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ARTICLE INFO ABSTRACT

Keywords: Refractory linings can withstand severe working conditions and are widely used for the linings of many high
Refractories temperature applications, such as steel ladles. Some of these linings are built with dry joints. These structures
Masonry undergo very complex responses in service conditions, making the prediction of its behaviour a challenging task.
Creep . To develop robust numerical prediction tools, experimental validation is necessary. The present paper gathers a
Stress relaxation . . . . .

Dry joints considerable database on the mechanical and thermomechanical characterization of refractory masonry with dry

joints (up to 1500 °C). The test setups, measurement techniques, specimens, test procedures, and results of the
large-scale experimental campaign are presented. The results of the tests help in understanding the complex
thermomechanical behaviour of refractory linings. Aspect such as joints closure and reopening, dimensional and
shape tolerances of the bricks, creep and stress relaxation are investigated. The results of these tests are essential
for developing, calibrating, and validating efficient numerical models for the design and optimization of re-

High temperature tests

fractory masonry linings.

1. Introduction

Masonry systems with dry joints (i.e., without mortar) are composed
of stacked units (e.g., bricks). There are different types of masonry as-
semblies, according to the function they aim to pursue. The most com-
mon use is in civil engineering applications. These are usually working
and characterized under room temperature [1], and possibly fire con-
ditions [2]. One other major use of this type of system is in heavy in-
dustries, specifically for high temperature industrial applications
(higher than 1000 °C) [3-5]. The main difference between these two
applications is the units constituting the assembly. In the former, the
units are usually stones, fired clay, concrete, etc. [6], while in the latter,
units are bricks made of refractory ceramics [4,7,8].

Owing to their high thermomechanical, thermal, and chemical sta-
bility, refractory ceramics can withstand severe working conditions
including: high operating temperature (above 1000 °C), thermal shock,
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high thermomechanical stresses, erosion and corrosion which are
identified as the main ageing factors of these materials [9-12]. Re-
fractories are identified as advanced ceramics [13]. These materials are
widely used for the linings of many high temperature applications, such
as steel ladles, furnaces and rotary kilns, used in several heavy industries
such as glass production, cement, iron and steel making [14-17].

In a typical refractory masonry lining with dry joints, bricks with
height (hyp), width (I5) and depth (dp) are periodically arranged in
running bond texture. Dry joints with initial thickness (0 < gy < hp; lp;
dp) separate the bricks from each other (Fig. 1). Often, these joints’
thickness is a result of the surface unevenness, shape, and dimensions
tolerances of the bricks during production. However, in some applica-
tions such as rotary kilns and blast furnaces, the joints’ thickness is
designed using cardboard spacers between the bricks during installation
to compensate for thermal expansion effects [18]. Two types of joints are
defined based on their orientation: bed joints (continuous horizontal
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joints) and head joints (staggered vertical joints), see Fig. 1. The design
and optimization of these linings is still an engineering challenge due to
the complex interactions between the thermal fields, the chemistry and
the nonlinear thermomechanical behaviour of refractories at high tem-
peratures [15,19,20]. Therefore, additional research and development
on refractory linings is required to meet existing and new demanding
requirements in industries with high temperature processes.

Previous experimental studies on refractory masonry with dry joints
focused on small-scale tests, with only a few references on large-scale
tests. The first usually uses a few bricks to measure the dry joints
thickness and contact area between the adjacent surfaces of the bricks,
dimensional tolerances of the bricks and ultimate compressive strength
of small assemblies of bricks. The second is used to gather data on the
impacts of dimensional and shape tolerances, joints, joints closure and
reopening on the global behaviour of the structure. These experimental
studies are usually performed at room temperature and high
temperature.

Andreev et al. [21] performed uniaxial compression tests at various
temperatures to investigate the impact of joints on the mechanical
behaviour of magnesia carbon cylindrical samples. Two types of samples
were tested, namely: samples with one dry joint and samples without
joints. The samples with joint showed nonlinear behaviour with pro-
gressive strain stiffening compared to samples without joints. The
gradual closure of the joint is responsible for the non-linearity in the
stress-strain curve, and it disappears when joints close (i.e., the two
cylindrical parts reach perfect contact).

Understanding joint closure behaviour can be assisted by using full-
field measurement techniques such as digital image correlation (DIC).
Allaoui et al. [22] performed uniaxial compression tests at room tem-
perature of a stack of two magnesia chromite refractory bricks to
investigate the local and global behaviour of dry joints. Their results
demonstrated that joints’ behaviour is heterogeneous, nonlinear, and
orthotropic. The local joint opening was noticed (during compression)
due to rigid body rotation of the bricks. In addition, the dimension tol-
erances of the bricks determine the joint thickness, while surface
roughness is a complement. Similar results were obtained by Oliveira
et al. [23].

The dimensional tolerances and surface roughness of the bricks lead
to limited contact between the adjacent surfaces of the joints. This, in
turn, leads to stress concentration and a decrease in the ultimate
compressive strength of the assembly [23]. Several experimental studies
were conducted to investigate the relationship between actual contact
area and load bearing capacity of dry stack and running bond masonry
systems and to test different strategies for mitigating dimensional errors
and surface roughness of the bricks [21,24-26]. Usually, the contact
area is measured using carbon paper [27], pressure-based sensors [24]
or contact sensors [25].

