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SUMMARY: This paper explores the possibility of using flexible polymer adhesives to dissipate energy in CLT buildings
during earthquakes. In the first series of tests, pull-off tests of various polyurethane (PUR) adhesives were performed.
The connection was tested in pull-pull configuration using monotonic, tension-only loading. The tests have shown that the
adhesive can resist large deformations already in tension loading and with small thicknesses of the bond-line. Based on
the pull-off test results, one adhesive has been selected for further testing. Monotonic lap-shear tests were performed with
the selected adhesive and thick bond-line (3 mm and 6 mm). The results show, that the standard method for lap-shear
testing (EN 205) needs to be adapted for thick glue-line. It was found that the strength of 3 mm glue-line is higher than 6
mm one, which is in agreement with adhesion theory. The flexible PUR adhesives could potentially be used in CLT
structures for anchoring the CLT wall with “flexible” glued-in rods or as a “flexible” vertical shear connection between the
CLT walls. Such systems have a potential to dissipate energy in seismic areas.

KEY WORDS: CLT connections, flexible adhesive, polyurethane, energy dissipation, pull-off, lap-shear.

1 INTRODUCTION

Cross-laminated timber (CLT) is becoming an increasingly popular building material in Europe and across the world.
The versatility of CLT has encouraged engineers to build multi-storey structures in earthquake prone areas, although
there is limited experience and research about the behaviour of such structures during earthquakes.

The behaviour of CLT buildings during earthquakes depends mainly on the behaviour of the connections between
adjacent panels. If the connections between the panels are strong enough these structures are able to achieve damage-
free performance even during the strong earthquakes. However, if the connections are too rigid, large accelerations can
occur in the upper stories. This may result in injuries to occupants and damage to property which is not acceptable in
terms of serviceability. Therefore, the structural system should be modified to incorporate the dissipative behaviour. This
can be achieved with dissipative connections which may be installed in different parts of the structure. Several solutions
of dissipative connections have already been suggested so far to improve the ductile response of CLT buildings [1-5] but
the research has been mainly focused on the mechanical connectors with concentrated plasticity. In such systems, the
dissipation is concentrated in a small area which must be very carefully designed in order to prevent damage to other
parts of the structure. In addition, the mechanical connectors are robust and difficult to hide inside the construction.

Therefore, the aim of this research is to investigate alternative options for energy dissipation by employing adhesive
joints made of deformable polymer materials between the panels. For this purpose, elastic adhesives based on
polyurethane could be used. Adhesives with good deformable properties have already been developed at the Cracow
University of Technology for elastic joining of structural elements and to provide protective coating. They have already
been successfully applied for the repair and seismic strengthening of cracked masonry structures [6-8]. The initial pull-off
adhesion tests show that the new adhesive could also be used for gluing timber elements.

The flexible adhesive with energy dissipating properties allows for various applications in CLT structures to increase

their seismic performance. The adhesives could be applied to the vertical joints between adjacent panels or they could be
used in combination with glued-in rods (both options are schematically shown in Figure 1). For this purpose, the panels
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should be broken up into smaller wall segments which allow panel rocking movement during the seismic event. When the
rocking occurs, the energy is dissipated by the adhesive layer in vertical joins and/or glued-in rods. In this paper,
experiments of pull-off and lap-shear behaviour of various polyurethane (PUR) adhesives are presented.

vertical

adhesive

- joints .

"flexible"
glued-in rods

.

narrow panels

Figure 1: Possible use of flexible polymer adhesives in CLT structures

2 EXPERIMENTS

The experiments were performed at the Slovenian National Building and Civil Engineering Institute (pull-off tests) and
at InnoRenew CoE (lap-shear tests). The tested pull-off specimens were composed of 2 timber pieces (dimensions 24 x
38 x 200 mm) made of spruce (Picea abies L.), which were glued according to the producer instruction at the cross
section perpendicular to the fibre direction (Figure 2a). After sanding the surface, ZP primer was applied on the timber
pieces [7]. Primer was left for an hour to dry completely. On the surface prepared with primer, 5 various adhesives were
applied to connect the two timber pieces; (i) PMM, (ii) PSM, (iii) PS, (iv) PST and (v) PTS [7]. For each of the 5 adhesives,
at least 7 specimens were tested. The tests were performed as displacement controlled using Universal testing machine
Zwick Roell Z050 at constant rate 2 mm/min until failure of specimens was achieved.

a. b.

Figure 2: Configuration of: a. Pull-off tests, b. lap-shear tests.

For lap-shear tests beech (Fagus Sylvatica L.) boards were used as suggested in the standard EN 205. The grain
direction was following longitudinal direction of the boards, which were planned and sanded to a thickness of 5 mm (+/-
0.2 mm) and cut into boards with final dimensions of 170 x 150 mm in length and width, respectively. Moisture content
(MC) was measured with a dielectric measuring device for each board. ZP primer was applied, similarly as with the pull-
off tests to cover the bonding surface. After primer dried out, two samples were prepared with thin 3 mm and thick 6 mm
glue line. Spacers of desired thickness were glued on the edges of panel to create barriers for the enclosure where
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adhesive was poured in. Two component adhesive PS was then precisely weighted in separated containers and mixed
together using an electrical drill and metal fork. After 1 min of mixing both components together, adhesive was poured into
the prepared wooden panels with spacers. Second panel was put on the top of the adhesive layer, to create three-layer
composite of wood-adhesive-wood. No specific pressure was required, load was only applied to close the gaps between
the spacers and panels. Three sandwich panel for 3 mm and two sandwich samples for 6 mm glue-line samples were
prepared. Samples were dried 72 h to cure completely. After curing, samples were cut into final dimensions of 170 x 20
mm (longitudinal vs. crosswise) and put into climate chamber with standard climate conditions at 20 °C temperature and
65% relative humidity for 10 days. After conditioning, 8 specimens for 3 mm and 6 specimens for 6 mm glue-line were cut
according to EN 205 standard for tensile test to determine static strength of adhesive bond. Static tensile tests were
carried out using Universal testing machine Zwick Roell Z050 with testing speed of 5 mm/min.

3 RESULTS

The first sub-chapter presents the selection of adhesives for further testing, where pull-off tests were performed as a
decision tool. The failed bond-line surface was additionally characterized by SEM imaging to discover the characteristic
failure. In the second sub-chapter, basic behaviour of 3 mm and 6 mm thick glue line under tension shear loading is
presented.

3.1 Pull-off tests

Results of pull-off strength differ according to the de-cohesion or de-adhesion effect. When the sample’s failure occurs
between the adhesive and the timber part coated with primer the predominant failure mechanism was de-adhesion, while
when it occurs within the adhesive then it is de-cohesion (Figure 3). Between the 5 tested adhesives the pull-off strength
varies as it promotes different types of failure or their combination. Dependence of the pull-off strength on the adhesive
selections is shown in Table 1. Obtained results compared to tensile strength of adhesive itself do not show direct
correlation, therefore, meaning that for some adhesives de-adhesion was predominant failure mechanism.

Figure 3: Damaged surface after failure under pull-off tests

For each of the failed specimens, the force displacement diagram was idealised with a bi-linear curve according to the
procedure described in [9]. From the idealised curve a sort of ductility factor was estimated as a quotient between the
displacement at failure and displacement at initiation of damage (Table 1). The average ductility value for the examined
adhesives was approximately 2 in all cases, proving the assumption that the bond-line doesn’t fail in brittle manner.

Table 1: Average results of pull-off experiments

Adhesive | 1ensile strength 2of Pull-of strength c;f Average ductility of
adhesive [N/mm?] bond-line [N/mm?] idealized curves
PTS 3.1 1.29 208
PST 4.0 1.99 1.76
PS 2.5 1.70 2.39
PSM 22 0.88 127
PMM 1.0 0.56 2.02
9
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In Figure 4, all of the results are shown in the form of force displacement diagrams, where dotted curves represent
each test series and thick lines the idealized bi-linear curves. In addition, a typical failed surface for each adhesive is
shown. The images of failed surfaces were produced by scanning electron microscope (SEM), where magnification was
approximately 50 in all cases. A cut was made from the side to observe the penetration of the adhesive into the timber
part. The red line represents the boundary between adhesive and timber coated with ZP primer. The characterization of
the bond-line revealed a good correlation with results of pull-off strengths. It was found, that PMM and PSM are the most
prone to de-adhesion effect. This consequently proved to have a large effect on the pull-off strength, which was lower
than 1 N/mm? for both adhesives. For this reason, PMM and PSM were excluded for further investigation as they seem to
be inappropriate in terms of bonding on wood surface coated with ZP primer.

On the other hand, adhesives PTS, PST and PS reached mostly a cohesive failure. The difference in their response is
therefore mainly due to different structure of adhesives. As it can be concluded from Table 1, PTS has the lower pull-off
strength among these three adhesives. The latter can also be explained by the SEM images, since it appears that PTS
has the most porous structure (Figure 4c) and is therefore easier to break under tensile load. Adhesives PS and PST
proved to be the most stable and reached similar ductility and strength values (Table 1). The coefficient of variation for
PST adhesive was larger than for PS adhesive. Meaning that there were also cases where PST failed in brittle manner.
The objective of the research was to discover the most ductile behaviour, which was similar for both PS and PST. Since
PST reached the highest pull-off strength, it was selected for further investigation.
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Figure 4: Results of pull-off tests with SEM characterization of adhesives: a.) PS and PMM, b.) PST and PSM and c.) PTS.

3.2 Lap-shear tests

The task of the second part of the study was to perform simple lap-shear tests on the adhesive PST, which was
selected as one of the most promising candidates from the pull-off tests. A standard procedure for lap-shear tests, which

is described in EN 205 was adapted to test thick glue-line. As it is marked in Figure 5, all the specimens under tensile
shear load started breaking at the edge of the bond-line.

Figure 5: Point of fracture in the lap-shear test specimens.

Diagrams with force-displacement relationships for 3 mm and 6 mm bond-line are plotted in Figure 6, where orange
lines represent 3 mm and black 6 mm thick bond-line. Integer numbers from Test 1 - Test 8, represents 3 mm bond line,
one’s with decimal numbers from Test 1.1 — Test 6.1 represents 6 mm bond line. As it seen from the diagram, 6 mm
bond-line shows lower stiffness and smaller variability compared to 3 mm bond line. However, lower maximum forces
were reached. The stiffness variability of 3 mm glue bonds samples may be explained by a higher variability of the

bonding area (see Table 2). These preliminary tests showed that thinner glue-lines results in higher strengths, however,
the displacement at initiation of failure is lower for thinner glue-line.
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Figure 6: Force-displacement relationship for 3 mm (orange) and 6 mm (black) glue line under monotonic tensile shear test.

In Table 2, measurements of the bond line area and maximum force are presented. Glue-line of 3 mm thickness
exhibits higher strength than 6 mm glue-line. F,.x values obtained at the static tests, can be used to define amplitude
cycles for cyclic evaluation, which will be a topic for further studies.

Table 2: Measurements of a bond line area for specimens dedicated to the static test with maximum force at break (Fmax) and
calculated strengths.

