended for limited size structural 
problems [33,46–48]. 

In the case of large structures (such as steel ladles), the knowledge of 
the interaction between units and mortar can be negligible for global 
structural behaviour. Therefore, a different approach, denoted macro- 
modelling, can be used. In this approach, the material is regarded as 
an anisotropic composite, and a relation is established between average 
masonry strains and average masonry stresses (Fig. 4c). This is a 
phenomenological approach, meaning that the material parameters 
must be derived in masonry tests of sufficiently large size under ho
mogeneous states of stress. A complete macro-model must reproduce an 
orthotropic material with different tensile and compressive strengths 
along the material axes and different inelastic behaviour for each ma
terial axis [45]. 

One modelling strategy cannot be preferred over the other because 
different application fields exist for micro and macro-models. Micro- 
modelling is necessary to give a better understanding about the local 
behaviour. In contrast, macro-modelling is more practice oriented due to 
the reduced time and memory requirements as well as a user-friendly 
mesh generation [44]. 

3.1. Micro-modelling approach 

One of the modelling approaches used to simulate the experimental 
results was a simplified micro-modelling approach (Fig. 4b), and is 
described next. In this approach, the spatial discretization of the ma
sonry is performed at the level of brick elements, and the dry joints are 
represented by their contact behaviour using interface elements. Herein, 
brick elements are simulated with corresponding mechanical parame
ters of the material from which they are made and their connection is 
simulated with contact elements that allow separation, penetration, and 
sliding at the contact. 

Fig. 1. Top view of the biaxial compression test field [38].  

Table 1 
Summary of the biaxial compression tests of refractory masonry walls performed 
at room and high temperatures [38].  

Series Specimen Maximum load Temperature 

Bed Head 

S01 S01 - 01 6 MPa Constrained Room temperature 
S01 - 02 

S02 S02 - 01 Constrained 6 MPa 
S02 - 02 

S03 S03 - 01 6 MPa 6 MPa 
S03 - 02 

S04 S04 - 01 4 MPa Constrained High temperature 
S04 - 02 

S05 S05 - 01 Constrained 4 MPa 
S06 S06 - 01 4 MPa 4 MPa 

S06 - 02 
S07 S07 - 01 4–6 MPa 4–6 MPa 

S07 - 02  
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Considering the mortarless refractory masonry, under the scope of 
this work, the units are modelled as continuum elements in the micro- 
modelling approach. The joints between bricks are represented by 
interface elements. Even though accurate results are obtained using the 
micro-modelling technique, the main drawback is the extensive 
computational resources required to run the analysis [19,49]. 

Nevertheless, this approach provides detailed results on the behaviour of 
the bricks and joints. Therefore, it was adopted in this study. The nu
merical analyses for this approach are performed using the finite 
element software Abaqus [42]. This is an extensive multi-purpose finite 
element software package that can be utilised in a wide range of engi
neering sectors. 

For the brick elements, several existing material models might be 
considered. The simplest one is linear elasticity, which is not able to 
represent certain particularities of the refractory behaviour but is 
capable of reproducing expected results within delimitated applications. 
Another possibility is the concrete damage plasticity (CDP) model, 
which assumes that failure under compressive crushing and tensile 
cracking is defined by damage plasticity, using the concept of isotropic 
damage evolution for representing the inelastic behaviour of concrete- 
like materials. The CDP model is a modification of the Drucker-Prager 
model [50,51]. However, the failure surface’s shape does not need to 
be a circle in the deviatory plane. Different damage models for materials 
are available in literature apart from CDP, such as, Total strain crack 
model [52] and Mazars [53], along with different optimisation methods 
based on Levenberg – Marquardt Algorithm, Genetic Algorithm and al
gorithm of Broyden – Fletcher – Goldfarb – Shanno [54]. Creep plays an 
essential role in refractory materials’ behaviour at high temperatures 
and the Power-law model can be used to simulate it. 

Currently, the software does not allow using the CDP model with the 
creep model. There are some material subroutines available that 
combine the effects of damage elasticity and viscoplasticity [55]. 
However, only commercially available constitutive models were used in 
the present study (i.e. linear elasticity at ambient temperature and linear 
elasticity with viscoplasticity at high temperature). This option was 
employed due to the lower level of forces applied in the experiments and 
to be consistent with the macro modelling approach where only elastic- 
viscoplastic behaviour was used. The temperature-dependant primary 
creep parameters (Table 3), alongside the thermal and elastic properties 
(Fig. 2) are used to describe the behaviour of alumina spinel refractory 
bricks used in the simulation. 

The presence of joints significantly impacts the behaviour of dry- 
stacked masonry. The interface elements used to represent the dry 
joints permit discontinuities in the displacement field. Their behaviour 
is described as a relation between the stresses and relative displacements 
across the interface [56]. The dry joints between the brick units are 
modelled as surface-to-surface contacts in Abaqus. For the normal 
behaviour of the joints, a tabular form of stress-joint closure values is 
used. According to Ngapeya et al. [49], increasing the height and length 
of the wall statistically reduces its effective section (where contact oc
curs). Therefore, different relations should be used to represent masonry 

Fig. 2. Mechanical properties of alumina spinel bricks tested in the present work: a) Young’s modulus [39]; b) ultimate compressive strength [16].  

Table 2 
Friction coefficient values for dry joints at different temperatures [22].  