Chewe Ngapeya and Waldmann [25,26] performed uniaxial
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compression tests of small masonry assemblies built up from three bricks
to study the impact of contact area on the ultimate compressive strength
of the masonry. Different contact layers were applied to the bed joint
surfaces. The contact area was measured using contact sensors. Their
results indicated that increasing the contact area from 23 to 98 %
resulted in an improvement factor of 1.97 in terms of maximum failure
load. Similar results were obtained by Zahra and Dhanasekar [24]. As
reported by Andreev et al. [21] and later by Zahra [24], grinding the
surfaces of joints is another efficient solution, as it leads to decreased
surface unevenness, helping to attain perfect contact and, thus, increases
the contact area and load bearing capacity of the structure.

Regarding large-scale tests, Prietl and Nguyen et al. [28-31] studied
the mechanical behaviour of magnesia chromite refractory masonry
with dry joints (1 x 1 m? assemblies) subjected to in-plane biaxial
compression load at room temperature and at 1200 °C. The authors
showed that the mechanical behaviour of the wall is orthotropic. Under
the same applied load and for both, room and high temperature tests, the
resulting strains in the direction normal to the surfaces of bed joints are
higher than in the direction normal to the surfaces of head joints. The
mechanical behaviour of the wall was found to be nonlinear due to
gradual closure of joints and the increase of the effective stiffness with
joints closure. When compared to the room temperature test and under
the same applied load, the strains, in the two directions were higher due
to the decrease of the material stiffness with increasing temperature and
the viscoplastic behaviour of refractories at high temperature.

Recently, the mechanical behaviour of alumina spinel refractory
masonry, in the direction normal to bed joints, at room and high tem-
peratures (up to 900 °C) was experimentally investigated by Oliveira
et al. [3]. Different loading conditions were investigated, including cy-
clic loading and thermal gradient. It was found that the mechanical
behaviour of the walls was highly nonlinear with strain stiffening. The
stiffness and ultimate compressive strength of the walls were smaller
than those of the base material of the bricks. The stiffness of the wall
increased with increasing applied load level. Moreover, the dimension
and shape tolerances of the bricks led to stress concentrations and cracks
in the middle of the bricks. They observed an ultimate compressive
strength of 17.8 MPa at room temperature.

Creep (viscoplastic behaviour) is the time and temperature depen-
dent deformation under constant stress [12]. A ceramic material sub-
jected to constant stress at specific high temperature exhibits creep
behaviour in three stages. Primary creep (time dependent strain rate),
secondary creep (constant strain rate) and tertiary creep (increased
strain rate till failure) [15,32,33]. Creep behaviour of alumina spinel
brick at various temperature and stress level is researched for small
specimens [15], however, the effect of creep behaviour at large-scale on
a masonry is not evaluated.

It is clear from the studies presented above that the available liter-
ature on large-scale tests of refractory masonry with dry joints is limited,

Head joint
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X

Fig. 1. Example of refractory lining applications in a steel ladle lined with refractory masonry with dry joints and a schematic representation of masonry lining

showing the periodically arranged bricks and the joints [18].
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with only 2 experimental campaigns. It should also be noted that the
available tests at high temperatures were performed at 900 and 1200 °C,
which is below normal operating conditions (around 1500 °C). Due to
the complex behaviour of such applications at high temperatures, the
need for additional experimental campaigns on large-scale assemblies is
paramount. This work is devoted to the experimental characterization of
refractory masonry walls subjected to uniaxial and biaxial compression
loads at room and high temperatures. Within the framework of the
ATHOR Network [34], two large-scale experimental campaigns were
performed. Details regarding the first experimental campaign are re-
ported elsewhere [3].

The second experimental campaign is presented here. The mechan-
ical and thermomechanical behaviour of alumina spinel refractory ma-
sonry was investigated for various loading conditions at room and high
temperatures up to 1500 °C. Large-scale uniaxial compression tests were
performed in the directions normal to bed and head joints, and biaxial
compression tests at room temperature. Large-scale uniaxial and biaxial
creep tests, as well as biaxial relaxation tests were carried out at 1500 °C.
Besides this section, this paper includes: a) in Section 2 a detailed
description of the experimental setup; b) in Section 3 a description of the
materials and specimens used in the experimental campaign; c) in Sec-
tion 4 a summary of the experimental procedures, results, and discussion
of the obtained results; d) finally, in Section 5, conclusions are drawn
and presented.

2. Experimental setup

The experimental campaign presented in this work was performed at
the Technology Centre Leoben (TCL) of RHI-Magnesita, in Austria. The
experimental setup has been used before [30] and it was upgraded
considering this experimental campaign (Fig. 2). The test setup consists
of: @) a monolithic reaction frame in which the hydraulic jacks, LVDTs
and heating system were connected; b) two orthogonal hydraulic jacks
with the capacity of 1000 kN, with a Rexroth controller unit; c¢) a
Eurotherm 5180 V 48-channel data acquisition system.