. Bond length Bond width Thickness Bonding Strength

Sample  Specimen [mm] [mm] [mm] area [mm?] Fimax IN] [N/mm?]
3 mm T1 12.0 20.2 13.5 2422 391.8 1.62
3 mm T2 11.8 20.2 13.5 238.4 379.2 1.59
3 mm T3 11.6 20.2 13.7 233.9 393.1 1.68
3 mm T4 12.8 201 13.7 257.4 434.7 1.69
3 mm T5 12.7 20.2 13.8 256.0 435.4 1.70
3 mm T6 12.1 20.3 13.5 245.1 4231 1.73
3 mm T7 12.3 19.9 13.6 2454 430.0 1.75
3 mm T8 10.8 20.2 13.5 218.2 342.0 1.57
median 12.1 20.2 13.6 243.7 408.1 1.69
SD 0.6 0.1 0.1 11.8 31.0 0.06
6 mm T1.1 12.7 201 16.6 254.0 362.4 1.43
6 mm T2.1 12.7 20.2 16.2 255.5 355.2 1.39
6 mm T3.3 12.3 20.3 16.8 249.7 357.0 1.43
6 mm T4.1 12.3 20.2 16.2 248.8 339.4 1.36
6 mm T5.1 124 20.2 16.4 249.5 361.4 1.45
6 mm T6.1 12.4 201 16.2 248.4 334.4 1.35
median 124 20.2 16.4 249.6 356.1 1.41
SD 0.2 0.1 0.2 2.8 10.8 0.04

As seen from the Figure 6, all the diagrams exhibit similar behaviour. The elastic part is nonlinear, but can be
decomposed to two linear elastic parts. Such behaviour is typical for hyperelastic materials such as rubber and it seems,
that bond-line is thick enough to show such behaviour. The nonlinear elastic part ends with the yield point and very small
part of the plastic region. The elastic part of the deformation composes about 70-90 % of whole deformation range. From
the maximal forces, the strength of the bond-line was computed for all lap shear tests. Average results are depicted in
Table 3. The lower strength of thicker bond-line is in an agreement with adhesion theory.
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Table 3: Descriptive statistics of lap-shear test.

specimen | Mean (MPa) | SD (MPa) | CoV (%) | Median (MPa)
Beech 3 mm 1.67 0.06 3.7 1.69
Beech 6 mm 1.40 0.04 26 1.41

4 CONCLUSIONS AND FURTHER WORK

The pull-off tests of flexible polyurethane adhesives applied on timber coated with ZP primer were made. The tests
have demonstrated promising behaviour of the adhesives PS and PST in terms of their ductility already with thin glue-line
and tensile loading. Mostly cohesive failure occurred, which indicates that the potential of high elastic deformation
capability of these two adhesives could be exploited also when bonded to timber.

Results of monotonic lap-shear tests for the selected adhesive PST showed that relatively large elastic displacement
can be expected in tensile shear loading. The average displacement at initiation of failure for 3 mm thick bond-line was
approximately 5 mm, which proves the initial assumption of deformation capability. The tests have also shown that load-
carrying resistance of the connection is proportional to the thickness of the adhesive. It was found that the strength of 3
mm glue-line is higher than 6 mm one, which is in agreement with adhesion theory.

To test the seismic behaviour of the connections with “flexible” PUR adhesives, a series of cyclic tests on larger
specimens with realistic boundary conditions is necessary. For this reason, the presented research was performed as a
preliminary decision tool for selecting adhesives for further evaluation. A more detailed work plan for testing glued-in rods
and vertical connections with flexible adhesive PS or PST under cyclic loading is planned. Further research will provide
more reliable information, whether the resistance of flexible connections with PUR adhesives is sufficient to be used for
seismic resistant CLT structures. Cyclic tests are also necessary to evaluate the energy dissipation capacity, which is
crucial information on whether the flexible connections can be used for seismic energy dissipation.
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SUMMARY: High strength concrete (HSC) is very often used in structural design due to its numerous advantages in
comparison to ordinary concrete. However, HSC has a major disadvantage, high brittleness. In general, addition of fibres
to concrete mixture increases ductility. Hence, to overcome limitation of HSC steel fibres and combination of steel fibres
with different volume fraction of polypropylene fibres (PP) were added to concrete matrix. The main purpose of this work
was to investigate the effect of the addition of hybrid steel-polypropylene fibres on flexural behaviour of concrete. Based
on three-point bending tests flexural strength and flexural toughness are experimentally determined. Further, load-
displacement curves and typical failure mode from flexural tests are given. Moreover, standard cube specimens were
tested to determine the compressive strength. All above mentioned properties are compared to referent concrete.

KEY WORDS: high strength concrete, steel fibres, polypropylene fibres, hybrid concrete, compression test, flexural test

1 INTRODUCTION

Nowadays, a high-strength concrete (HSC) is often used in structural design. By using HSC complex modern
structures such as skyscrapers, high towers and long-span bridges can be constructed. HSC has numerous advantages
in comparison to ordinary strength concrete (OSC) such as improved durability, higher strength and stiffness. However, it
has a major disadvantage, high brittleness [1]. Concrete structures in their service life are subjected to different types of
dynamic loads such as earthquakes, impact loads or blasts. Hence, toughness, ductility and high energy absorption
capacity are among the most desirable properties for concrete structures.

It is well known that inclusion of fibres in concrete improves many of the engineering properties, especially ductility and
toughness [2, 3]. Nowadays, various types of fibres made of steel, polymers, carbon, glass and natural materials are used
for reinforcing concrete [2]. The properties of fibre reinforced concrete (FRC) depend on the type of fibres used, amount,
geometry and density and their orientation and distribution in the concrete matrix. Polypropylene and steel fibres are the
most commonly used and studied fibres. Recent studies have confirmed that the use of hybrid fibres, or a combination of
two or more types of fibres, makes concrete that has better engineering properties than concrete with only one type of
fibres [2-6].

To predict structural response, it is important to fully understand main mechanical characteristics of concrete. The
compressive strength is a main property needed in the design of concrete elements. Hence, compression test on fibre
reinforced HSC (FRHSC) were carried out. The structures in their service life are more often subjected to flexure than to
direct tension. Consequently, the flexural properties of FRHSC are important for design of concrete structures. Hence,
test on beams in flexure were carried out to investigate the effect of different fibres on flexural properties of concrete such
as first peak strength, flexural strength, residual strength and flexural toughness.

The load-displacement curve until the first peak characterizes the behaviour of the FRC up to the onset of cracking in
the concrete matrix. Substituting values of loads at first crack displacement in the modulus of rupture formula first peak
strength can be calculated [7, 8]. FRC is characterized by a significant residual strength and enhanced flexural toughness
due to crack-bridging mechanism of fibres. Residual strength provides performance of concrete in post-cracking region.
According to standard ASTM C1609/C1609M [7] the substituting values of loads at specific displacements of I/600 and
I/150 of the beam span length in the modulus of rupture formula residual strength can be calculated. The flexural
toughness is the measure of the energy absorption capacity of a specimen. According to the standard ASTM
C1609/C1609M [7] the flexural toughness can be determined by measuring the area under load-displacement curve up to
displacement of /150 of the specimens span.
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In this paper the experimental program is given in Chapter 2 and the results are presented and discussed in Chapter
3. Finally, some relevant conclusions are drawn in Section 4.

2 EXPERIMENTAL PROGRAM

For the purpose of experimental testing 30 cubes are tested for compressive strength and 45 beams under flexure
using three-point bending test setup to characterize behaviour of steel fibore HSC (SFRHSC) and hybrid fibore HSC
(HYyFRHSC). HyFRHSC contained fixed volume fraction (Vs) of steel fibres and varying volume fraction of polypropylene
(PP) fibres. All tests were performed at the Faculty of Civil Engineering in Rijeka, Croatia.

2.1 High strength concrete mixture

For this experimental program five concrete mixtures containing different volume fractions of steel and PP fibres were
designed to analyse the fibre contribution to compressive strength and flexural properties. The first mixture was the HSC
control mixture made without fibres, denoted as REF in Table 1. The other four (4) mixtures are made with 1.5% of steel
fibres but with different volume fraction of PP fibres (0%, 0.1%, 0.2% and 0.3%). To clearly name concrete mixture
following marking was used: the letter S for steel fibres and the letters MF for monofilament PP fibres. The corresponding
number assigned to letters indicates the volume percentage of fibres used in the mixture (Table 1). The density of the
fresh concrete for each concrete mixture is shown in Table 1.

Table 1: Fibre content in designed concrete mixtures and density

Concrete mixture | Steel fibre content | Monofilament PP fibre content | Density
notation Vi (% vol) / (kg/m?) Vi (% vol) / (kg/m®) (kg/m?)
REF 0 0 2135
S1.5 1.5/117 0 2282
S1.5-MF 0.1 1.5/117 0.1/0.91 2151
S1.5-MF0.2 1.5/117 0.2/1.82 2126
S1.5-MFO0.3 1.5/117 0.3/2.73 2094

Notation: S-steel fibres, MF-monofilament polypropylene (PP) fibres

The materials used to cast concrete specimens were locally available cement CEM | 52.5R, crushed limestone sand
with @ maximum size of 2 mm, quartz sand and silica fume. To ensure good bond between concrete matrix and fibres
there is no coarse aggregate in the mix composition. The water binder ratio was kept constant at 0.3. Appropriate dose of
super plasticizer and stabilizer have been added for the desired workability. The quantities of materials in 1m® of REF
mixture were equal to 640 kg, 160 kg, 256 kg, 20 kg, 4.8 kg, 614 kg and 560 kg for cement, silica fume, water,
superplasticizer, stabilizer, sand and quartz, respectively. Two types of straight micro fibres were used: steel fibres 13 mm
long and with diameter of 0.2 mm and polypropylene monofilament fibres 12 mm long and with diameter of 0.02 mm.

Each concrete mixture was batched separately. Each batch consisted of six cubes and nine prisms. A vibrating table
was used to compact the concrete in the moulds in three layers. After demoulding, the specimens are cured immersed in
water tank for 28 days.

2.2 Test set-up and specimen geometry

For the compression tests a universal testing machine with a maximum load capacity of 3 MN was employed (see
Figure 1a). To determine concrete compressive strength cube specimens of 150 mm edge according to testing standard
HRN EN 12390-3 [9] were used. Six (6) specimens for each concrete mixture were tested.

As there is no standard methodology for testing concrete with fibres various standards have been proposed for the
characterisation of flexural behaviour of the OSC with fibres however with different specimen sizes, loading rates, loading
arrangement etc. [7, 8]. Moreover, standards for OSC cannot be directly transferred to HSC. Hence, to get insight into the
flexural behaviour of FRHSC flexural test were performed with some modifications but under the same conditions for all
concrete mixtures.
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HSC specimens without a notch were tested in a three-point bending setup, with a force concentrated in the middle of
the span. Specimens were prismatic beams with cross-section of 100 mm x 100 mm and a span length of 300 mm.
Figure 1b shows the test setup used in flexural test. The flexural tests were carried out by means of servo-controlled
hydraulic machine with a maximum capacity of 300 kN. The tests were performed with the displacement control. In total,
two Linear Variable Differential Transducers (LVDT) were used for measuring central point displacement, each on the
longitudinal side of the beam as shown at the Figure 1b. During testing the load-displacement history was recorded up to
deflection of min 3 mm to obtain post-peak behaviour. Nine (9) specimens at each concrete mixture were tested.

a) Compression tests b) Flexural tests

Figure 1: Test setup [11]

3 EXPERIMENTAL RESULTS

In this chapter results of the performed experiments are presented. Following material properties were tested on 28-
day age concrete specimens: compressive strength, first peak strength, flexural strength, residual strength and flexural
toughness. All the result obtained have been compared with REF concrete (0% of fibres).

3.1 Compressive strength

The mean values of the compressive strength together with the standard deviation for each concrete mixture are
reported in Figure 2. The test results show good consistency and acceptable scatter. The mean compressive strength
ranges from 71 MPa to 101 MPa, so concrete can be specified as HSC [11].