Temperature (◦C) 20 300 600 900 

Friction coefficient (-) 0.60 0.50 0.51 0.53  

Table 3 
Creep parameters of alumina spinel refractory materials at different tempera
tures [6,10].  

Temperature 
(◦C) 

Primary creep Secondary creep 

A (MPa ¡n s¡1) n m A (MPa ¡n s¡1) n 

1300 3.89 × 10− 15  4.25  − 2.73 1.25 × 10− 12  6.45 
1400 1.25 × 10− 14  5.80  − 2.65 1.62 × 10− 12  9.20 
1500 1.62 × 10− 10  2.00  − 1.97 1.32 × 10− 9  5.84  

Fig. 3. Creep behaviour of alumina spinel refractory material at different 
temperatures and compressive stress levels [6,10,39]. 
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with different dimensions and different producers, as size, geometrical 
tolerance and material play a role. Different joint overclosure diagrams 
are shown in Fig. 5 [22]. The values derived from the red profile (Wallet 
1350 × 140 mm) are used in this study, as its dimensions are closest to 
the dimensions of the masonry wall used in this study. 

The tangential behaviour is represented by the shear stress-shear 
relative displacement diagram, which is obtained from the application 
of the Coulomb criterion [57], defined in Equation (2), where τ is the 
shear strength, c is the shear strength at zero vertical load stress (usually 
denoted by cohesion), σ is the normal stress and μ is the friction coef
ficient or tangent of the friction angle. For dry joints, the cohesion is 
zero. The friction coefficient of the alumina bricks as a function of the 
temperature was obtained by Oliveira et al. [16], as shown in Table 2. 
These values are used for the joints between the bricks. 

τ = c+ μσ (2)  

3.2. Macro modelling approach 

Refractory masonry with dry joints has strongly nonlinear stress–
strain relationships due to gradual closure of joints and markedly 
orthotropic behaviour (caused by the difference between the number of 
bed and head joints and the fact that they can be closed in one direction 
and open in the other direction). To numerically capture such nonlinear 
phenomena and consider the impact of gradual joint closure/reopening 
on the homogenized mechanical response, four periodic joint patterns, 
as well as transition criteria between them, were defined as depicted in 
Fig. 6. Each pattern is associated with a specific state of bed and head 
joints (open or closed) and represents different periodic masonry 
structure with different equivalent elastic viscoplastic behaviour. The 
predefined patterns are:  

• Pattern AC: All joints are Closed.  
• Pattern BO: Bed joints are Open.  

• Pattern HO: Head joints are Open.  
• Pattern AO: All joints are Open. 

3.2.1. Nonlinear homogenization 
The homogenized elastic-viscoplastic behaviour of the four periodic 

joint patterns were obtained using the FE-base nonlinear homogeniza
tion technique [20]. First, a Representative Volume Element (RVE) with 
volume (VUC) was selected from each periodic joint pattern. Next, pe
riodic boundary conditions were applied to the boundary surfaces of the 
RVE and three uniaxial and three simple shear loading simulations were 
performed on it to characterize its homogenized elastic viscoplastic 
behaviour. The average stresses and strains were calculated by aver
aging the local stress and strain fields in the RVE. Finally, the homog
enized elastic and viscoplastic behaviours were determined, and the 
macroscopic elastic and viscoplastic tensors were obtained [39]. 

The homogenized elastic behaviour of the four joint patterns can be 
described using the orthotropic forms of Hooke’s law as [58]: 

Σ = Ce : Ee (3) 

where Σ, Ce, and Ee are the second order macroscopic stress tensor, 
fourth order effective elastic stiffness tensor and the second order 
macroscopic elastic strain tensor, respectively. The macroscopic stress 
tensor can be obtained by averaging the local stress tensor (σ) over the 
volume of the RVE according to: 

Σ = 〈σ〉 = 1
VUC

∫

VUC

σdV (4) 

In the absence of gaps or cracks, the macroscopic elastic strain tensor 
can be determined as the volume average of the local elastic strain tensor 
(εe) as: 

Ee = 〈εe 〉 =
1

VUC

∫

VUC

εe dV (5) 

In the presence of gaps or cracks, the components of the macroscopic 
elastic strain tensor are calculated from the displacements of the RVE’s 
corners and the initial dimensions of the RVE. Using three uniaxial and 
three shear loading conditions, and after solving the boundary value 

problem of each simulation case, the 9 non-zero components of Ce were 
calculated. 

To consider the gradual increase in the effective stiffness with the 
gradual closure of joints and reproduce the strain stiffening behaviour, 
the joints were reduced to an interface, at the RVE level – micro- 
modelling (see Fig. 7), with a small thickness (ti) where the constitu
tive normal and shear behaviours of the joints have been implemented. 
The behaviour law of the interface is expressed in incremental form as: 

Δσ = k(u)u (6) 

or, 

Δ

⎧
⎨

⎩

σn
τx
τy

⎫
⎬

⎭
=

⎡

⎣
kn(u) 0 0

0 ksx(u) 0
0 0 ksy(u)

⎤

⎦Δ

⎧
⎨

⎩

un
ux
uy

⎫
⎬

⎭
(7) 

Fig. 4. Modelling strategies for masonry structures (adapted from [44]): a) detailed micro-modelling; b) simplified micro-modelling; c) macro-modelling.  

Fig. 5. Contact pressure-overclosure relations used for different wall di
mensions (adapted from [22]). 
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where σn is the normal stress, and τx and τy are the transverse stresses 
in the X and Y directions, respectively (see the coordinate system in 
Fig. 7). kn, ksx and ksy are the joint stiffnesses in the normal (n) and shear 
directions (x, y), respectively. un is the normal deformation of the joint 
or joint closure. ux and uy are the shear deformations of the joint. 