Detailed views of the 3D model of the test field at room and high
temperatures are presented in Fig. 3a and b. The reaction frame has
sufficient stiffness so that during testing, the displacements in the frame
do not impact the measured displacements in the specimen. Two hy-
draulic cylinders, with maximum stroke of 90 mm, were used and each
cylinder was equipped with two pressure gauges for measuring the
applied forces. The temperatures of the cylinders were monitored during
the tests to ensure safe operating temperature.

Four steel plungers were used for the boundary conditions of the
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specimen, two of them are fixed, and the others are movable. The two
movable plungers were connected to hydraulic cylinders and equipped
with lateral steel guides to ensure their alignment during load applica-
tion. The lateral guides were lubricated to reduce friction. All plungers
were water-cooled to avoid overheating the hydraulic cylinders during
tests performed at high temperatures. Each fixed plunger has three
openings for placing the measurement instrumentation (LVDTs and
thermocouples). To protect the plungers, these were lined with
Magnesia Chromite (MCh) refractory bricks with dry joints. MCh bricks
were chosen due to their high elastic stiffness and creep resistance. Dry
joints were chosen to allow free expansion of the MCh bricks during high
temperature tests.

The specimen rests on top of four insulation layers of refractory
masonry. The top layer (in contact with the specimen) was masonry with
dry joints, while the other three layers were masonry with mortar joints.
The number of layers, material and thickness of each layer were chosen
based on several heat transfer numerical simulations. For the tests at
high temperatures, a heating hood equipped with 36 KANTHAL SUPER
1900 heating elements was used. The heating hood was composed of
steel frame and 20 cm thickness insulation. The maximum operating
temperature of the heating elements was 1850 °C.

2.1. Displacement measurement

For measuring the in-plane displacement of the specimen, four
adapted LVDT devices were used (Fig. 4). Each device was composed of:
a) LVDT (Fig. 4c) with + 50 mm range, placed inside a steel tube; b) a
steel and alumina tube glued together using high temperature glue
(Fig. 4b); and c) a long alumina tube with one open end, installed inside
the alumina and steel tubes and touching the LVDT tip (Fig. 4a). The
objective is to protect the LVDT from the high temperatures inside the
testing area. This arrangement was used so that the materials used do
not influence the measured displacements under high temperatures. A
thermocouple is installed in the long alumina tube for monitoring.

In addition to the LVDTs, Digital Image Correlation (DIC) was used to
measure the full displacement fields in room temperature tests. One 18-
megapixel (5184 x 3486) camera was used to take pictures of the wall.
LED lights were used to improve the contrast of the images. The bricks
were laid on the floor and the speckle pattern was generated using black
automotive paint and a brush. Finally, the bricks were left to dry for 48 h
before the test. After the test, open-source software (Ncorr) was used for
the DIC analysis [35].

Data recorder

Control unit

Hydraulic pump

Fig. 2. Biaxial compression test setup at the Technology Centre Leoben (TCL) of RHI-Magnesita, Austria.
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Fig. 3. 3D schematic model of biaxial compression test setup: a) top view; b) cross-section view showing the heating chamber, the test specimen, the metallic and

ceramic plungers, and the insulation layers.

(a)

(©)

(b)

Fig. 4. Details of the LVDT device used to measure the displacement and temperature: a) corundum tube; b) steel tube; ¢) LVDT.

2.2. Temperature measurement

To measure the temperature during the tests, several thermocouples
were used at different locations. Five type B thermocouples were used to
measure the temperature of the cold face of the specimen (Fig. 5). Five
type B thermocouples were used to measure the temperature of the hot
face of the specimen, four of them placed in the LVDT tubes and the
other one in direct contact with the hot face. One type S thermocouple
was used to measure the air temperature inside the heating hood. Eleven
type K thermocouples were used to monitor the temperature of the
LVDTs, hydraulic cylinders, steel bottom frame and steel plungers.

3. Specimens

The specimens studied within this work were composed of alumina
spinel bricks. The base material of the bricks has been fully character-
ized within the ATHOR Network. The chemical composition of the
material is 94 wt% alumina, 5 wt% magnesia and 1 wt% other oxides
such as iron oxide and silica. The apparent porosity and density of the

material are 19 % and 3130 kg/m>, respectively [15]. The thermal
conductivity and specific heat of the material are shown in Fig. 6a and b
[36]. The Young’s modulus, and the ultimate compressive stress [23]
variations with temperature are presented in Fig. 6¢ and d, respectively.
The coefficient of thermal expansion of the material is 8.87 x 10 K™?
[37].

Full and half bricks were used in a running bond texture to build the
specimens. The dimensions of the full bricks were 150 x 100 x 140 mm>
(length, height, and depth). The dimensional tolerances of the bricks
were + 2 mm in the pressing direction (150 + 2 mm) and + 1 mm in the
directions normal to the pressing direction (100 + 1 mm and 140 + 1
mm). The tolerance in the pressing direction is higher as dimensions are
affected by the amount of powder material injected in the mould and the
applied pressure during the production process. The dimensional and
shape tolerances of the bricks lead to non-uniform joint thickness in the
wall and limited initial contact. As seen in Fig. 7, the dry joints were
almost closed at some locations while being open at others.