The highest compressive strength is achieved for the concrete mixture S 1.5 containing only one type of fibres - steel
fibres. The percentage decrease and increase in compressive strength over REF concrete are presented in Figure 2b.
Maximum increase in compressive strength is 17% compared with the values of REF mixture. It is observed that the
compressive strength decrease with an inclusion of PP fibres and increase in fibre volume content. The compressive
strength in mixes with 0.1, 0.2 and 0.3 % of PP fibres decreased by 3%, 4% and 17%, respectively, compared to the REF
mixture. Hence, the lowest compressive strength was obtained for hybrid concrete mixture S 1.5-0.3MF with highest PP
fibre volume content. Similar tendency was found in [4]. This can be attributed to the uneven distribution of fibres in
concrete matrix and higher porosity of concrete matrix. More detailed information on the fresh concrete properties can be
found in [11].

In general, combination of steel and PP fibres results in reduction of compressive strength. Moreover, increase of PP

fibres has negative influence on the mean compressive strength of hybrid concrete. Concrete with the steel fibres
achieved the highest compressive strength.
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Figure 2: Compressive strength of concrete mixtures with different fibre content

3.2 Flexural properties

Figure 3 shows typical failure mode obtained for the flexural test for beams without fibres and beam with fibres. As
expected, REF specimen broke in extremely brittle manner into two pieces. On the other hand, for FRHSC specimens the
fragmentation is prevented due to the inclusion of fibres indicating enhanced ductility over the REF specimens. Thus, it
can be concluded that the effect of fibres on the brittleness of HSC is remarkable.

a) Without fibres b) With fibres

Figure 3: Typical failure mode observed after flexural test on concrete beams [11]

Typical load-displacement curves obtained in this investigation for each concrete mixture are presented in Figure 4.
Again, the results showed the typical load-displacement response for HSC without fibres (see Figure 4a). FRHSC load-
displacement curves clearly showed typical multiple-peak load values under flexure (see Figure 4b). In general, it can be
observed that after first peak appeared, load continue increase for all FRHSC specimens. After reaching maximum load,
load started decrease slowly. Moreover, it can be clearly observed that maximum load values differ while post-peak
response is very similar for all specimens. Accordingly, experimentally recorded load-deflection curves are analysed to
investigate pre-peak behaviour and post-peak behaviour of tested concrete mixtures in detail.
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Figure 4. Typical load-deflection curves recorded in flexural test on concrete beams

3.21 Pre-peak response

First peak strength values together with their standard deviations are shown in Figure 5. The scatter of test results
within a particular concrete mixture is relatively low. The percentage decrease or increase in first peak strength over REF
concrete is presented in Figure 5b. Comparison of the given results shows that the first peak maximum strength is
achieved by hybrid concrete mixture S 1.5 - MF 0.1, even 21% higher over REF concrete. In comparison with value
obtained for compressive strength (see Figure 2) it can be concluded that compressive strength is not the key reason for
that increase, rather combination of properties of the used hybrid fibres. Further, for concrete mixture S 1.5 the increase
of 14% in the first peak strength compared to REF mixture is calculated. This time, compressive strength can be main
reason for obtained increase.

It is important to note that the presence of higher volume content of PP fibres decreases the first peak strength of
HyFRHSC to values even lower than REF concrete. Compared to REF mixture this decrease amounts to 4% for S 1.5 -
MF 0.2 and 7% for S 1.5 - MF 0.3. It can be concluded that small reduction of first peak strength of hybrid concrete
mixtures over REF concrete is related to decrease of compressive strength (see Figure 2) which represents the property
of concrete matrix.
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Figure 5: First peak strength of concrete mixtures with different fibre content
3.2.2 Flexural strength

Figure 6 shows mean values of flexural strength of the tested concrete mixtures together with standard deviations. The
scatter of test results within concrete mixtures with fibres is found to be higher compared to REF concrete, but still
relatively low. As expected, flexural strength of REF concrete mixtures is the lowest. On the other hand, increase in
flexural strength is observed for all FRC mixture. The percentage of the increase in flexural strengths over REF concrete
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is presented in Figure 6b. It is expected that PP fibres do not contribute to the strength [12], however, for hybrid concrete
mixture S 1.5 - MF 0.1 maximum flexural strength is obtained, approximately 63% higher over REF concrete mixture.
Similar results are given in [6]. Due to lower value of compressive strength (see Figure 2a) this growth is attributed to the
used hybrid fibres. Further, for hybrid concrete mixture S 1.5 - MF 0.2 increase reduces to 31 % and only 19 % for S 1.5 -
MF 0.3. Hence, for hybrid concrete mixtures with fibre volume fraction greater than 0.1%, again similar decreasing trend
is observed. SFRHSC mixture S1.5 exhibits slightly lower flexural strength than the hybrid concrete mixture S 1.5 - MF
0.1 (see Figure 6). This small difference, however, can be attributed to the higher compressive strength of SFRHSC.
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Figure 6: Flexural strength of concrete mixtures with different fibre content
3.2.3 Post-peak response

Figure 7 shows residual strength values calculated at selected displacements of 0.5 mm and 2 mm which equals to
displacement at 1/600 and 1/150, respectively. REF concrete specimens with 0% of fibres showed no residual capacity.
Again, hybrid concrete mixture S 1.5 - MF 0.1 showed highest residual strength at specified displacements. With further
increase of PP fibre volume fraction residual strengths decrease by 21% and 30% for displacement at 0.5 mm and by
23% and 36% for displacement at 2 mm. In SFRHSC mixture S 1.5 smaller reduction in residual strength is obtained, by
14% and 20% at 0.5 mm and 2 mm displacement, respectively.

Figure 8 shows average values of flexural toughness calculated at 0.5 mm (equal to displacement at 1/600) and 2 mm
(equal to displacement at 1/150). Flexural toughness of REF concrete mixture is calculated from the area under the load-
displacement curve until complete breakdown of specimen. The fracture toughness of REF concrete mixture was found to
be negligible compared to SFRHSC and HyFRHSC. Again, the same trend was observed. As expected, hybrid concrete
mixture S 1.5 - MF 0.1 achieved the highest flexural toughness, 15 times higher at 0.5 mm displacement and even 50
time higher toughness value at 2 mm displacement over REF concrete. With increasing PP fibre content flexural
toughness again showed decreasing trend. Compared with S 1.5 - MF 0.1 values were lover 18% and 25% at
displacement of 0.5 mm and 19% and 31% at 2 mm displacement. However, concrete mixture S 1.5 showed smaller
difference of 6% and 17% at 0.5 mm and 2 mm displacement, respectively.

14 0 0
12,22 o0f600
—~ 12 — 01600
g 10,48 0f150
= 10 = 9,64 -10 0f150
< 8,60 —_
£ 787 >
g 8 e -14
8 6,26 6,03 8 20
2 6 5,04 s
© ) o -20 -21
3 L -23
o 4 a
e -30 —
-30
2
0,00 36
0 -40
REF S15 $15-0.1MF S$15-0.2MF S$1.5-0.3MF REF S15 S$1.5-01MF S15-02MF S15-0.3MF

Concrete mixture Concrete mixture

a) Mean values b) Compared with hybrid concrete mixture S 1.5 - MF 0.1

20

A



CoMS 2"d |International Conference on Construction Materials for Sustainable Future
’ - 20-21 April 2021, Slovenia

2020/21
Figure 7: Residual strength of different concrete mixtures
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Figure 8: Flexural toughness of concrete mixtures with different fibre content

4 CONCLUSIONS

Experimental tests have been carried out on concrete mixtures prepared with fixed volume fraction of steel fibres and
varying volume fraction of polypropylene fibres to study flexural properties of hybrid high strength concrete. Based on the
test results obtained, following conclusions are made:

1. Inclusion of the steel fibres enhance compressive strength of concrete. Also, steel fibres positively affect on flexural
properties of concrete.

2. Combination of steel and PP fibres reduce strength of hybrid concrete.

3. Combination of steel and PP fibres in volume content of 0.1% positively affected flexural properties of hybrid concrete.
However, increasing PP fibre content beyond 0.1% reduced flexural properties of hybrid concrete.

4. Flexural toughness of SFRHSC and HyFRHSC showed remarkably higher values compared to REF mixture

5. Test results show that combination of steel and PP fibres improved flexural properties of hybrid concrete compared to
single fibre mixture. However, to enhance properties of hybrid concrete in flexure it is important to have optimum volume
fraction of used combination of fibres.

6. Further studies and statistical data analysis of concrete mixtures are required to confirm given conclusions.
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SUMMARY: Alkali-activated blast furnace slags can be used for the formulation of one-part binders to produce load-
bearing structures replacing conventional Portland cements. The European production of blast furnace slag sums to
about 19.2 Mio Tons (Euroslag, 2018). More than 81% of it is used to produce cement and concrete. Most of the
remainder is not quenched and is therefore not a suitable pozzolanic addition. Thus, no blast furnace slag is left for alkali-
activated binders. Moreover, the cost of ground granulated blast furnace slag (GGBS) is higher than the one of CEM Il
cement, the most widespread in Europe, making alkali-activated binders not commercially attractive.

It is therefore necessary to find alternative sources of slags which may constitute additional volumes of low-priced
material. The first choice is the use of foundry cupola-furnace slag, whose composition is quite similar to GGBS. Its actual
composition differs according to the quality of pig-iron produced, and it may show higher Mg contents in the case of
spheroidal pig iron. The observed different reactivity is due to the different pore solution chemistry and nucleation kinetics,
which can be accounted for with the addition of reactive silica and/or soluble Ca®* containing species.

Another important source of slag is the ladle refining of steel, which accounts for the production of 4 Million Tons of white
slag in Europe, presently entirely landfilled. This slag is richer in calcium with respect to GGBS, making it difficult to
quench and granulate. We have performed tests adding a silicon bearing material (silica sand, foundry sand) to the
molten slag in the ladle to modify is composition and make it suitable for quenching and granulation. The material which is
produced is as reactive as GGBS and is a suitable candidate for the production of alkali-activated slag binders.

KEY WORDS: One-part alkali activated slag binder; foundry slag; white steel slag; circular economy; industrial symbiosis.

1 INTRODUCTION

Alkali-activated binders are a diverse class of materials which constitute one of the members of the current and future
toolkit of ‘sustainable cementing binder systems’ [1-4]. These binders can be formulated with a wide range of
aluminosilicate precursors, with differing availability, reactivity, cost and value worldwide. Thus, alkali-activated binders
need to be optimized with locally available material and will probably never constitute a worldwide standardized
commodity the way Portland cement is today. On one side this diversity means that this class of materials is very versatile
and locally adaptable, on the other alkali-activated binders lack the robustness of Portland cement, both as mix design
latitude and as compatibility with chemical admixtures.

Among the precursors which have been proposed and used since longer times, metallurgical slags and in particular
blast furnace slags are the most effective, and prone to deliver ready-to-use solutions. The first data reporting the
possibility of producing a binder material from granulated blast-furnace slag and caustic soda in combination with slaked
lime go back to 1895 [5]. In 1940, A. Purdon reported on the results of first extensive laboratory studies on cements
without Portland cement clinker, consisting of slag and caustic alkalis produced with a base and an alkaline salt [6].
Purdon developed a slag cement with high early strength, and high slag content (> 90%). He discovered that blast-
furnace slag can be activated more intensely by adding caustic alkalis such as NaOH or KOH [7] than by adding lime or
Portland clinker. Caustic alkalis can be added directly to the cement or NaOH can be formed at the moment of cement
batching. This is done by adding salts with alkaline hydrolysis, such as Na,CO; and Ca(OH),, to the cement to form
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NaOH (eq. 1). Other salts such as Na,SO, can also be used as a substitute for Na,COj; [6]. These formulations are still
being studied [8] and are still in use today, eventually including other industrial by-products like kiln bypass condensation
dust [9]. These alkali-activated slag binders have the important property of being ‘one-part binders’ which set and harden
upon the addition of water only, without the need to add caustic alkaline solutions. This allows the use of the technological
batching equipment developed and in use to produce Portland cement concrete.