The variations of kn with the joints closure (un) can be obtained 
either from classical joints closure tests (two small parts of the bricks are 
used as a specimen) or uniaxial compression tests of running bond ma
sonry, while ksx and ksy are expressed as [59]: 

ksx(u) = ksy(u) =
kn(un)

2(1 + ν) (8) 

Classical joint closure tests of two small alumina spinel parts were 
performed by Oliveira et al. [16] (see Fig. 8a). The main limitation of 
these tests is that they do not consider the dimension and geometric 
tolerance of the bricks, and, therefore, in most cases, underestimate 
joints closure [39]. In the present work and as shown in Fig. 8b, the 
average closure of joints at different stress levels was studied at three 
different locations (top, middle and bottom) in a small wall subjected to 
uniaxial compression load in the direction normal to bed joints up to 
rupture [22]. 

The relative displacements between each set of the horizontal lines in 
the Fig. 8b (top, middle and bottom – note that each set compromises 

two lines, one above and one below the joints) are obtained from the DIC 
analysis. For each line in each set, the displacements of 30 points were 
determined. The joint closure was considered as the relative displace
ment between the two lines in each set. The joint closure variations with 
the applied stress at different locations in the wall, as well as the average 
of the three studied locations are given in Fig. 9a. Comparisons with the 
results of the classical joints closure test are reported in the same figure. 

The stresses are considered as uniform in the wall. Indeed, in reality, 
they are nonuniform due to the non-flatness of the top course of the wall 
and stress concentrations caused by the dimension and shape tolerances 
of the bricks. From Fig. 9a, it can be noticed that at the same stress level, 
the classical joint closure tests underestimate the joint closure. The 
calculated average normal and shear stiffnesses of the dry joints are 
reported in Fig. 9b. They are calculated as following: the average joint 
closure of the three locations-stress relationship (DIC - Average in 
Fig. 9a) was fitted. Then, the normal (kn) and shear (ksx = ksy) stiffnesses 
were calculated using equations (7) and (8) (ν = 0.2). 

The compressible and orthotropic (due to the presence of joints) 
homogenized viscoplastic behaviour of each joint pattern is obtained by 
averaging the viscoplastic strain (εvp ) and the local stress (σ) tensors over 

the volume of the RVE and using a localization tensor (N) according to 
[60,61]: 

Fig. 6. Schematics of all possible joint patterns of refractory masonry with dry joints and joint closure and opening criteria (adapted from [20]).  

Fig. 7. Schematic of RVE in pattern AO showing the physical model, brick and interface.  

P.N. Gajjar et al.                                                                                                                                                                                                                                



Engineering Structures 291 (2023) 116468

7

˙Evp =
1
2

A
(
Σeq

)n− 1N : Σ (9) 

Here, A and n are the creep parameters of the bricks, Σeq and N are 
the macroscopic equivalent stress and a fourth order tensor with the 

same meaning of the localization tensor. The N tensor accounts for the 
orthotropy and compressibility of the structure and enables using the 
creep parameters of the constitutive material (i.e. bridging between the 

micro and macro scales). Due to the symmetry of N [39], the same can be 
reduced to a 6 × 6 matrix using the Voigt notations [58] as: 

N =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

N11 N12 N13 0 0 0
N12 N22 N23 0 0 0
N13 N23 N33 0 0 0
0 0 0 N44 0 0
0 0 0 0 N55 0
0 0 0 0 0 N66

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

(10) 

The macroscopic equivalent stress is expressed as [60,62]: 

Σeq =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
2
(Σ)T

: N : Σ
√

(11) 

By combining Equations (9) to (11) and performing six creep simu
lations at the RVE level (three uniaxial and three shear loading condi
tions), solving the boundary value problem and calculating the volume 
average stress and viscoplastic strain tensors, the nine non-zero com
ponents of N can be obtained [20]. 

3.2.2. Joints closure and reopening 
In normal operating conditions, refractory masonry structures un

dergo cyclic mechanical or thermomechanical loading and unloading. 
Therefore, the dry joints (bed or head) close and reopen and the struc
ture changes from one pattern to another leading to a change in its 
homogenized elastic viscoplastic behaviour. This change has been 
considered by defining joint closure and reopening criteria. 

Initially, all joints are open and the structure can be fully described 
by pattern AO (all open). When subjected to compressive loads or 
heating, the thickness of the joints decreases gradually from an initial 

Fig. 8. Joint closure test: a) classical joints closure test on two alumina spinel parts [16]; b) schematic showing small wall subjected to uniaxial compression up to 
rupture and the chosen areas for studying joints closure by DIC. 

Fig. 9. Joint closure behaviour: a) comparisons between stress variations with joint closure at different locations of the wall and results of classical joints closure test; 
b) calculated average normal and shear stiffness of the joints. 
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value (g0) to zero. As a result, the structure changes from pattern AO to 
either pattern BO (when head joints close) or pattern HO (when bed 
joints close). If all joints close, the structure changes from pattern AO to 
pattern AC (all closed). The joints can be considered as either open or 
closed based on their instantaneous thickness (g) as: 

Joint open if g > 0 (12) 

The, instantaneous joints thicknesses (gbed and ghead ) can be 
expressed in terms of initial joints thicknesses (g0, bed and g0, head ) and 
macroscopic in-plane total strains (Et

xx and Et
yy) as: 

ghead = g0, head + MxEt
xx

gbed = g0, bed + MyEt
yy

(13) 

Here, the X and Y directions are the directions of bed joints and head 
joints, respectively. My and Mx are the height and the length of the 
bricks. The joint closure criteria are given in Fig. 6. Regarding the joint 
reopening criterion, dry joints can reopen if the normal stress to the 
surface of the joint is higher than zero (i.e. tensile). The constitutive 
material model presented in Fig. 6 was implemented into Abaqus 
through a user material subroutine (UMAT). 