Thirteen compression tests of alumina spinel refractory masonry
walls were performed. Six were carried out at room temperature, and
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Fig. 5. Location of thermocouples for the cold face: a) schematic plan view, all dimensions are in mm; b) thermocouples in place.
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Fig. 6. Thermal and mechanical properties of alumina spinel bricks tested in the present work: a) thermal conductivity [34]; b) specific heat [34]; ¢) Young’s

modulus [35] and; d) ultimate compressive strength [16].

the remaining seven tests were performed at high temperatures. The test
series names and loading conditions are given in Table 1. For all tests,
the dimensions of the walls were 1125 x 1100 x 140 mm?. It should be
noted that the maximum load applied in this campaign is limited by the
hydraulic jacks’ capacity and safe operating temperature.

Schematic representations of the specimens, including their di-
mensions, bricks’ arrangements, and locations of the LVDTs for the
seven-test series are given in Fig. 8 and Fig. 9. Fig. 10a shows an example
of the specimen before testing, referring to S03 (at room temperature).
Fig. 10b shows an example of the specimen before testing, referring to
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Fig. 7. Nonuniform dry joints thickness and limited initial contact caused by the dimensional and shape tolerances of the bricks.

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

Series  Specimen Maximum load Temperature

1 to bed joints 1 to head joints

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

S06 (at high temperature). For the tests at high temperatures, special
attention was given to the insulation of the testing area. As can be seen in
Fig. 10b, several layers of ceramic wool were used to limit the heat
losses.

4. Test procedures, results, and discussions

The experimental results are presented and discussed in this section.
For each test series, results in terms of displacements, forces, and tem-
peratures are presented and discussed. Wherever possible, comparisons
with literature results are made.

The testing procedures for the room temperature tests were: (i) The
speckle pattern was applied to the bricks. (ii) The wall was built in the

testing field. (iii)) The LVDTs were connected and calibrated, and the
camera was placed in front of the wall, its correct alignment was veri-
fied. Then, several reference images were taken. (iv) The moving
plungers (normal to bed or head or both joints, depending on the test
series) were moved until they touched the wall sides. (v) The load was
applied to the wall under displacement control (0.01 mm/sec). The
displacements and reaction forces were recorded. (vi) After reaching the
maximum load, a dwell time of around 100 s was considered. Then,
unloading, under displacement control, was performed.

Regarding the high temperature tests, the testing procedures were:
() The wall was built in the testing field, and ceramic insulation (super
wool) was placed on top of the moving and fixed plungers. (i) The
LVDTs and thermocouples were connected, calibrated, and the water-
cooled system of the plungers was turned on. (iii) The heating hood
was placed on top of the test field and heating started. The temperatures
of the cold and hot faces were recorded. (iv) After reaching thermal
steady state, the moving plungers (normal to bed or head or both joints,
depending on the test series) were moved until they touched the wall.
(v) The load was applied under displacement control (0.01 mm/sec) till
reaching the required loading level. Then the hydraulic cylinder
controller was switched to force or displacement control (force control
in creep tests and displacement control in relaxation tests) during the
holding time and, finally, unloading.

4.1. SO1: Uniaxial loading and unloading - normal to bed joints at room
temperature

The main objective of series SO1 was to investigate the impact of
joints closure and reopening on the mechanical response of the wall
when subjected to cyclic loading at room temperature in the direction
normal to bed joints. It should be noted that while a force was being
applied in the direction normal to the bed joints (6 MPa), the direction

- 1125 - - %0 @ 55
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S P . . 3 05 b R T B
5 6 i 2 e X
[llllll"lll u]rlu]r‘
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Fig. 8. Schematics of the specimens tested at room temperature showing the arrangements of the bricks and LVDTs: a) SO1; b) S02; c¢) S03. Dimensions in mm.
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Fig. 9. Schematics of the specimens tested at high temperature showing the arrangements of the LVDTSs, bricks and the dimensions of the walls: a) S04; b) S06 and

S07; ¢) S05. Dimensions in mm.

Fig. 10. Example of specimens before testing: a) at room temperature (S03); b) at high temperatures (S06).

normal to the head joints was constrained by the plungers (i.e., the po-
sitions of the plungers were locked).

An example of the recorded reaction forces normal to bed (fpeq) and
head (fheaq) joints during loading and unloading is given in Fig. 11a.

— 1 Bed joints

1,000 —— | Head joints —

750
z
&

o 900
=

250

0

0 3,000 6,000 9,000

Time (Sec.)

(a)

During loading, fyeq increased gradually to reach the pre-programmed
maximum value of 945 kN. Then, fpq remained constant during a
dwell period to capture images at peak load. Afterwards, the unloading
stage started, and the measured reaction force dropped gradually.