Na,CO; + Ca(OH), —» CaCO3 + 2NaOH (1)

The development of alkali-activated slag binders was made possible by the technical improvements connected to the
advanced techniques used in the steel production for the fast cooling of blast furnace slag realized in the first decades of
the twentieth century. ‘Le Purdociment’, the binder developed by Purdon in Belgium, was cheaper in production than
Portland cement because of its high percentage of blast furnace slag in comparison with traditional Belgian blast furnace
slag cements (=70 %), and because of the absence of Portland clinker. Today more than 87% of the 19.2 Mio Tons of
blast furnace slags produced in Europe are quenched and vitrified [10]. All of this material (16.8 Mio Tons [10]) is used as
a cement and concrete addition, leaving little margin for the production of alkali-activated binders. Moreover, the price of
granulated blast furnace slag is comparable or higher than the price of Portland cement clinker making alkali-activated
slag binders un-attractive from the commercial perspective. This situation, coupled with the limitations in possible use of
alkali-activated binders coming from the international regulations, makes the industrial use of alkali-activated binders still
a case of study. To overcome this situation, it is necessary to find an alternative abundant source of a material with similar
properties than GGBS, possibly at a lower price. Also, in the short term, it is necessary to exploit the possibility provided
by the international regulations to produce high slag binders with the minimum possible clinker content to fit into the limits
and with activator content less than the maximum allowable undeclared addition. This in the time span needed to propose
and approve regulations specifically conceived for alkali-activated binders.

2 MATERIALS AND METHODS

2.1 Analytical methods

The elemental chemical composition of the different materials was measured by X-ray fluorescence (XRF) with a
wavelength dispersive spectrometer Philips PW2400.

Their phase composition was determined by X-ray diffraction (XRD), using a Panalytical X'Pert Pro diffractometer
equipped with the X’Celerator detector and Cu Ka radiation, adopting a Bragg-Brentano geometry, on a 26 range of 5-
80°, step size of 0.017° 20, time per step of 50s, using a flat spinner.

The foundry sand was analysed by thermogravimetry, to measure the amount of carbon black present as a result of
the pyrolysis of the organic binder during casting. Thermal analysis measurements (TG-DTG) were performed using a
DTA-TG SEIKO 6300 thermal analyser. The experiments were conducted under flowing air in the temperature range of
25-1000 °C. The heating rate was set at 10°C/min.

The hydration behaviour of the different formulations was tested by isoperibolic calorimetry, with a custom-built device
constituted by a multi-cell calorimeter equipped with type K thermocouples. Amounts of 60.0 + 0.1 g of the binder paste
samples were placed into 80 ml insulated containers which were then sealed. The containers were placed into an
insulated chamber, and the thermocouples measured the samples’ temperature and the temperature inside the insulated
chamber. The heat exchange characteristics of the insulated sample containers and the sample specific heats were
calibrated in order to derive heat fluxes in W/gyin¢er and cumulative hydration heat in J/gpinder-

2.2 Materials

The materials which have been investigated in the present work are slag from cupola-furnace foundry and white steel
slag from electric arc furnace. The composition of the slag of a cupola-furnace is very similar to the one of a blast-furnace.
We have used the slag coming from two production sites of a foundry (Fonderia Corra S.p.A., Italy). In one of them there
is an installation for water cooling and granulation of the slag, while in the other the slag is usually slowly air cooled. In
this latter case we have arranged a pilot water cooling system to provide the material for testing. The former site works
with a fortnight production cycle between reconstruction of the refractory lining, while the latter works with a daily cycle.
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Both sites run a hot blast process. The foundry slag composition is significantly constant as shown in Table 1. Two types
of slag are obtained, differing in the Mg content which is higher when spheroidal pig iron is produced because of the
recycle of the runners and risers and if using a dolomitic carbonate fluxing charge. In Table 1 are reported the average
and standard deviation of the measurement of 10 slag samplings per type of slag.

Table 1: Average foundry slag composition.

i Ca-rich slag Mg-rich slag

Element (oxide) average (%) 6 (%) average (%) o (%)
SiO, 42.6 3.8 45.7 2.8
CaO 38.9 3.4 22.0 2.7
Al,O3 9.5 1.5 12.5 1.8
MgO 2.19 0.15 16.1 0.6
Fe,03 1.7 1.6 0.67 0.29
Na,O 0.53 0.37 0.26 0.09
K,0 0.46 0.24 0.29 0.05
TiO, 0.80 0.27 0.55 0.06
MnO 1.45 0.87 1.81 0.65
P,0s 0 - 0 -

Regardless of the type of slag, Ca-rich or Mg-rich, the quenched and granulated material is completely amorphous, as
shown in Figure 1.

| a.u.

5 15 25 35 45 55 65 75 85
20

Figure 1: XRD pattern of granulated and ground foundry slag.

The white steel slag comes from an electric arc furnace (Acciaierie Beltrame S.p.A.). Its composition is richer in Ca
compared to blast furnace slag, which increases the viscosity of the melt and makes water quenching and granulation
more difficult, because of the risk of explosions. To obtain a material closer in composition to blast furnace slag, which is
easier to quench and granulate, it is necessary to add a source of silica to the molten slag. As a source of silica we used
the exhaust foundry sand, which is constituted by quartz sand, small additions of bentonite and a thermoset resin which
pyrolyzes during the casting and completely burns out when the exhaust foundry sand is added to the molten steel slag.

The composition of the white steel slag is reported in Table 2.
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Table 2: Steel slag composition.

Element (oxide) Abundance
SiO, 20.14 (%)
CaO 51.20 (%)
AlL,O4 17.37 (%)
Fe,O; 3.92 (%)
MgO 6.75 (%)
TiO, 0.42 (%)
MnO 0.49 (%)
Na,O 0.1 (%)
K,0 0.04 (%)
P,0s 0 (%)
total major 100.44 (%)
S 16532 (ppm)
Cr 1013 (ppm)

20-21 April 2021, Slovenia

The thermogravimetric analysis of the foundry sand is reported in Figure 2. The weight loss between 200°C and 600°C
which may be attributed to the black carbon combustion amounts to about 4%.

w

| L 1 1 L !
100 200 300 400 500 8O0 700 800
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Figure 2: Thermogravimetric analysis of the foundry sand.
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The XRD pattern of the foundry sand, reported in Figure 3, shows the presence of quartz with minor amounts of alkali
feldspar, pyroxene, ankerite (mixed Ca-Fe carbonate) and of partially dehydroxylated montmorillonite. To bring the
composition of the white steel slag closer to the one of blast furnace slag, 30% by weight of foundry sand was added to
the molten steel slag and the reacted mixture was quenched and granulated with water. The composition of the blend is
reported in Figure 4, and the XRD pattern of the quenched granulated and ground blend is reported in Figure 5, showing
some merwinite (CazMg(SiO,).) and cristobalite crystalline phases and a majority of an amorphous component.
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Figure 4: Composition of the white steel slag and of the reacted blend with the foundry slag.
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XRD pattern of the foundry sand. The intensity scale is logarithmic to enhance the minor phases.



CoMIS 2"d |International Conference on Construction Materials for Sustainable Future
?@2{;;;“ 20-21 April 2021, Slovenia

% quartz
+ _merwinite

o cristobalite

| a.u.

5 15 25 35 45 55 65 75 85
20

Figure 5: XRD pattern of the quenched granulated and ground reacted blend of the white steel slag and the foundry sand.

3 RESULTS

The reactivity of the Ca-rich foundry slag blended with Portland cement in a 50:50 mixture is close to the reactivity of
blast furnace slag, as shown in the calorimetric curves of Figure 6. The Mg-rich foundry slag has a lower reactivity. The
pozzolanic index at 7 days, measured as the fraction of reference CEM | cement which would give the same cumulative

hydration heat of slag in a 50:50 cement and slag mixture after 7 days of curing, is 0.24 for blast furnace slag, 0.18 for
Ca-rich foundry slag and 0.05 for Mg-rich foundry slag.

500
400

300

& 200 —

< —reference CEM |
100 —blast furnace slag

——Ca-rich foundry slag
—Mg-rich foundry slag
0 24 48 72 96 120 144 168

time (h)

Figure 6: Calorimetric measurements of 50:50 blends of CEM | and foundry slag.

In an alkali-activated binder (ECOncrete [9]: slag activated with Na,SO,4 and Portland cement clinker) the Mg-rich
foundry slag shows an even more important lower reactivity, as shown in the calorimetric curves of Figure 7. This is
probably due to the higher Mg and lower Ca concentration in the interstitial solution which hampers C-S-H precipitation
[11]. The addition of Metakaolin (Argical M 1000 from Imerys) mitigates partially this phenomenon.

The reactivity of the white steel slag reacted with the foundry sand, blended with Portland cement in a 50:50 mixture is

higher than the reactivity of blast furnace slag, as shown in the calorimetric data of Figure 8. The pozzolanic index at 7
days is 0.24 for blast furnace slag and 0.49 for the steel slag reacted with the foundry sand.
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Figure 7: Calorimetric measurements of Na SO, activated foundry slag binders.

500

400
300
3 200
= P

106 / —reference CEM |

—blast furnace slag
0 j white steel slag + foundry sand

0 24 48 72 96 120 144 168
time (h)

Figure 8: Calorimetric measurements of 50:50 blends of CEM | and steel slag reacted with foundry sand.

4 CONCLUSIONS

The valorisation of metallurgical slags other than blast furnace slag has the potential to provide abundant and low-cost
material with good hydraulic reactivity, suitable for the formulation of alkali-activated binders. Foundry slag from cupola-
furnace can be used as it is, without any chemical modification. A quenching-granulation process must be added in order
to obtain a completely amorphous material with high reactivity both blended with Portland cement and formulated in an
alkali-activated binder. A critical point in the use of foundry slag is its Mg content. For MgO contents higher that about
6+8% the reactivity in alkali-activated binders decreases probably because of the more difficult C-S-H precipitation from
the interstitial contact solution.

White steel slag is a special waste that mostly requires landfill disposal since no real widespread technology is
available to treat it. Its composition and physical properties make it unsuitable for rapid cooling and granulation. However,
it is possible to use its heat content in the molten state to react it with a source of silica, so to move the composition of the
reacted blend towards blast furnace slag. By doing so it is possible to obtain a material which may be quenched and
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SUMMARY: New generations of insulating materials are prepared as composite materials in which renewable plant
fibrous material, a by-product of agricultural activity, is bonded by common inorganic binders. In addition to good
mechanical properties and low density, these composite materials also possess good insulating properties. In this paper,
the preparation of biocomposite material on the basis of almond shell with potential application in construction has been
studied. Composites from milled and sieved almond shells and wood-wool in combination with Portland cement and
sodium silicate solution have been prepared. The hydrolytic properties of prepared composites were investigated.
Flexural strength of prepared composites has been tested on modified existing equipment. Thermal properties were
examined on device THB-100 Linseis, GmbH. Calorific value test was carried out in IKA® Calorimeter System C 7000.
Composites prepared with Portland cement didn't meet the needed criteria due to the cease of cement setting in the
presence of almond shell. Further tests were carried out on composites prepared with sodium silicate solution as a binder.
The most stable hydrolytic properties and optimal water glass consumption had composites prepared with almond shell
particle distribution from 1.25 to 2.5 mm. Mechanical bending test on samples 160x40x33 mm showed that the stress of
0.12 MPa causes irreversible deformation and cracking with maximum deformation of 2.5 %. Measured thermal
conductivity was 0.203+0.005 Wm'K" and thermal diffusivity was 0.124+0.01 mm?s”. Examined mechanical and thermal
properties of composite material are comparable to the properties of insulating materials available on the market. The
advantage of such material is so-called binding of CO,, because production and use of this kind of material, CO,
embedded in the plant material is bonded throughout the lifetime of the building. Overall CO, balance of the composite
board, as a probable commercial product in the future, also includes CO, emissions due to the inorganic binder used, and
in this preliminary stage it is not possible to express quantitatively.