4. Numerical analyses at ambient temperature 

Using Abaqus finite element software, a series of numerical models of 
masonry walls subjected to cyclic in-plane uniaxial and biaxial 
compression loads at room temperature were developed. The purpose of 
these models was to reproduce the observed experimental behaviour 
and validate the numerical models. In this section, only the elastic 
properties (Fig. 2a) of the bricks were used as the tests were performed 
at ambient temperature, with all nonlinear behaviour concentrated in 
the joints. The experimental tests were modelled with the two different 
approaches: the micro modelling and the macro modelling approaches. 
Both approaches used the same material properties described in Section 
2. 

The micro and macro FE models of the walls are shown in Fig. 10. 
The X direction (1125 mm) is the direction normal to head joints, while 
the Y direction (1100 mm) is normal to bed joints. The four ceramic 
plates and the insulation layer (ground) of the test setup have been 
modelled as rigid plates. The units (refractory bricks) and dry joints 
were modelled separately in the micro-model approach (Fig. 10a). In the 
macro-model, the wall (bricks and joints) was replaced by a homoge
neous material (Fig. 10b) whose mechanical properties depend on the 
state of the bed and head joints (open or closed). In both models, the 
walls were meshed with 3D hexahedron elements with 37.5 × 33.33 ×
35 mm3 size. This element size was also selected considering the ther
momechanical problem (discussed in section 5), especially in the Z di
rection due to the thermal gradient and temperature-dependant 

mechanical properties. Frictional interactions between the contact sur
faces of the wall and the fixed rigid plates, moving rigid plates and the 
ground were considered with a friction coefficient of 0.5. 

During the test, the forces were applied though the moving plungers 
attached with hydraulic jacks (as shown in Fig. 1). These moving 
plungers are represented by rigid moving plates in numerical models 
(Fig. 10). Two plungers used as supports during the test are represented 
by the fixed plungers in the models. The masonry wall was built on the 
insulating ground which is represented by the rigid ground plate. The 
connection between the plates and masonry wall is defined by the hard 
contact (which transfers normal compressive forces and allows separa
tion to satisfy no tensile stresses in interface) to accurately model the 
experimental conditions. For all the test series, two fixed plates and 
ground plate are subjected to fixed boundary conditions (no translation 
and rotation). For the moving plates in X direction, only the translation 
in that direction is allowed and translation in other two directions is 
fixed along with rotation in all three directions. Similar boundary con
ditions are applied for moving plate in Y direction. However, depending 
on the test series, translation of moving plates is restricted to represent 
the experimental setup. The configuration of such conditions is 
described for each test series with a graphical representation in 
following sections. 

4.1. Test series S01 - uniaxial loading and unloading - normal to bed 
joints 

In this test series, two refractory masonry walls were tested [38]. A 
uniaxial compression load/unload (up to 6 MPa) was applied in the 
direction normal to bed joints, and the plungers constrained the direc
tion normal to head joints. The boundary conditions for two fixed rigid 
plates, the rigid moving plate normal to head joints (X direction in 
Fig. 11a) and the ground are set to fully fixed. 

Comparisons between the experimental and numerical force
–displacement diagrams of masonry walls subjected to uniaxial 
compression loading/unloading in the direction normal to bed joints are 
presented in Fig. 11b. The displacement values were obtained from the 
relative displacements of the red points shown in Fig. 11a (as in the 
experiments). It can be seen that the present numerical models repro
duce with reasonable accuracy the displacement stiffening mechanical 
behaviour of the wall. The reaction force increases with the increase in 
the applied displacement due to the gradual closure of the joints and the 
increase in effective stiffness and contact area with the closure of joints. 
After unloading, the wall did not recover its initial configuration. There 
was permanent deformation caused by the closure of joints, the defor
mation and the crushing of the asperities present at the contact surfaces 
of bed joints. 

Fig. 12a and b present the numerical displacement fields obtained 
from the micro and macro-models at the maximum load level (630 kN). 

Fig. 10. FE models of the mortarless refractory masonry walls: a) micro-model; b) macro-model.  
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Fig. 11. Test series S01 - uniaxial loading and unloading - normal to bed joints: a) boundary conditions; b) experimental and numerical force–displace
ment diagrams. 

Fig. 12. Test series S01 - uniaxial loading and unloading - normal to bed joints: Displacement distribution along the Y direction (mm) at the peak force: a) micro- 
model; b) macro-model. 

Fig. 13. Test series S02 - uniaxial loading and unloading - normal to head joints: a) boundary conditions; b) experimental and numerical force–displace
ment diagrams. 
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It can be observed from the results of the micro-model that almost all the 
displacement occurs due to the closing of dry joints, and bricks behave as 
a rigid unit for this low level of stress applied. 