1,000
— Test 01

— Test 02

750

500

Force (kN)

250

Displacement (mm)

(b)

Fig. 11. Series SO1: a) measured reaction forces in directions normal to the surfaces of bed and head joints during loading and unloading; b) force-displacement

diagram in the direction normal to bed joints.
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Finally, the first loading/unloading cycle was repeated two times. The
behaviour of the fheqq followed the trend of the fj.4, caused by the con-
strained expansion of the wall in the direction normal to the head joints.
It should be noted the difference between fpeq and fpeqq when unloading.
Here, fheqq dropped to zero in a shorter period than fpe4 This can be
attributed to the difference between the maximum values of fpeq and fheqd
before the unloading stage.

Force displacement diagrams of the two performed tests are shown in
Fig. 11b. The displacements were calculated as the average of the dis-
placements measured by the 3 LVDTs. The obtained results are consis-
tent. Fig. 12 presents the full displacement fields obtained using DIC, in
the direction normal to bed joints, for specimen S01-01 at different load
levels. In agreement with the results obtained by Oliveira et al. [3], non-
uniform displacement fields can be seen in the figure. Higher values of
displacement at the right side of the wall can be observed. In addition,
after unloading, permanent deformations could be noted, and the wall
did not reach its initial configuration. This can be attributed to the fact
that the final joint thickness after unloading is usually smaller than the
initial one. This behaviour was also noticed from cyclic loading and
unloading of a stack of two bricks [23].

During loading, a nonlinear displacement stiffening behaviour can
be observed (see Fig. 11b). This behaviour was caused by the gradual
closure of joints and increased stiffness with joints closure. Regarding
unloading, in the beginning, a considerable drop in the reaction forces
was noticed without any decrease in displacement. Then, both the
displacement and reaction force decreased. The slope of the curve dur-
ing unloading was steeper as compared to that of first loading step. This
behaviour indicates that the joint behaviour during the loading step of
the first cycle is different from the joint behaviour during unloading step
of the first cycle and from the loading/unloading of the second and third
cycles. During the first loading stage, the asperities, and the surface
roughness at the contact surfaces of the bricks were crushed and/or
deformed. Therefore, at the end of the loading stage, the joints were not
the same as before loading.

4.2. S02: Uniaxial loading and unloading - normal to head joints at room
temperature

Series S02 was performed in a similar way as SO1 with uniaxial
compression of 6 MPa applied normal to head joints. Due to technical
issues related to the camera holding setup and some rigid body motions,
DIC analysis were not successful for this test series.

Fig. 13a shows an example of the recorded reaction forces normal to
head (fpead) and bed (fpeq) joints during loading and unloading.
Compared to S01, the maximum pre-programmed force (924 kN) was
reached in a shorter period due to less number of head joints in the wall
(7 head joints and 10 bed joints). Afterwards, the unloading stage
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started, and the measured reaction forces dropped gradually. Finally,
the first cycle was repeated two times. The behaviour of the fp.q followed
the trend of the fpqq4, caused by the constrained expansion of the wall in
the direction normal to the bed joints. It should be noted that the value
of fpeq Was smaller than feqq in the case of SO1, because of the difference
in the number of bed and head joints in the wall. A higher number of
joints in the direction normal to the loading direction leads to more
space to absorb the lateral expansion of the wall caused by Poisson’s
effects and, therefore, low values of resulting reaction forces.

Fig. 13b shows the force-displacement diagrams of the two per-
formed tests. The displacements were calculated as the average of the
displacements measured by the 3 LVDTs. Compared to SO1, higher dif-
ferences between the two tests can be observed. This can be caused by
the higher tolerances in the length of the bricks as compared to the
tolerances in the height of the bricks (2 mm and + 1 mm, respectively).
A nonlinear displacement stiffening behaviour during load application,
due to gradual closure of head joints, can be noticed from the figure. In
comparison to SO1, the maximum value of the average displacement
measured by the LVDTs is smaller (1.3 mm for S02 and 2 mm for S01),
because the number of head joints was less than the number of bed
joints. This leads to higher stiffness in the direction normal to head joints
as compared to the direction normal to bed joints. The unloading
behaviour is similar to SO1.

4.3. S03: Biaxial loading and unloading at room temperature

Series SO3 was carried out to investigate the mechanical response of
the wall under biaxial compression (Gpeq/Ohead = 1) at room tempera-
ture. Therefore, a 6 MPa biaxial compression load was applied to the
directions normal to bed and head joints.

Fig. 14a shows an example of the evolution of the measured reaction
forces normal to head (fheqq) and bed (fpeq) joints during loading and
unloading stages of the three performed cycles. From the previous uni-
axial compression tests, it has been shown that the stiffness of the wall in
the directions normal to bed and head joints is different. The displace-
ment rate of the two moving plungers was adjusted to keep fyed / fhead =
1. The maximum forces (945 and 924 kN) were reached almost simul-
taneously during loading. fpeq and freqd remained constant during the
dwell period. Then, the unloading stage started, and the measured re-
action forces dropped gradually. The first cycle was repeated two times.