KEY WORDS: composite, insulating material, almond shell, thermal conductivity, thermal diffusivity.

1 INTRODUCTION

In the wake of new ecological and environmentally friendly composite materials, more and more insulating
construction materials consist of agricultural waste and inorganic binders.[1] Such composites can be classified as
biocomposites due to one of the components being of natural origin. Biocomposites are used in the construction industry
as structural and non-structural composites due to their numerous advantages over other materials, some of which are
lower weight and lower production costs. Natural fibres (wood and non-wood) are used as reinforcers because of their
structure; they give strength and rigidity to the material.[2] An example of natural fibre is wood wool, which is often used in
the manufacture of cement wool boards, which are used for thermal and sound insulation and fire protection. Using
agricultural waste as a constituent in biocomposite material has a numerous advantages, some of which are added value
to the agricultural product and its waste and so-called binding of CO, due to the embedded CO, in the plant material
which is bound throughout the lifetime of the building. Such waste material needs to be conjoined with binders which
could be organic (e.g. epoxide resins) or inorganic (cement and sodium silicate solution). Epoxide resins give high
strengths while cement contributes to high hydrolytic resistance as well as resistance to highly aggressive media.[3,4]
With the initial idea of creating composite using a bio-waste fibre, the aim of this work was to produce a biocomposite
material that could compete with other similar products in the market and possibly also to be used for thermal insulation.
An example of natural fibre and agricultural waste, with primary exploitation as fuel, is almond shell which can be used in
composite materials as an ecological alternative to incineration. Almond shell with its highly porous structure and low
density is usually used in combination with epoxide resins for composite particle boards.[4] Less used and familiar mineral
binder that could be used is water glass (sodium silicate solution), thick syrupy liquid which polymerizes.[5] During the
design and manufacture of biocomposites it is important to consider all of the advantages and disadvantages of materials
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used. Production costs of such biocomposite should be as low as possible while it should be easily disposable without
any negative impact to the environment. Choosing materials that are compatible with the binder and predicting which
combination of material and binder will give satisfactory mechanical and chemical properties of the biocomposites is of
utmost importance.[6]

2 METHODS USED

Acquired almond shells were hand milled and afterwards hand sieved through a 2.5, 1.25 and 0.8 mm sieves. First
type of composite was prepared by mixing largest particle fraction (=2.5 mm) with Portland cement. Portland cement was
premixed with water-cement ratio of 0.5 and then combined with almond shells in ratio of 1:2 by mass. After the mixing,
the shells were put into the mould and pressed by a weight and left to set. Second version of composite was prepared
with all four of the particle fractions by quenching the fibres in the mould with sodium silicate solution. The composites
were prepared with addition of the wood wool. Wood wool was used as a base and cover for almond shell particles
creating a “sandwich” structure. After few minutes the excess of water glass was drained off and shells were pressed with
weight and water glass was left to polymerize for seven days. Water glass composites were weighed before and after
drying and polymerization of sodium silicate to determine the fraction with optimal sodium silicate consumption. Two types
of sodium silicate were used: commercial and laboratory made. Laboratory made sodium silicate was made with sodium
hydroxide, silica gel and distilled water in molar ratios of NaOH:2.6 SiO,:6.09 H,O. The mixture was heated until all of the
silica gel dissolved, usually within 30 minutes. The hydrolytic resistance of the prepared composites was tested out by
placing the material into distilled water and measuring time until it completely fell apart, during which the pH of the distilled
water was being measured by laboratory pH meter. Mechanical properties were tested out on tensile testing machine
Zwick 1445 with added component from flexural test device for concrete prisms to determine flexural properties of the
prepared composites. Thermal conductivity of the composite materials was tested out on commercial device THB-100
Linseis, GmbH and upper and lower calorific values were determined by IKA® Calorimeter System C 7000 with Cooler C
7002. In addition to thermal properties chloride and sulphur content was measured by X-ray fluorescence spectroscopy,
XRF.

3 RESULTS

Composites prepared with Portland cement as binder didn’t meet the needed criteria. Portland cement didn’t set in
period of seven days and the particles didn’t bind. Consequently, the almond shell compounds extraction was carried out.
The extract of two fractions of almond shells was mixed with Portland cement and placed in semiisoperibole
microcalorimeter to determine the effect of compounds that can be found in and on the surface of the shells. These
compounds acted as plasticizers and retardants which prolonged setting time as can be seen on Fig.1.
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Figure 1. Microcalorimetry results of Portland cement and almond shell extracts, raw data

After the failed composite with Portland cement the sodium silicate solution was selected as a new mineral binder. The
optimal consumption of water glass for individual fractions of milled and sieved shell particles was determined (Table 1.).
By milling of almond shells, the following mass fractions were obtained: 23.0 %, 53.2 %,11.6 % and 12.2 % for size

fractions: 22.5 mm, 2.5-1.25 mm, 1.25-0.8 mm and <0.8 mm respectively.

Table 1. Sodium silicate solution consumption for each sieved fraction

gram of almond shell

Size fraction 22.5mm 2.5-1.25 mm 1.25-0.8 mm <0.8 mm
Water glass
consumption per 1.98 g/g 1.39 g/g 1.42 g/g 1.16 g/g

As can be seen from the Table 1. the smallest particles showed the lowest water glass consumption. This result is due
to the close packing of the fine particles where water glass was not able to soak and reach all of the particles, which is
also one of the reasons why this composite had poor mechanical properties. The best result for water glass consumption,
as well as good preliminary mechanical and visual properties, had composite prepared with particle fraction of 2.5-1.25
mm. Figure 2. shows trial composites made from all of the particle fractions.
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Figure 2. Trial composites made from water glass, wood wool and milled almond shell particle size fraction a) 22.5 mm, b) 2.5-1.25
mm, c) 1.25-0.8 mm and d) <0.8 mm

Hydrolytic properties were tested out by placing composites in 400 mL of distilled water and measuring time until it
completely collapsed into starting components. During the hydrolytic resistance test, pH of the water in which the
composite was placed was measured. For all composites prepared with smaller and bigger particles it took approximately
40 minutes to break down in water and for composites prepared with particles from fraction 2.5-1.25 mm it took 80
minutes to collapse. The measured pH of water for every sample reached maximum of 11.0 then dropped to 10.5 and
remained at that value until the total collapse of the composite. Due to the bad hydrolytic properties of commercial water
glass new laboratory made sodium silicate solution was prepared. Using sodium hydroxide, silica gel and distilled water in
molar ratios of NaOH:2.6 Si0O,:6.09 H,O new solution was made.[7, 8] Materials made with laboratory water glass did not
show better hydrolytic resistance. From the properties shown so far, the composite made with particles fraction of 2.5-
1.25 mm size with wood wool and commercial water glass was chosen for further investigation of mechanical and thermal
properties. Using a bigger mould composite board with dimension 390x270x33 mm was made. Biocomposite board was
sawn into pieces of defined size and dimensions needed for different analyses. For mechanical testing three samples of
160x40x33 mm were sawn and tested out on tensile testing machine with added component from flexural test device,
Figure 3. shows the sample and modified equipment.

Figure 3. Modified equipment and composite sample before and after testing flexural strength

Results given by three point bending flexural test show that all 3 samples cut out of the prepared composite board
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have a breaking point around 0.12 MPa. The samples were tested out with a regime of jaw speed of 10 mm/min up to the
point of visible breakage in material. Deformation at maximum stress for all three samples was between 1.7 and 2.5 %.
(Figure 4.)
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Figure 4. Stress vs. deformation of 3 samples cut out of the prepared composite board.

For the thermal conductivity and diffusivity test two pieces of composite were polished and tested. Sensor was placed
between two polished surfaces and pressed with sample holder. Results show a thermal conductivity of 0.203+0.005
Wm'K" and diffusivity 0.124+0.01 mm?s™. In order to achieve significantly lower thermal conductivity, the composite
should be prepared at even higher porosity, and this kind of composite is probably not likely to achieve such a low thermal
conductivity (less than 0,060 Wm'1K'1) without significantly reducing mechanical properties. Since according to EN 13162-
EN 13171 standard series material is only classified as thermal insulator if the thermal conductivity is less than 0,060 Wm’
'K, this kind of material colud not be classified as thermal insulator. Calorific values of prepared composites are 18.507
kJ/g for the higher calorific value and 17.315 kJ/g for the lower calorific value. The values are similar as one would expect
for the cellulose based material. For the possible future applications of this kind of composite board, reaction to fire class
should be established according to the 1ISO 5660-1 test. Having in mind that the full recipe is not defined nor optimized,
this kind of test is not yet conducted. At present, relatively exposed/uncovered organic component could easily burn and
impair poor fire resistant properties. We assume that optimal cover of organic particles with binder would increase
mechanical properties and possibly even give B class fire reaction of the composite. For the chloride content, tests show
less than 0.005 % chloride content and for sulphur content it was less than 0.034 %.

4 CONCLUSION

Water glass, wood wool and almond shell particles with size in range from 2.5 to 1.25 mm in a “sandwich” structure
create a sustainable biocomposite with good mechanical and thermal properties for initial stage of development of a
product. However, both mechanical properties and thermal properties should be further optimized, and reaction to fire
class should be established. Portland cement is not a viable binder for this kind of composite due to the effect of organic
soluble content of almond shells, which postpones main hydration reactions in Portland cement and impedes setting.
Water glass as an alternative binder is a good choice but requires more research to reach satisfactory hydrolytic
properties (for example, the addition of milled zeolite showed increase of hydrolytic resistance under the same
conditions). Using commercial water glass does not produce a composite with acceptable hydrolytic resistance. Mixing
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Portland cement and sodium silicate solution could result in composite with increased hydrolytic resistance. Mechanical
test results are a direct consequence of the shape of tested part of composite board. Sample holder dimensions set the
limitations of the composite cut tested where the wood wool fibres were too short and could not give additional strength to
samples. Further test should be employed on a larger scale sample to mimic the conditions in which the real composites
is employed. Biocomposite made out of waste almond shell and wood wool is a practical way of efficiently taking care of
waste products as well as reducing CO, emissions, but actual CO, balance of the product is not yet possible to calculate
quantitatively because it depends on the final recipe.
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SUMMARY: Fire safety is one of the basic requirements buildings should meet during exploitation period. In recent years,
fagade fires took dozens of human lives and caused great material damage. In the last two years, Serbia's fire safety
regulations have been significantly improved, in line with Serbia's commitments to the EU accession process. Regulation
on Construction Products EU defines the minimum requirements that must be implemented into national legislation of EU
member states and countries in the process of joining the EU. The performance of building materials, and especially the
reaction to fire, which are part of the exterior walls of buildings may significantly affect the possibility of spreading fire on
the facade of the building, as well as the transfer of fire to adjacent rooms in the building affected by the fire. According to
previous research studies on fire safety regulations for housing in Europe, there is still broad variety of systems of
technical requirements for buildings in the various European countries, despite the existence of the Regulation on
Construction Products and the development of Euro Codes. The goals and topics are quite similar, but detailed study
reveals considerable variety of functional requirements, performance requirements, and specifications, with inconsistency
within the requirements of some countries. A comparative analysis of fire safety requirements for residential building
fagades in Serbia, Croatia and Slovenia is performed in the paper, according to the current legislation in all three
countries, in order to evaluate the need for further fire safety improvements. This article focuses on the analysis of fire
safety of fagcades, in order to identify differences in both levels of requirements and strategies that may be significant in
practice.