4.2. Test series S02 - uniaxial loading and unloading - normal to head 
joints 

Regarding this test series, two refractory masonry walls were tested 
at room temperature [38]. The main difference between S02 and S01 is 
that the uniaxial compression loading (6 MPa) and unloading were 
applied to the direction normal to head joints. In contrast, the direction 
of the bed joints was constrained by the ceramic plungers. The boundary 
conditions of two fixed rigid plates, the moving rigid plate in the di
rection of the bed joints (Y direction in Fig. 13a) and the ground, are 
fully fixed. 

Comparisons between the experimental and the numerical force
–displacement diagrams of the walls subjected to uniaxial compression 
loading/unloading in the direction normal to head joints are given in 
Fig. 13b. The numerical models were able to predict the mechanical 
behaviour of the walls (for both the loading and unloading) with 
reasonable accuracy. When compared to S01, the value of the 
displacement at the maximum load level is lower. This can be attributed 
to the number of head joints in the wall being less than the number of 
bed joints (seven head joints and ten bed joints). This leads to higher 
stiffness (and, therefore, smaller deformation at the same load level) in 
the direction normal to head joints as compared to the direction normal 
to bed joints. After unloading, and as observed in S01, the walls did not 
return to the initial configuration, and there was permanent 
deformation. 

Fig. 14a and b show the displacement fields obtained using both 
modelling approaches in the walls at maximum load level. In the micro- 
model, the bricks behave almost as rigid units for a low level of stress. 
However, similar range of displacments can be observed between the 
micro and macro modelling approach. 

4.3. Test series S03 - biaxial loading and unloading 

In this test series, two refractory masonry walls were tested at room 
temperature [38]. A 6 MPa biaxial compression load/unload was 
applied to the directions normal to bed and head joints. The boundary 
conditions of the ground and the two fixed rigid plates are fully fixed 
(Fig. 15a). 

Fig. 15b presents a comparison between the experimental and 

numerical force–displacement diagrams in the directions normal to bed 
and head joints during loading and unloading. The present numerical 
models can reproduce with reasonable accuracy the orthotropic 
displacement stiffening mechanical behaviour of the wall. The reaction 
force increases with an increase in displacement due to the gradual 
closure of the joints and an increase in material stiffness with the gradual 
closure of joints. The maximum displacement in the direction normal to 
head joints is smaller than that in the direction normal to bed joints 
because the number of head joints is less than the number of bed joints. 
Similar to S01 and S02, there were permanent deformations in the di
rections normal to bed and head joints after load removal. 

Fig. 16 makes the same observation as in Series S01 and S02, where 
bricks are almost rigid units for a low-stress level. However, lower values 
of displacement can be observed in both directions as compared to the 
results obtained from the uniaxial tests. This global displacement 
reduction can be explained by the high friction forces (caused by the 
biaxial loading conditions) and the reduced level of stresses experienced 
by the masonry in these biaxial loading conditions. 

Fig. 17 shows the distribution of the principal compressive stress at 
the first peak load. From the figure, it is possible to observe the low level 
of stress in the masonry units except for the areas near the support 
plates. This reduction in the stresses is due to the presence of biaxial 
loads. In this case, the force is transferred through the combination of 
shear and normal stresses in the masonry. The shear stresses are expe
rienced primarily near the support and loading plates. Therefore, the 
masonry units undergo a lower level of stress than the applied stress at 
the peak level. 

Fig. 18 presents the distribution of principal compressive stress dis
tribution in the refractory brick units at the centre of the wall during the 
peak force level in the biaxial test. It can be observed that the stress in 
the centre of the brick unit is around 5.2 MPa. Stresses increase to 6 MPa 
near the bed joints (Y direction) and reduce to 3 MPa near the head 
joints (X direction). This difference is due to the behaviour of the dry 
joints. The bed joints are continuous in the masonry, while the head 
joints are not. Therefore, bed joints experience lower restrictive shear 
forces through the nearby head joints, while the behaviour of head joints 
is highly influenced by the shear forces in the bed joints due to friction 
between the bricks. This behaviour also reduces displacement in the X 
direction (normal to the head joints) compared to the displacement in 
the Y direction (normal to the bed joints). 

Fig. 14. Test series S02 - uniaxial loading and unloading - normal to head joints: Displacement distribution along the X direction (mm) at the peak force: a) micro- 
model; b) macro-model. 
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5. Numerical analyses at high temperature 

Several refractory masonry walls were tested in these series under 
various thermomechanical loading conditions at high temperatures (as 
indicated in Table 1 and [38]). These experiments aimed at evaluating 
the orthotropic nonlinear elastic-viscoplastic behaviour of refractory 

masonry at temperatures of around 1500 ◦C (similar to in-service tem
peratures). The micro and macro FE modelling approaches were used to 
predict and then give more insights into the complex thermomechanical 
behaviour of the walls. The solution domains used for both these ap
proaches are similar to those used in the previous section (Fig. 10). The 
temperature-dependent values of Youngs’ modulus are used, as shown 

Fig. 15. Test series S03 - biaxial loading and unloading: a) boundary conditions; b) experimental and numerical force–displacement diagrams.  

Fig. 16. Test series S03 - biaxial loading and unloading: Displacement along the X direction (mm) at the peak force level: a) micro-model; b) macro-model. 
Displacement along the Y direction (mm) at the peak force level: c) micro-model; d) macro-model. 

Fig. 17. Biaxial loading and unloading - minimum principal stress distribution (MPa) at the peak force level: a) micro-model; b) macro-model.  
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in Fig. 2a. For viscoplasticity, creep parameters mentioned in Table 3 
were used. Again, the frictional interactions were considered with a 
friction coefficient of 0.5. 