Fig. 14b shows the force-displacement curves of the two specimens.
The displacements in each direction are calculated as the average of the
displacements measured. Good agreement between the two tests can be
observed. During the load application stage, and for both directions, a
nonlinear displacement stiffening behaviour, due to the gradual increase
of stiffness with the gradual closure of joints, was observed. The
maximum displacement in the direction normal to head joints is smaller

(b)

Fig. 12. Displacement fields for specimen S01-01, in the direction normal to bed joints (vertical direction in this image), at: a) 25 % of maximum load level; b) 100 %

of maximum load level; c¢) after unloading.
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Fig. 14. Series S03: a) resulting reaction forces in directions normal to the surfaces of bed and head joints during loading and unloading; b) force-displacement

diagrams in the directions normal to bed and head joints.

Fig. 15. Specimen S03-02: displacement fields in the direction normal to head joints (horizontal direction in the image) at: a) 25 % of maximum load level; b) 100 %

of maximum load level; c) after unloading (first cycle).
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when compared to the direction normal to bed joints, because the
number of joints in each direction. Moreover, comparing with the
maximum measured displacements in uniaxial tests (series SO1 and
S02), the maximum values of the average displacements (in both di-
rections) measured in biaxial tests were smaller. This reduction could be
caused by the shear interaction between bricks and the loading plungers.
The unloading behaviour and the remaining cycles are similar to the
previous series.

The full displacement fields obtained using DIC, for both directions
and at different loading levels, for specimen S03-02 can be seen in
Fig. 15 and Fig. 16. Some noise caused by the tubes for LVDTs can be
seen in the images. Nonuniform displacement fields can be seen in these
figures. The negative signs in the colour maps are due to the coordinate
system used in DIC analysis. Absolute values should be considered when
comparing the two DIC figures with the force-displacement diagrams.

4.4. S04: Uniaxial creep behaviour normal to bed joints

The main goal of series S04 was to understand the impact of bed
joints, and bed joints closure on the nonlinear mechanical response
(elastic viscoplastic behaviour) of the wall at high temperatures.
Therefore, a 4 MPa uniaxial compression load was applied to the di-
rection normal to bed joints and the sides of the walls were constrained
by the locked plungers.

The defined heating procedure for all high temperature tests was:
from 20 °C to 500 °C in 10 min then, from 500 °C to 1500 °C in 10 h. The
temperature evolutions for the cold and hot faces during heating, me-
chanical load application, holding and unloading are presented in
Fig. 17. The temperatures of the HF (hot face) and the CF (cold face)
were measured using ten type B thermocouples, five in each face (Sec-
tion 2.2). Similar temperature for all five thermocouples on the HF were
obtained, indicating uniform temperature distribution. In the CF, the
five solid black lines in the figure represent the temperatures measured
by five thermocouples. The temperature of the CF centre was higher
compared to four thermocouples installed near the corners of the wall.
This is due to heat losses from the sides of the wall to the four ceramic
loading beams. It took around 28 h to heat the specimen up to 1500 °C
and reach thermal equilibrium. For all other test series presented below,
similar temperature distributions were obtained.

While heating, the wall was free to expand. Then, a uniaxial
compression load of 4 MPa (630 kN) was applied in the direction normal
to the bed joints, while the direction normal to head joints was
restrained by the plungers. Fig. 18 shows an example of the recorded
reaction forces normal to bed (feq) and head (fpeqq) joints during
loading, holding, and unloading stages. During loading (lasted around
50 min), fpeq rose gradually to reach the pre-programmed maximum
value of 630 kN (4 MPa). Then, fp.q was kept constant during the load

u(mm) HEEEEENNTT
2 -16 -12 -08 04 0
' ™
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Fig. 17. Test series S04: temperature evolution of the cold and hot faces during
heating and mechanical testing.

holding time (16 h). An increase in fp.qq Was observed (to around 43 kN)
with the increase of fpeq. This increase was caused by the lateral restraint
provided by the locked plungers. During the beginning of the holding
step, fread decreased due to the relaxation behaviour in the direction
normal to head joints (due to locked positions of the plungers in contact
with the sides of the wall). Then, it remained constant at around 20 kN
(smallest value that can be measured by the force sensors). Finally,
during unloading, fyeq and fpeqq decreased gradually to zero.

Fig. 19 presents the resulting force-displacement diagrams and the
displacement - time diagrams of the two specimens during all steps.
Good agreement between the two tests was observed. A nonlinear
displacement stiffening behaviour can be observed during the loading
step. During the holding step, an increase in displacement can be
observed due to creep. Then, the displacement decreased slightly due to
unloading. Moreover, after load removal, the recovered strain was very
small when compared to the strain due to the applied load. This can be
attributed to the following: first, during unloading, only few joints
reopened, and their final thickness was very small when compared to the
initial joint thickness (additional details about this point will be given
later in Section 4.8); second, the permanent deformation resulting from
the viscoplastic behaviour of the structure. The noise in the measured
force was caused by a problem in the controllers of the hydraulic jacks.
By analysing the displacement - time diagrams, it is possible to observe
the primary and secondary creep stages. The primary creep can be

(c)

Fig. 16. Specimen S03-02: displacement fields in the direction normal to bed joints (vertical direction in the image) at: a) 25 % of maximum load level; b) 100 % of

maximum load level; c) after unloading (first cycle).
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Fig. 18. Specimen S04-01: recorded reaction forces during mechanical loading, holding, and unloading stages: a) in the directions normal to the bed and head joints;

b) in the direction normal to the head joints.
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Fig. 19. Test series S04: a) resulting force-displacement diagrams; b) time variations of the average displacements during mechanical loading, holding, and

unloading steps in the direction normal to bed joints.

characterised by the increasing strain rate till five hours of the holding
and a constant strain thereafter till end of holding. The total strain ¢; in
the wall by the end of load application step was around 0.005. This value
reached 0.015 by the end of holding step.