KEY WORDS: fire, facades, residential buildings, regulations

1 INTRODUCTION

According to World Fire Statistics, in the 2017, the highest percentage of total fires were building fires (37.3%) [1]. The
data on residential multi-storey building fires was collected in Finland and Sweden, for the 2004-2012 and 2004-2011
period, respectively. The results showed that out of average 508 fires per year in Finland, 10% percent of them started as
external ignitions. In Sweden, the average number of fires per year was 2739, with 9% of external ignition fires.
Furthermore, the statistical analysis of building fires reported in United States showed that out of 177,833 fires, 68% were
residential fires. Although exterior wall fires (i.e. fires where external walls are the first ignited construction element) cause
of 1.3% - 3% of total building fires and 2% of residential fires, due to the great extent of fire spread and injuries caused by
combustible fagade systems, in recent years, fagade fires took dozens of human lives and caused great material damage
[2].The unfortunate incidents around the world confirm above stated - Tamweel Tower in Dubai, United Arab Emirates
(2012), Mermoz Tower, in Roubaix, France (2010), residential building in Dijon, France (2010), residential building in
Shanghai, China (2010), etc. [2]. The most recent event with disaster consequences was the Grenfell Tower fire in
London, UK (2017), causing 72 fatalities [3].

The performance of building materials, especially the reaction to fire, which are part of the exterior walls of buildings,
may significantly affect the possibility of spreading fire on the fagade of the building, as well as the transfer of fire to
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adjacent rooms in the building affected by the fire. In order to define the minimum fire safety requirements that must be
implemented into national legislation of EU member states, European Union (EU) sets the Regulation on Construction
Products (CPR) [4]. Serbia, Croatia and Slovenia implemented the CPR in national legislation - Croatia and Slovenia as
EU member states, while Serbia did it in light of the EU accession process. Despite this fact and the fact that regulations
in all three countries were the same and developed in the same manner until 1990s, the variety of fire safety requirements
or even some definitions is present. Also, the same situation is in European Union. Previous research studies on EU
countries regulations revealed a significant differences in functional and performance requirements in European countries
as well [5,6], even after the implementation of CPR and development of Euro Codes. However, there is an initiative in EU
countries to make a further step towards the harmonized regulations. Recently, the project funded by European
Commission proposed a framework for European harmonized method for testing and assessing of fagades [7].

This study aims at analysing the regulatory system in Serbia, Croatia and Slovenia on the example of performance
requirements of residential building facades. Identification of differences should point out the “weak spots” of
implementing the regulations in practice. This is of great importance, having in mind that certain design and construction
companies and construction products are present in the markets of all three countries.

The structure of regulatory system in all three analysed countries is based on the same principals. The main
regulations defining general principles on fire safety are the Law on Fire Protection (Serbia), Fire Protection Act (Croatia)
and Fire Protection Act (Slovenia). Detailed requirements are regulated by bylaws, guidelines and standards [8—10]. In
Croatia, the bylaw is Ordinance on Fire Resistance and other Requirements for Buildings in Case of Fire (hereinafter the
Ordinance). Slovenian bylaw Rules on fire safety in buildings, prescribes Technical guideline TSG-1-001:2019 for Fire
Safety in Buildings (hereinafter the Technical guideline), as mandatory document for fire safety design [11]. These
documents combine the requirements for (among other) residential buildings and fire safety of fagades [12,13]. In Serbian
regulatory system, the Regulation on Technical Requirements for Fire Protection of Residential, Business and Public
Buildings prescribes fire safety requirements for residential buildings in terms of design approach, performance
requirements, etc. Fire safety of fagade is regulated by separate document: Regulation on Technical Requirements for
Fire Safety of External Building Walls (hereinafter Regulation) [14]. Additionally, while in Serbia and Slovenia fire safety of
high-rise buildings is defined in separate documents (Serbia-regulation, Slovenia-guidelines), Croatian regulatory system
incorporated these requirements in the Ordinance [12,14-16]. The fire classification of construction products and
structural elements is based on EU standard EN 13501-1:2010 Fire classification of construction products and building
elements in all three countries, making the basis for comparison of performance requirements. In general, national
standards in each country are adopted EU standards, while the regulatory differences reflect in bylaws, adjusted to
national specificities.

2 METHOD

To analyse and compare fire safety requirements from each country regulation system, the main focus was on
mandatory regulations on fire safety of facades in Serbia, Croatia and Slovenia: Regulation on Technical Requirements
for Fire Safety of External Building Walls (Serbia, Official Gazette 59/2016, 36/2017 and 6/2019), Ordinance on Fire
Resistance and other Requirements for Buildings in Case of Fire (Croatia, Official Gazette 29/13, 87/15) and Technical
guideline TSG-1-001:2019 for Fire Safety in Buildings (Slovenia) [12—14]. Additionally, information was extracted from
other supplementary regulations and technical guidelines on fire safety (i.e. criteria for defining the high-rise buildings).

This paper includes residential buildings fagcade requirements, while other building purpose groups are excluded.
Building design regulations in all three countries use building classification based on European Union Classification of
Types of Construction (CC) [17], but additional classifications are used [13,14,18], taking into the consideration the
relevant building characteristics regarding fagade fire safety (e.g. building height and gross floor area). For the purpose of
comparative analysis of fire safety requirements, the comparison of classifications was made. After defining the types of
residential buildings as subjects of analysis, criteria for conducting the analysis were defined. In order to meet the general
requirements for providing the necessary building fire safety level (e.g. to obtain the load-bearing capacity of the structure
during fire, preventing the spread of fire, safe evacuation of people, etc.) a set of requirements for building materials and
elements is prescribed in regulations. These include reaction to fire of applied materials, fire resistance of structure
elements, horizontal and vertical fagade fire barriers, separation of buildings, etc. [8,9,19]. The key aspect of each
regulation that has the significant impact on of fire safety and performance of fagades was detected, which resulted in
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establishing reaction to fire requirements as criteria for comparative analysis [20]. Additional remarks were made
regarding the horizontal and vertical fagade fire barriers requirements.

3 RESULTS

The comparative analysis of fire safety regulations resulted in defining the reaction to fire requirements as main
comparison criteria. The Table 1 shows building categories listed in regulations and descriptions of residential buildings in
each category. The Serbian regulation classifies buildings in 5 categories, with high-rise buildings being left out and
regulated with specific regulation, which is not focused only on fagades, but all structure elements as well [16]. The same
number of categories is recognized in Croatian Ordinance with addition of the requirements for high-rise building fagades,
while Slovenian Technical guideline use CC classification and additionally divide buildings by height. Despite the fact that
those categories refer to other building purpose groups as well, the Table 1 shows only types of residential buildings,
based on the inclusion criteria of this study.

Table 1 - Building classification in Serbian, Croatian and Slovenian regulations [12—15]

Serbia
Category | Description
A no residential buildings
B ¢ Residential, mixed occupancy (residential-business)with gross floor area <400m?
VA ¢ Residential, mixed occupancy (residential-business) buildings with gross floor area 400m? - 2000m? and
height <15m
V2 ¢ Residential, mixed occupancy (residential-business) buildings with gross floor area > 2000m? and height
15m - 22m.
G ¢ Residential, mixed occupancy (residential-business) buildings with height 22m-30m
Croatia

¢ Detached buildings accessible to the fire-fighters from minimum three sides for the purpose of

extinguishing fires from the ground level, they have up to three above-ground floors, with the height of the
ZPS 1 highest residence floor of maximum 7 meters measured from the fire service access level or from where
the evacuation of endangered people is possible, and which contain one resident unit of up to 400 m?
gross floor area and with up to 50 occupants.

¢ Detached and semi-detached buildings, with up to three above-ground floors, with a 7 meter height of the
residence floor measured from the outside elevation from the fire service access level and from where the
evacuation of endangered people is possible, and which contain maximum three resident units of single
gross floor area up to 400 m? and with a total of up to 100 occupants.

ZPS 2

¢ Buildings with three above-ground floors with the height of the highest residence floor up to 7 meters
measured from the outside elevation from the fire service access level and from where the evacuation of
endangered people is possible, where fewer than 300 persons gather. These buildings are not included in
subgroups 1 and 2.

ZPS 3

¢ Buildings with up to four above-ground floors with the height of the highest residence floor up to 11 meters
measured from the outside elevation from the fire service access level and from where the evacuation of
endangered people is possible, and which include one resident unit without limitation in gross floor area or
more resident units of single gross floor area up to 400 m? and a total of up to 300 occupants.

ZPS 4

¢ Buildings with the height of the highest residence floor up to 22 m measured from the outside elevation
from the fire service access level and from where the evacuation of endangered people is possible, and
which do not belong to the subgroups ZPS 1, ZPS 2, ZPS 3 and ZPS 4, as well as buildings which mostly
consist of underground stories, buildings where immobile persons or persons with reduced mobility reside

ZPS 5

ZPS 6 ¢ High-rise buildings (>22m)

Slovenia

11 ¢ Residential buildings

111 « One-dwelling buildings Up to 10m height; from 10m to high-rise (>22m)

112 e Two- and more dwelling buildings

11301 ¢ Residential buildings with service residences for
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the elderly

11302 e Other residences for communities

After conducting the comparative analysis, it is concluded that regulation approach is the same in all three countries.
The height of the building is recognized as important factor for determination of fire risk in each regulation, which resulted
in building classification according to its height. The height is defined as the distance from ground floor approachable by
fire trucks to the highest residence floor level. [12,13,16]. Slovenian Technical guidelines only refer to buildings up to 10m
high and more than 10m to high-rise height, where the high-rise building is defined as building with height >22m [13].
Serbian regulation defines building categories by setting the building height limit at 15m and 30m and Croatian regulation
sets this limit to 7m and 22m (see Table 1). This is in line with definition of high-rise buildings in each country (Serbian
>30m, Croatia >22m) [12,16]. Single gross floor area is defined only in Croatian Ordinance, while building gross floor area
is defined in Serbian regulation, and along with the building height, describes building categories. Number of residence
units and floors are relevant in Slovenian and Croatian regulations. In addition, Croatian Ordinance takes into
consideration the number of occupants in building and the position of other buildings (e.g. detached and semi-detached
building) [12—-14,18]. These kind of classification criteria are present in other Serbian regulations [21], but in regulations
on fagades are not listed. The findings of building classification analysis showed potential difficulties in conclusive
matching the building classes from different regulations, due to the inconsistency in classification criteria.

3.1 Reaction to fire requirements

Reaction to fire is defined as material response to fire in terms of contribution to fire during the exposure by its own
decomposition. In each country’s regulations, material response in fire is classified according to the European Reaction to
Fire Classification System (Euroclass), defined in European standard EN 13501-1: Fire classification of construction
products and building elements, adopted as the national standard. There are seven reaction to fire classes - A1, A2, B, C,
D, E and F describing material’'s combustibility, where A1 and A2 classes stand for non-combustible materials.
Additionally, three smoke production classes are assigned as criteria for reaction to fire - s1, s2 and s3, where s1 stands
for small amount of smoke production during fire to s3 substantial smoke production. Furthermore, criteria on flaming
droplets and/or particles defines 3 classes: dO, if no flaming droplets/particles occur within 600s; d1, if no flaming
droplets/particles, persisting longer than 10s, occur within 600s; d2, if no performance is declared or if the product does
not comply with dO or d1 classification criteria [22]. Detailed reaction to fire requirements for each country depending on
building categories and fagade types are given in Table 2, Table 3 and Table 4.