The FE analysis of the walls comprises two steps: first, transient heat 
transfer analysis was carried out to compute the temperature distribu
tions and variations with time, and second, transient thermo-mechanical 
analysis to calculate the resulting thermomechanical stress and strain 
fields. In the transient heat transfer analysis, the average measured 
temperature variations of the cold face (CF) and hot face (HF) of the 
walls were applied as thermal boundary conditions [38]. Therefore, the 
computed temperatures of the HF and the CF are the same as the applied 
temperature boundary conditions. The goal was to obtain the temper
ature fields through the thickness of the wall during heating, load 
application, holding and unloading. These, in turn, are employed as 
thermal loads in thermomechanical analysis. Comparisons between the 
experimental and numerical HF and CF temperature variations with 
time are given in Fig. 19a. The envelop for the CF represent the tem
peratures measured by the thermocouples. 

In the thermomechanical analysis, during heating, load application 
and load holding and unloading steps, the boundary conditions of two 
fixed rigid plates and the ground (top insulation layer in the test field) 
are set to fully fixed. During heating, the two moving rigid plates were 
free to move (Fig. 19b). Then, during load application, load holding and 
unloading steps, the measured experimental reaction forces were 

applied as concentrated loads to the rigid moving plates. 
The obtained temperature fields of the wall and the deformed shape 

(for both micro and macro modelling approaches), by the end of the 
heating step, due to thermal expansion effects, are given in Fig. 20. 
Higher values of a thermal expansion near the HF compared to the CF 
can be observed from the figure due to the higher temperature of the HF. 
As a result, the sides of the wall (in contact with the moving and fixed 
plungers) were not perfectly parallel to the plunger linings (wedged 
shape, in the depth of the wall) before the load application. The effect of 
thermal expansion is more significant in the macro-model (Fig. 20b) 
compared to the micro-model (Fig. 20a). This difference is due to the 
presence of the dry joint in the masonry, where the closing of the dry 
joints absorbs some extent of the expansion which differs considering 
the modelling approach. However, a similar wedged shape can be 
observed in both models, resulting in higher loads concentration at the 
HF during the initial loading period. The thermomechanical results 
obtained from both models for various loading conditions are presented 
in the following sections. 

5.1. Test series S04 - uniaxial creep behaviour - normal to bed joints 

In this test series, two refractory masonry walls were tested [38]. A 
uniaxial compression load/unload of 4 MPa was applied in the direction 
normal to bed joints after the heating stage and reaching thermal 
equilibrium. As explained in the previous section, the two rigid plates 
and the ground were fixed during heating and mechanical testing. 
During the load application, holding and unloading steps, the experi
mentally measured forces were applied to the two moving rigid plates 
(Fig. 21a). 

Fig. 21b presents comparisons between the experimental and nu
merical displacement - time diagrams during loading, holding and 
unloading steps. Good agreement between the numerical and the 
experimental results can be observed. During loading, a rapid increase in 
the displacement can be observed due to the gradual closure of joints 
with increasing the applied load. This increase in the displacement is 
higher as compared to the room temperature uniaxial compression tests 
in the direction normal to bed joints (S01) due to the high bulk tem
perature of the specimen and, therefore, lower values of Young’s 
modulus and creep as compared to series S01. During the holding step, 
an increase in the displacement of around 11 mm can be observed. This 
increase was mainly caused by viscoplasticity. Finally, the displacement 
decreased slightly during the unloading step. After load removal, the 
recovered displacement was minimal as compared to the displacement 

Fig. 18. Minimum principal stress distribution (MPa) in the masonry units at 
the centre of the wall at the peak force level. 

Fig. 19. Thermomechanical analysis: a) time variations of the cold and hot face temperatures during heating and mechanical testing, experimental and numerical 
results; b) boundary conditions for thermomechanical analysis during heating. 
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due to the applied load. This can be attributed to the permanent 
deformation resulting from the viscoplastic behaviour of the structure 
and joint closure. The slight difference between the experimental and 
numerical values is mainly due to the creep parameters. It should be 
noted that, in the micro-modelling approach, only the primary creep 
parameters are used, while in the macro-model secondary creep pa
rameters are used. 

Fig. 22a and b show displacement fields in the direction of normal to 

bed joints obtained using the micro and macro modelling approaches. 
From Fig. 22a (micro modelling), it can be observed that at high tem
peratures, the bricks do not behave as rigid units as it was observed in 
the room temperature tests. This is due to material property degradation 
and creep effects at higher temperatures. The distributions of minimum 
principal stresses by the end of the load holding step are shown in 
Fig. 22c and d. It can be seen from the figures that the stresses observed 
on the HF are lower as compared to those in the CF. This can be 

Fig. 20. Temperature distributions of the masonry wall by the end of the heating step showing the deformation of the wall due to thermal expansion: a) micro-model; 
b) macro-model. 

Fig. 21. Test series S04 - uniaxial creep behaviour - normal to bed joints: a) boundary conditions; b) experimental and numerical time variations of the displacements 
during loading, holding and unloading stages. 