4.5. S05: Uniaxial creep behaviour normal to head joints

The main goal of series SO5 was to capture the creep behaviour of the
wall when the direction normal to head joints was loaded (at high
temperature) while the direction normal to bed joints was constrained.
The temperature evolutions for the HF and CF were similar to those
presented in Fig. 17. Fig. 20 shows the evolution of the reaction forces
fhead and fpeq of specimen S05-01 during all steps. The force—displace-
ment diagram and the displacement-time diagram, during loading,
holding, and unloading steps are shown in Fig. 21. For this series, only
one specimen was tested and its relative behaviour was similar to that of
S04.

From the displacement - time diagram, it is possible to observe the
primary and secondary creep stages. The total strain, €, in the wall by the
end of load application was around 0.004. This value is slightly smaller
when compared to S04 (by the end of load application) and much higher
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when compared with series S02. The value of ¢, reached 0.014 by the
end of holding. It should be noted that in case of test series S04 and S05,
the increase in &; during the holding time was almost equal.

4.6. S06: Biaxial creep behaviour

The main objective of test series SO6 was to investigate the creep
behaviour of the wall under in-plane biaxial compression load at high
temperature (Gpeq/Oheaq ~ 1). The HF and CF temperature evolutions
were similar to those presented in Fig. 17. Fig. 22 shows the recorded
reaction forces fheqq and fpeq for specimen S06-01 during loading, hold-
ing, and unloading.

Fig. 23 shows the resulting force-displacement diagrams and the
displacement - time diagrams in both directions during all steps for the
two specimens. Good agreement between tests can be observed. During
load application, a nonlinear displacement stiffening, due to the gradual
closure of joints was observed in both directions. The maximum
displacement in the direction normal to bed joints was higher as
compared to that in the direction normal to head joints due to the dif-
ference between the number of bed and head joints in the wall. Similar
to biaxial behaviour at room temperature, displacement at the end of the
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Fig. 21. Test series S05: a) resulting force-displacement diagram; b) time variations of the average displacement during mechanical loading, holding, and unloading

steps in the direction normal to the surfaces of head joints.

loading observed are considerably lower compared to the uniaxial tests
due to shear interaction at the joints. Moreover, it is interesting to
observe that, for the wall subjected to biaxial creep, the increase in the
strain rate during the primary stage of creep is similar to the observa-
tions made during uniaxial creep. However, during the observed sec-
ondary creep stage, the strain rate is considerably lower compared to
S04 and S05.

The observed displacements in this test series as well as in S04 and
SO5 are representative of combined action of mechanical response of
material, creep behaviour, interaction between the joints and load
transfer mechanism between HF and CF. Due to thermal gradient and
thermal expansion, HF of the masonry will experience loading first (due
to increased contact with loading plungers). However, due to reduced
stiffness, HF will undergo elastic—plastic and viscoplastic deformation,
consequently transferring load to the CF.

4.7. S07: Biaxial relaxation behaviour

The goal of test series SO7 was to investigate the relaxation behaviour
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of the wall (constant strain loading conditions). Therefore, at high
temperatures and after reaching thermal steady state, a biaxial
compression load was applied to both directions normal to bed and head
joints. Then, the positions of the movable plungers were locked. In
general, the testing procedure of series SO7 is similar to S06. The only
difference is that the two hydraulic cylinders were kept under
displacement control during holding. The temperature evolutions of the
HF and CF were like those presented in Fig. 17. Due to a problem during
the test, it was not possible to record the displacements of the LVDTs,
only reaction forces were recorded.

In these tests, two loading cycles were performed. For the first
loading cycle, the wall was loaded up to 4 MPa (in both directions) and
then the plungers were blocked (under displacement control) for several
hours and the resulting reaction forces were measured. Next, the wall
was unloaded and loaded directly up to 6 MPa biaxial compression load.
Then, the plungers were blocked for several hours and the reaction
forces were recorded. Finally, the wall was unloaded. Fig. 24a shows the
recorded reaction forces in both directions during the first and second
loading cycles. During loading, the recorded reaction forces increased
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Fig. 22. Specimen S06-01: recorded reaction forces in the directions normal to
the surfaces of bed and head joints during mechanical loading, holding, and
unloading stages.

gradually to reach the applied peak load. Then, when the position of the
plungers is locked, a decay in the resulting reaction forces was observed
due to the relaxation behaviour of the wall. At the beginning of the
holding, a significant decrease in the reaction forces can be observed.
Similar behaviour was noticed for both loading cycles.

It was not possible to keep the same test procedure for the two per-
formed tests, regarding the holding periods. For the second test, the
holding period of first loading cycle was shorter compared to the first
test and the holding period of the second cycle was longer. Nevertheless,
similar trends during loading, holding, and unloading were observed
(Fig. 24b).