Table 2: Reaction to fire requirements for fagades- Serbian regulations [14]

Building category

Type of fagade
B V1 V2 G
Masonry (bricks, blocks, etc.) and concrete (precast or cast-in-place) walls with thermal insulation and
with external masonry, concrete or similar cladding for protection from weathering - non ventilated; pre-
casted self bearing fagade panels

External wall system C-s2,d2 | B-s1, d1 | A2s1,d1 | A2s1,d1
Components of external wall
External layer(s) B-s2, d1 B-s2, d1 A2-s1, d1 A2-s1, d0
Thermal insulation E-s2, d2 E-s2, d1 D-s2, d1 C-s2, d1

Masonry (bricks, blocks, etc.) and concrete (precast or cast-in-place) walls with thermal insulation and
with external masonry, concrete or similar cladding for protection from weathering - ventilated

External wall system Cs2,d2 | B-s2, d1 | A2s1,d1 [ A2-s1,d0
Components of external wall
External layer(s) C-s2,d2 | B-s2, d1 | A2-s1,d1 | A2-s1, d0
Substructure
Dowel type substructure C B A2 A2
Dotted substructure A2 A2 A2 A2
Thermal insulation B-s2, d1 A2-s1, dO A2-s1, dO A2-s1, dO
Masonry (bricks, blocks, etc.) and concrete (precast or cast-in-place) walls with ETICS
External wall system | D-s2, d2 | B-s2, d1 | B-s1, d1 A2-s1, dO
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Components of external wall
Finishing layer(s) C-s2, d1 B-s2, d1 B-s1, d1 A2-s1,d0
Thermal insulation E-s2, d2 B-s2, d1 A2-s1, d1 A2-s1, d0
Table 3: Reaction to fire requirements for fagcades - Croatia [12,18]
Subgroup of buildings
Construction parts High-
ZPS1 ZPS2 ZPS3 ZPS4 ZPS5 rise
Suspended ventilated elements of fagades
Classified system E | Dd1 | D-d1 | C-d1 B-d1 A2-d1
Execution with the following
classified elements
Finishing layer E | D | D | A2dl J[or| Bdl | B-d1 A2-d1
Substructure
Dowel type substructure E D D D D C A2
Dotted substructure E D A2 A2 or | A2 A2 A2
Insulation E D D B A2 A2 A2
Thermal contact system of facades (ETICS)
Classified system E | D | D-d1 | C-d1 | B-d1 A2-d1
Composition of layers with the
following classified
components
Finishing layer E D D C B-d1 A2-d1
E D C B A2 A2

Table 4: Reaction to fire requirements for fagades — Slovenia [13]

. . _— Building height
Groups of (residential) buildings up to 10m | from 10 to high-rise buildings
External wall claddings
One dwelling buildings D-s3,d2 B-d0
Two-and more dwelling buildings D-s3,d2 B-d0
Residential buildings with service gr(.)urld-floo.r buildings D-dO,
residences for the elderly buildings with several above-ground A1 or A2
floors B-d0
for ground-floor buildings D-dO,
Other residences for communities for buildings with several above- A1 or A2
ground floors B-d0
Sandwich panels with metal skin on both sides
Residential buildings | A2-s1, dO
Composite systems for external thermal insulation (ETICS) with combustible insulation
not specified | B-d1 A1or A2
Ventilated fagades (insulation)
not specified | A1 or A2-s1, d0

Types of fagades in Serbian and Croatian regulations are defined in the same way, considering the possibility of their
use as a system or as separate classified components. While Serbian Regulation refers to non-ventilated, ventilated and
ETICS fagade systems, Croatian Ordinance prescribes the set of requirements for ventilated and ETICS facade systems.
Although the building categories could be compared since at least one classification criteria is overlapping, different value
intervals of compared characteristics leads to non-unified categorization. Therefore, the comparison is not completely
transparent. Fagade types in Slovenian regulation are not defined as a system and components like in Serbian and
Croatian regulations, which results in inability to compare the requirements in a precise and exact way.
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The use of F Euroclass materials is not allowed in any of referenced regulations. The lowest material class that can be
applied is E in Serbia and Croatia and D in Slovenia. The smoke spread and the flaming droplets/particles requirements
are defined in Serbian regulation for all types of fagade systems and components (only dO and d1 classes are allowed),
except substructure elements. Smoke production requirements are not prescribed in Croatian regulations, and for some
of the fagade elements only the combustibility class is defined (see Table 4). Non-combustible materials are mandatory
for thermal insulation of ventilated fagades in Slovenian Technical guidance, regardless the building class and height.
This criteria is prescribed for V1, V2 and G classes in Serbian Regulation, and ZPS 4,5,6 in Croatian. Furthermore, non-
combustibility requirements are defined for: building height from 15m in Serbian regulation (V2 and G building category,
except thermal insulation of non-ventilated fagades and ETICS, when installed as external wall system), in Croatian for
some elements even for buildings with 7m height (e.g. dotted substructure) (categories ZPS3, ZPS4, ZPS5 and high rise
buildings) and in Slovenian mainly for the buildings higher than 10m with the exception of sandwich panels (non-
combustible materials are applied in buildings with height lower than 10m).

Considering listed differences, reaction to fire requirements in Serbian, Croatian and Slovenian regulations can be
compared with certain adjustments of building classifications. The consequences of differences in building classification
and reaction to fire requirements as well as mutual impact of these two criteria is explained in following example (Table
5).

Table 5 - Differences in building classifications and reaction to fire requirements in Serbia, Croatia and Slovenia - example

Building 1: Building 2: Building 3:
Building e H=9.5m e H=12.5m, o H=25m
o o four above-ground floors, o five above-ground floors,
description |, 4 residential units on each floor, |e 4 residential units on each
e 64 occupants, floor,
. 2
Country e gross floor area: 2520m ¢ 80 occupants ,
e gross area: 1000m e gross floor area: 250m
« gross area: 1250 m?
system: B-s2, d1 system: B-s2, d1 system: A2-s1, dO
Serbia V1 N V1 finishing layers: B-s2, G finishing layers: A2-
finishing layers: B-s2, d1
insulation: B-s2, d1 d1 s1,d0
' ’ insulation: B-s2, d1 insulation: A2-s1, dO
. 7PS system: C 7PS system: B-d1 7Ps system: A2-d1
Croatia 4 5 6
finishing layers: C finishing layers: B-d1 finishing layers: A2-d1
insulation: B insulation: A2 insulation: A2-d1
system: B-d1 system: A1, A2 system: A1, A2
Slovenia | 112 112 high-
rise
NA NA NA

In Table 5 the characteristics of three buildings are listed. The buildings are classified according to the criteria in each
country’s regulation. Furthermore, for each building class, the reaction to fire requirements for ETICS fagade system are
defined.

Table 5 shows that level of matching between reaction to fire criteria mostly depends on the building height. For the
building 1, Serbian and Slovenian regulations prescribe B fire class for fagade systems, although smoke production class
is defined only in Serbian regulations (see Table 5). Croatian Ordinance requirements are less strict, allowing C-d1 class
for fagade systems. Regarding the fagade components, Serbian regulation prescribes B class for both finishing and
insulation layer, while C class is allowed for finishing layer and B class for insulation by Croatian Ordinance. Since
building 2 is higher than building 1, it is classified differently in Croatian and Slovenian regulations due to additional
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criteria defined, while it keeps the same class in Serbian regulations. This resulted in reaction to fire requirement being
the same for the fagade system in Serbia and Croatia (class B), while Slovenian regulations require A1 or A2 class.
Regarding the facade components, Croatian regulation is more strict for the thermal insulation layer, prescribing A2
combustibility class. Finally, the complete matching is possible for building 3 (i.e. building height >22m), where all three
regulations require the combustibility class A1 or A2 (non-combustible materials), with exception of Serbian regulation
which prescribes both smoke production class and flaming droplets/particles class as well. This points out the variety of
requirements, more in strictness of prescribed reaction to fire classes (due to the different building classification and
differences in maximum height within one class), than in the general fire safety concept.

Additionally, Serbian regulation prescribes the reaction to fire of finishing (decorative) layers when they are not a
component of fagade system. Requirements are defined depending on the thickness of the layer and percentage of
fagade covered by the layer [14]. Due to the fact that this requirement does not exist in Croatian and Slovenian
regulations, it was not taken into consideration.

3.2 Horizontal and vertical fire barriers - general notes

Vertical and horizontal fire barriers on fagades are used for preventing the fire spread on fagades [12—14,20]. Minimum
requirements for horizontal and vertical barriers vary in dimensions, while the concept is the same for each country -the
openings are rounded with non-combustible materials and horizontal continuous belts are built in the facade of alternating
floors for preventing the vertical fire spread. Horizontal fire spread is prevented by built in non-combustible vertical
barriers. Reaction to fire of barriers is defined as at least A2-s1, dO in Slovenian technical guidance [13], while in Serbian
regulation fire resistance class of barrier is prescribed depending on it’s position. Class A1 is mandatory on the borders of
the fire segments (part of the building consisting of two or more fire compartments) and A2 on the borders of the fire
compartments [14]. Croatian Ordinance prescribes A1 and A2-s1, dO classes for barriers preventing horizontal and
vertical fire spread [11].

4 CONCLUSIONS

This paper presents the comparative analysis of fire safety requirements for residential buildings fagades, considering
the Serbian, Croatian and Slovenian current fire safety legislation. By reviewing the regulations, it is concluded that the
general framework and approach to fire safety is based on the same general principles in all three countries. Each
country has regulations adjusted to national specificities, while national standards are adopted EU standards.

The regulations where analysed by two fagade performance-related criteria: reaction to fire and general requirements
for horizontal and vertical fire barriers. Furthermore, differences in building classifications are recognized as the main
issue in applying the regulations in practice, since it is the first step in defining the performance requirements. Although
building classes from one regulation could be matched with the classes from other with certain adjustments, there is no
possibility to establish the conclusive system, since the criteria for classification vary in each country’s regulation.
Reaction to fire requirements varies in terms of the level of requirements, depending mostly on height of the assessed
building. While Serbian and Slovenian regulations prescribe the higher requirements for lower buildings, this changes with
the increase of building height, where Croatian and Slovenian regulations become more strict than Serbian. Complete
match in reaction to fire requirements is possible only for buildings higher than 22m. Additionally, regulations refer to
different facade descriptions and types. This makes the comparison and application of different regulations non-unified
and less exact. By analysing the minimum requirements for horizontal and vertical barriers in all three countries
regulations, it is concluded that the concept of designing the barriers is the same. Insignificant variations occur in
dimensions, but in all regulations the use of non-combustible materials for horizontal and vertical barriers is mandatory.

The study presented in this paper should be considered as an initial step towards the comparison of Serbian, Croatian
and Slovenian regulations, while, for more detailed analysis, additional studies should be conducted, considering all fire
safety requirements. These kinds of analysis are deemed as the basis for creating the single market in Serbia, Croatia
and Slovenia with the support of implemented CPR as a tool. Although CPR prescribes harmonized rules for the
construction products market, the regulations in these countries should provide the same concepts and level of fire safety
requirements. In order to support the single market, a certain level of regulation transparency in interpretation should be
provided as well, so the regulations could be understood and implemented more easily in design and construction
practice in the region.
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SUMMARY: The sulfate resistance of four types of concrete immersed in 5% Na,SO, or 5%MgSO, solutions for period of
24 months was investigated. Two water to cement ratios were varied (0.38 and 0.55) and two types of common cement
were used: Portland cement (CEM | 42.5R) and blastfurnace cement (CEM Ill 32.5N LH/SR). Control specimens were
cured in lime-saturated water. Sulfate resistance was monitoring through change in compressive strength and volume
change. Thermogravimetric analysis and differential scanning calorimetry (TGA-DSC) were used as an additional
analysis. It is concluded that both methods (change in compressive strength and length change) show results that lead to
the similar assessment of sulfate resistance. The experimental results of chosen methods showed that the effect of w/c
ratio was more pronounced for the portland cement, while the blastfurnace cement was less affected by an increase in
the w/c ratio. Concrete will achieve satisfactory sulfate resistance after immersion in sulfate solutions for 24 months if
appropriate type of cement or water to cement ratio is chosen.