Fig. 22. Test series S04 - uniaxial creep behaviour - normal to bed joints: Displacement distribution along the Y direction (mm) at 16th hour: a) micro-model; b) 
macro-model. Minimum principal stress distribution (MPa) at 16th hour: c) micro-model; d) macro-model. 
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attributed to the lower temperature of the CF and, therefore, lower creep 
rates as compared to the HF; higher viscoplastic deformation rates were 
observed in the HF as compared to the CF. This led to a decay in the 
stresses in the HF due to stress relaxation and an increase in the stresses 
in the CF during the holding step. 

5.2. Test series S05 - uniaxial creep behaviour - normal to head joints 

The significant difference between S05 and S04 is that the uniaxial 
compression load was applied in the direction normal to head joints. In 
contrast, the other direction was constrained by the ceramic plungers 
(direction normal to bed joints). A uniaxial compression load/unload of 
4 MPa was applied in the direction normal to head joints after the 
heating. During the load application, holding and unloading, the 
experimentally measured forces were applied as concentrated loads to 
the other two moving rigid plates (Fig. 23a). 

Comparisons between the experimental and numerical displacement 
- time diagrams during loading, holding and unloading steps are given in 
Fig. 23b. Good agreements between the numerical and the experimental 
results can be observed. During loading, a rapid increase in the 
displacement can be seen due to the gradual closure of joints with 
increasing the applied load. The increase in the displacement is higher 
compared to the test performed at ambient temperature (S02) because of 
the lower values of Young’s modulus at high temperature and the 
contribution of viscoplasticity to the total displacement during loading. 
Then, during the holding step, an increase in the displacement can be 
observed due to creep. Finally, the displacement decreased slightly due 
to unloading. After load removal, the recovered displacement is very 
small as compared to the displacement measured during the load 
application step. This is caused by the viscoplastic deformation and 
closure of joints. It should be noted that in the case of test series S04 and 
test series S05, the increase in the displacement during the holding time 
is almost equal. This can be attributed to that, in both cases, after load 
application, the joints in the loading direction (bed joints in the case of 
S04 and head joints in the case of S05) are almost closed, and when 
joints are closed, the behaviour of the wall is similar to that of the bricks 
(i.e. similar behaviour in both cases) [19,20]. 

Fig. 24 shows the displacement fields by the end of the load holding 
stage in the direction normal to head joints obtained using the micro and 
macro modelling approaches. Similar distributions to those of test series 
S04 can be observed. For the displacement fields obtained using the 
micro modelling approach, the bricks do not behave as rigid units due to 
reduced material stiffness and creep at high temperatures. The minimum 
principal stress distributions obtained using both modelling techniques 
are given in Fig. 24c and d. They are similar to those observed in test 
series S04 due to the similar applied load level. Lower values of stresses 

at the HF are observed as compared to those in the CF due to the higher 
HF temperature and, therefore, lower values of Young’s modulus and 
stress relaxation effects caused by the wedge shape of the wall. 

5.3. Test series S06 - biaxial creep behaviour 

To evaluate the creep behaviour under biaxial loading conditions, 
two refractory walls were tested at high temperatures [38]. The FE 
models and boundary conditions are the same as in the previous sec
tions. After the load application step, the applied forces were held 
constant for 16 h. During the load application, holding and unloading, 
experimentally measured forces were applied to the two moving rigid 
plates (Fig. 25a). 

Comparisons between the experimental and numerical displacement 
– time diagrams in the directions normal to bed and head joints during 
loading, holding and unloading steps are shown in Fig. 25b. Good 
agreements between the experimental and numerical results can be 
observed. The maximum displacement in the direction normal to bed 
joints is higher as compared to that in the direction normal to head joints 
due to the difference between the number of bed and head joints in the 
wall. However, the observed displacements are lower compared to the 
uniaxial creep tests performed at high temperatures. This reduction is 
due to biaxial force application on the refractory masonry wall, which 
generates lower stresses in the materials and higher friction forces with 
the loading beams. During the holding time, the increase in the dis
placements in both directions was almost the same, indicating full 
closure of bed and head joints during the loading step and, therefore, 
isotropic in-plane viscoplastic behaviour. 

The displacement fields, by the end of the load holding step, in the 
direction normal to bed and head joints obtained using the micro and 
macro modelling approaches are shown in Fig. 26. The minimum prin
cipal stress fields, by the end of the load holding step, in the direction 
normal to bed and head joints obtained using the micro and macro 
modelling approaches are shown in Fig. 27. Compared to S04 and S05, 
similar observations of σbed CF, HF and σhead CF, HF can be observed. 
However, the stresses observed in this test series are lower as compared 
to the stresses observed in the previous uniaxial creep tests normal to 
bed and head joints. 

5.4. Test series S07 - biaxial relaxation behaviour 

The goal of this test series was to investigate the relaxation behaviour 
of the walls at high temperatures. Therefore, constant strain loading 
conditions were employed. The modelling technique is similar to pre
vious sections for both modelling approaches. During heating, the me
chanical boundary conditions of the plungers and the ground are 

Fig. 23. Test series S05 - uniaxial creep behaviour - normal to head joints: a) boundary conditions; b) experimental and numerical time variations of the dis
placements during loading, holding and unloading stages. 
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identical to Fig. 19b. During loading, the boundary conditions are 
almost the same as in Fig. 25a with only one difference; displacement 
boundary conditions were applied to the moving plungers instead of 
concentrated forces and kept constant during the holding time. 