Stress relaxation of the material can be defined with the same creep
law of the material. Similar to the creep, increased rate of stress
reduction can be observed during the initial stage of holding and
thereafter a constant rate of stress reduction can be observed till the end
of the holding stage.

After ending the high temperature creep tests, cooling the walls, and
uncovering them, some interesting observations were made, namely:
high viscoplastic deformation of the bricks, fusion of the bricks together
and perfect closure of joints, and some cracks located near the moving
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ceramic plungers. Fig. 25 presents an example of a refractory masonry
wall after a creep test at 1500 °C. The zone marked in red indicates the
locations of closed joints (after testing), while the region marked in blue
shows the locations of cracked bricks. The zone in purple indicates the
locations of highly deformed bricks. Such bricks were also found in the
red zone.

Some examples of perfect closure of head and bed joints are given in
Fig. 25b and c. Perfect closure of head joint is depicted in Fig. 25b and
perfect closure of both bed and head joint is illustrated in Fig. 25c. Due
to the high temperature and the thermomechanical load, the bricks were
fused and the joints did not reopen after unloading. Most of the bricks in
the wall showed this behaviour. Due to the fusion of the brick and the
perfect closure of joints, the recovered displacement after unloading was
very small as compared to the recorded displacement during the load
application step (as presented earlier).

Near the two moving plungers (region in blue), cracks in the middle
of the bricks were observed. Due to the chamfer in the ceramic plungers
(Fig. 25e), only half of the brick in contact with the chamfer was loaded.
This led to nonuniform loading conditions and stress concentrations at
the middle of the brick. The pink marks in the bricks (near the ceramic
plungers) were caused by the interaction between the soft insulation and
the surfaces of the bricks. At high temperatures, the soft insulation
melted and interacted with the bricks leading to a change in bricks’
colour.

5. Conclusions

The literature survey on the experimental work of masonry with dry
joints has shown that there are very limited available experimental
studies on the thermomechanical behaviour of refractory masonry (only
two studies) and the understanding of their mechanical behaviour is
limited. Therefore, to improve our understanding of the mechanical and
thermomechanical behaviour of these structures, a large-scale experi-
mental campaign has been carried out within the framework of the
ATHOR Network. In total, 7 large-scale test series (compromising 13
tests) have been performed. Each test series aimed at investigating
specific features.

To understand the mechanical behaviour of the masonry at room
temperature under cyclic mechanical loading and unloading and to
investigate the influence of joints closure and reopening on the me-
chanical behaviour, cyclic in-plane uniaxial and biaxial compression
tests have been performed. The results indicated that the masonry has
orthotropic mechanical behaviour and the effective stiffness in the
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Fig. 23. Test series S06: a) resulting force-displacement diagrams; b) evolution of the average displacements during mechanical loading, holding, and unloading

steps in the directions normal to the surfaces of bed and head joints.
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Fig. 24. Forces versus time during loading, holding, and unloading steps of the two performed cycles: a) specimen S07-01; b) specimen S07-02.

(b)

(d)

Fig. 25. An example of refractory masonry wall after creep test at 1500 °C: a) global view; b) perfect closure of head joint, two bricks are fused; c) perfect closure of
bed and head joints, three bricks are fused; d) deformation of the bricks, the green arrows highlight the high deformation at the middle of the brick; e) cracks due to
stress concentration. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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direction normal to head joints is higher than that in the direction
normal to bed joints (for the studied walls, the number of head joints was
smaller than the number of bed joints). In addition, it has been shown
that the stress—strain relationship of the masonry is highly nonlinear
(strain stiffening behaviour) due to the gradual closure of joints and the
increase of the effective stiffness with joints closure. Moreover, it has
been clearly demonstrated that there was permanent deformation after
unloading, and the walls did not recover their initial configuration. This
behaviour was attributed to the fact that the final joints’ thickness after
unloading is usually smaller when compared to the initial one (before
load application).

The refractory linings usually operate at high temperatures (around
1500 °C) and, at this temperature, the influence of creep and stress
relaxation is significant. Therefore, it was essential to test refractory
masonry at temperatures similar to those in-services. The in-plane uni-
axial, biaxial creep and biaxial stress relaxation behaviour were inves-
tigated at 1500 °C. It was observed that during load application, the
masonry has strain stiffening nonlinear orthotropic behaviour due to the
gradual closure of joints. However, during the holding period and after
joints’ closure, the behaviour was isotropic (the increase in the creep
strain during the holding period was almost similar in the directions
normal to bed and head joints). When joints are closed, the wall has a
behaviour similar to that of the bricks. Therefore, the creep strains in the
directions normal to bed and head joints are the same. After unloading,
the experimental results indicated that the recovered strain was very
small compared to the strain due to load application. This was attributed
to the fact that, during unloading, only a few joints reopen, and their
final thickness is very small compared to the initial joint thickness.
Secondly, the permanent deformation is also caused by the viscoplastic
behaviour of the structure at high temperatures. At high temperature,
perfect closure of bed or head or both joints were achieved, and some
bricks were fused.
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