Comparisons between the experimental and numerical time varia
tions of the resulting reaction forces, in the directions normal to bed and 
head joints, during two loading/unloading cycles are reported in Fig. 28. 
Good agreements between the experimental and numerical results can 
be observed. During loading (1st cycle), the resulting reaction forces 
increased gradually to reach 600 kN. Then, when the position of the 
plungers is locked, a decay in the resulting reaction forces was observed 
due to stress relaxation caused by the viscoplastic behaviour of the 
structure at high temperatures. Then, the forces decreased to zero during 

the unloading stage. Similar behaviour was noticed for the second 
loading cycle. 

6. Conclusion 

Refractory masonry with dry joints exhibits complex behaviour. 
Numerical simulations are the most cost-effective way to understand 
such behaviour, including joint closing and opening, creep and relaxa
tion at high temperatures. However, calibration and validation of such 
models are required to analyse the behaviour accurately with the 
experimental results. Moreover, large-scale experiments are scarce for 
refractory masonry. Therefore, based on the large-scale experimental 
campaign carried out within the framework of the ATHOR project [38], 

Fig. 24. Test series S05 - uniaxial creep behaviour - normal to bed joints: Displacement distribution along the X direction (mm) at 16th hour: a) micro-model; b) 
macro-model. Minimum principal stress distribution (MPa) at 16th hour: c) micro-model; d) macro-model. 

Fig. 25. Test series S06 - Biaxial creep behaviour: a) boundary conditions; b) experimental and numerical time variations of the displacements during loading, 
holding and unloading stages. 

Fig. 26. Test series S06 - biaxial loading and unloading: Displacement along the X direction (mm): a) micro-model; b) macro-model. Displacement along the Y 
direction (mm): c) micro-model; d) macro-model. 
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numerical models with different modelling approaches were developed 
and validated. 

This paper presents a comparison between two modelling ap
proaches, the homogenisation approach (macro-modelling) and the 
micro-modelling approach. The macro-modelling approach replaces 
refractory brick units and dry joints with an equivalent homogenised 
material. The micro-modelling approach models both the units and 
joints between units. The results obtained from both approaches show a 
good agreement with the experimental results. 

The results presented here show that both modelling approaches 
provide a reliable prediction of masonry response at the ambient and 
high temperatures, validated by the experimental results. Moreover, the 
response obtained by these approaches are in good agreement with each 
other. For the simulations, both models employ the same parameter 
values for the thermomechanical properties of the materials and similar 
boundary conditions. The primary difference between the models was 
the joint closure relation. Despite this difference, the numerical re
sponses of these models were well within the bounds of experimental 
results. 

In mortarless masonry, the distribution of dry joints is influenced by 
the surface asperities, manufacturing tolerances and construction tech
nique. Thus, the dry joint thickness is non uniform. The joint closing 
behaviour of the dry joint is essential to characterise the orthotropic 

global behaviour of the mortarless masonry at ambient temperature. The 
dry joint is also crucial during the thermal loading as it provides a break 
in the continuum and reduces stresses induced by thermal expansion by 
allowing bricks to expand freely till the limit of joint thickness. As in the 
case of industrial structures, the refractory masonry is subjected to 
thermal gradient within its thickness. Therefore, the hot face will 
expand more when compared to the cold face. Consequently, during 
loading, the hot face will undergo loading first and depending on the 
viscoplastic behaviour, the force will be transferred from the hot face to 
the cold face. The comparison between the models in terms of 
displacement and stress distributions shows that the formulation used 
for modelling joint behaviour as well as to compensate of thermal 
expansion in the macro model is accurate and can define global 
behaviour of mortarless masonry at higher temperature. 

Therefore, both approaches can be used for the thermomechanical 
analyses of refractory structures. Depending on the outcome require
ment, a particular approach can be selected. A homogenized model uses 
a more straightforward geometry modelling compared to micro- 
modelling, where all the individual units and interfaces must be 
modelled separately which significantly increases the number of ele
ments in the model. Due to the presence of interface elements in the 
micro model, the load or temperature increment has to be small to avoid 
discontinuity problems during analysis to achieve accurate results, thus 
increasing the computational cost. In contrast, the macro model 
described in this work can give accurate results while using larger in
crements during analysis with less computational cost. This can be 
useful while modelling larger industrial structures where the primary 
focus is on global behaviour. 

In general, compared to micro-models, homogenized models require 
fewer parameters to define the materials during the analysis. Additional 
parameters need to be defined in micro-models, depending on the 
constitutive models used. However, the homogenised approach pre
sented in this document requires the formulation of various equations to 
identify the stiffness parameters of the homogenised elements and a 
user-supplied subroutine. Therefore, both modelling approaches require 
similar inputs for material and geometric parameters with a difference 
that macro model utilises some of these data for the formulation of 
stiffness parameters. 

As presented in this document, the macro-modelling approach pro
vides useful global outputs. In contrast, micro-models can provide, be
sides global outputs, localised output as well (for example, stress and 
strain concentration near the joints, localised damage, and deforma
tion). Thus, micro-model can be used in an application where the 

Fig. 27. Biaxial loading and unloading - minimum principal stress distribution (MPa) at the 16th hour of holding: a) micro-model; b) macro-model.  

Fig. 28. Experimental and numerical time variations of reaction forces during 
loading, holding and unloading stages of two testing cycles. 
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detailed description of material behaviour is required, for instance in 
preliminary analysis to select different materials of the refractory linings 
in a steel ladle. It should be highlighted that these modelling approaches 
can be used in combination. A global response obtained from the 
homogenised approach can be used to supply a localised boundary 
condition for a small part of a large structure to evaluate the localised 
behaviour of the refractory masonry. 
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