KEY WORDS: CEM llI, sulfate resistance, compressive strength, length change, TGA-DSC

1 INTRODUCTION

The sulfate resistance of concrete is mainly dependent on the water/binder ratio and the composition of cement as it
determines how much ettringite or gypsum form initially. The expansion of mortars/concrete containing conventional
cement blended with supplementary cementitious materials (SCMs) such as blast furnace slag is lower than the
expansion of plain Portland cements [1]. The hydration reaction of slag reduces the amount of calcium hydroxide (CH),
produces additional C-S-H which refines the pore structures [2] and thereby lowers the availability of CaO [1]. It leads to
the formation of a smaller quantity of ettringite and gypsum, as well as to lower crystallization pressures [2] and thereby
increase the sulfate resistance of concrete [2]. Also, more aluminum is bound in the low Ca/Si C-S-H phases present in
these binders and thereby reduces the availability of aluminium for additional ettringite formation [4].

Ground granulated blast furnace slag (GGBS) has been widely used as a supplementary cementitious material (SCM)
to improve the sulfate resistance of concrete [2]. It is industrial by-product and using it in cementitious materials is
environmentally beneficial as it helps in reducing carbon dioxide emissions and energy use due to cement production [5].
Namely, the manufacture of GGBS is more environmentally friendly than that of PC. Compared to PC, GGBS requires
less than one fifth of the energy to produce, generates one fifteenth of carbon dioxide emissions and does not require
quarrying of virgin materials [6]. The use of slag as a partial replacement of Portland cement (PC) in blended cements
and in ready mixed concrete (e.g. CEM Il according EN) not only consumes large amount of unused waste produced by
the steel industry, but also reduces the carbon dioxide emissions arising from cement manufacture and reduces the
energy required by the cement industry.

External sulfate attack is caused by the interaction between sulfate rich water or soil (most often with Na,SO, and
MgSQO,) and cement paste in concretes. Cracking, expansion and loss of bond between the cement paste and aggregate
are common damages [7]. Testing with sodium and magnesium sulfate is reported that magnesium is more deleterious
for blended cements, like slag blended CEM IlI/B cement with high levels of cement substitution [8]. Slag blended
cements have been reported to show surface deterioration rather than expansion compared to CEM | binders. The
formation of M-S-H (decalcified C-S-H) and brucite (magnesium hydroxide) have been reported for different cements
exposed to magnesium sulfate solutions. Brucite precipitates in high pH environments due to a very limited solubility of
this mineral. The hydroxide ions are supplied by destabilization of cement hydrates like portlandite and C-S-H. The result
of this process is decalcification of the binder with precipitation of gypsum as the released calcium reacts with the sulfate
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ions in solution.-The lower calcium content of the slag blended mortars means that gypsum formation leads to a stronger
decalcification of C-S-H, so that M-S-H forms instead of leached C-S-H and brucite as in the case of CEM |. Surface
erosion is a less significant form of deterioration for the CEM | mortars as it occurs only on the edges and corners. For the
CEM I1I/B binder, surface erosion is the dominant deterioration mechanism. Weak zones, of predominantly M-S-H, form
and fall off; exposing fresh surface to degradation. Consequently, the sulfate ions do not penetrate to any significant
depth and macroscopic expansion does not occur. Any length changes observed are due to surface degradation in
proximity of the gauge alignments, and would probably not be seen if the alignment pins were more deeply embedded [8].

The paper presents the results of the resistance to sulfate attack of concrete in which two types of cement and two
water to cement ratios were combined. For the evaluation of sulfate resistance of these concretes, immersed in sodium
and potassium sulfate solutions, a drop of compressive strength, length change and thermal analysis (TGA-DSC) were
used. The results of a long-term testing (730 days) of the sulfate resistance of selected types of concrete are presented in
this paper. By the analysing the literature in this field it has been concluded that there is a lack of such research, so this
paper contributes to better understanding of the behaviour of the concrete with different compositions exposed to sulfate
solutions over a long period of time.

2 EXPERIMENTAL

Sulfate resistance of four concretes was determined by immersing specimens in 5% Na,SO,4 and 5% MgSO,, Two
types of cement (CEM | 42.5R and CEM I1I/B 32.5N LH/SR) and two w/c ratios (w/c4=0.55 and w/c,=0.38) were varied. In
all mixtures the river aggregate was used as fine and coarse aggregate.). For the evaluation of sulfate resistance of these
concretes a drop of compressive strength, length change and thermal analysis (TGA-DSC) were used.

2.1 Materials and mixture proportion

For the preparation of concrete the following component materials were used:

Cement: Portland cement CEM | 42.5R and Low heat/sulfate-resistant cement CEM I11/B 32.5N LH/SR.
River aggregate (0/4mm, 4/8 and 8/16mm).

Chemical admixture (HRWRA - "SikaViscoCrete 3070" and "SikaViscoCrete 5500HP", "Sika"- Switzerland).
Tap water.

The basic physical properties of cement were tested according to standards EN 196-1, EN 196-3 and EN 196-6.
Aggregate was tested according to EN 932-1. Based on the mineralogical-petrographic analysis of aggregate, the
dominant mineral is quartz (75%), followed by calcite (13%), while the other minerals are present in a smaller percentage.

The concrete mix was designed based on the following conditions:

Absolute volume of cement and water is around 0.3m?.

Maximum grain size is 16mm.

Two w/c ratios were used in this study: 0.38 and 0.55.

The amount of super-plasticizer was based on the need to achieve the required consistency.
Air content was approximately 2%.

Designed compositions of concrete mixtures and their labels are shown in Table 1.

Table 1: Mixture proportions of concrete in kg/m3

Concretes m¢ (CEM I) m¢ (CEM IlI) m, Ma Mac Mpk w/c
NPC1 350 - 192.5 930 858 - 0.55
NPC2 423 - 161.0 936 864 59 0.38
NMC1 - 338 186.0 936 864 0.7 0.55
NMC2 - 416 158.0 937 865 2.5 0.38

mc-quantity of cement; my-quantity of water; mas-quantity of fine aggregate; m,c-quantity of coarse aggregate; mspk-quantity of super-
plasticizer; w/c-water-cement ratio
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2.2 Curing, specimen preparation and labels

All specimens were cured in lime-saturated water for 28 days. After that period, compressive strength was determined
by testing three specimens from each mixture. One third of the remained specimens were transferred to containers with
5% Na,SO, and another third in 5% MgSO, solution where they were stored until testing periods (90, 180, 365 and 730
days). The last third of specimens were submerged in lime-saturated solution for 90, 180, 365 and 730 days.

The cubic specimens of 150mm were tested for compressive strength at the age of 28 days (designated as 0) and
cylindrical specimens (D=100mm, H=100mm) were tested for compressive strength at 90, 180, 365 and 730 days
immersed in sulfate solutions. For each mixture and for each solution, three specimens were tested. Length change was
determined on prismatic specimens (100x100x500mm) For each mixture and for each solution, three prisms were
measured once a week until the above-mentioned observed periods.

Specimens from each mixture were categorized in three series and labelling with five letters in the following way: those
with the first letter "E" were cured in lime-saturated water solution, those with "N" were immersed in 5% Na,SO, solution
and those with "M" were stored in 5% MgSO, solution. The second letter in the label ("N") indicates the natural aggregate.
The third letter refers to the type of cement: "PC" stands for CEM | and "MC" stands for CEM lll. And the last letter
denotes w/c ratio:"1" is for w/c=0.55 and "2" is for w/c,=0.38. The value of compressive strength at the age of 28 days
was taken as the initial value labelled as 0, meaning that the time of exposure to different conditions (sulfate and lime-
saturated solutions) started from this point.

2.3 Methods

Compressive strength was tested according to EN 12390-3 before the specimens were immersed in sulfate solutions
and after storing them in these solutions for 90, 180, 365 and 730 days.

The length change was measured continuously according to the procedure given in UNI 11307.

Thermal analysis TGA-DSC was determined on all specimens for 730 days. TGA-DSC tests (Setaram, Labsys Evo)
with a balance accuracy of 0.1ug, were performed on the specimens of ~30mg, crushed material, by heating in alumina
crucible, 20-1000°C, at 10°C/min heating rate under argon atmosphere.

3 RESULTS AND DISCUSSION

3.1 Compressive strength

The average results of concrete compressive strength after 90, 180, 365 and 730 days of immersion in MgSQO,,
Na,SO, and lime-saturated water are presented in Table 2. In this table are also presented the strength values prior to the
exposure to sulfate solutions at 28 days (0 days).

Table 2: Compressive strength (MPa) of specimens

Concrete 0 90 180 365 730 Concrete 0 90 180 365 730
series days days days days days series days days days days days
ENPC1 46.3 54 .4 55.1 56.3 59.3 ENMC1 31.8 45.3 46.4 49.7 46.3
NNPC1 55.8 42.9 27.6 20.8 NNMC1 43.4 46.1 45.1 48.9
MNPC1 56.3 52.3 48.8 36.4 MNMCH1 43.3 42.5 44.3 43.7
ENPC2 72.5 79.3 87.9 87.0 96.5 ENMC2 52.8 70.0 71.4 71.7 71.5
NNPC2 80.7 79.7 87.6 86.4 NNMC2 62.6 64.7 69.2 67.5
MNPC2 81.1 71.5 81.4 75.1 MNMC2 76.0 74.7 80.1 72.0

From the data in the Table 2 it can be concluded that almost all concretes have an increase in compressive strength
after all observed periods of exposure to Na,SO, or MgSO, solutions (90, 180, 365 and 730 days) corresponding to 28-
day reference specimens. The exception is concrete with CEM | and w/c=0.55 immersed in Na,SO, and MgSQO, solutions
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for 180, 365 and 730 days. The series that were immersed in Na,SO, solution showed a decrease in compressive
strength of 7% (NNPC1 after 180 days), 40% (NNPC1 after 365 days) and 55% (NNPC1 after 730 days). The specimens

exposed to attack of MgSQO, solution had a decrease in compressive strength of 21% (MNPC1 after 730 days of exposure
to solution).

For the better understanding, relative compressive strength values are illustrated in Figure 1. These values present the

relation between the compressive strength of specimens immersed in selected sulfate solution and their corresponding
reference values of the same age.
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Figure 1: Changes of compressive strength of concretes exposed to sulfate solutions in relation to corresponding strength of reference
specimens

After 90 days of storing in both sulfate solutions, concretes with CEM | (NNPC1, MNPC1, NNPC2, MNPC2) did not

show any significant difference in compressive strength compared to reference series (ENPC1, ENPC2). Concretes with
CEM 11l showed little change in compressive strength, up to 10%.

After 180 days of immersion in Na,SO, and MgSQO, solutions concretes with CEM | (Figure 1a, 1b) showed greater
decrease of compressive strength compared to 90 days and it was about 22% for series NNPC1 and about 19% for
series MNPC2. For concretes with CEM 1l a decrease was up to 10% for both sulfate solutions.

Concrete with CEM | and w/c,=0.55, after 365 and 730 days of immersion in both sulfate solutions had the greatest
decrease of compressive strength. These decreases were 51% and 65% for NNPC1 after 365 and 730 days respectively
and 13% and 39% for MNPC1 for the same periods. The remarkable strength loss after 730 days of immersion in MgSQO,
solution had series with CEM | and w/c,=0.38 (MNPC2) and it was about 22%. On the other hand concretes with CEM llI,

regardless of the type of sulfate solutions and water to cement ratio showed a change in compressive strength up to 10%,
which is not so significant.

The calculated values of compressive strength decrease were compared to 25% strength loss limit for sulfate resistant
concrete given by Mehta [13], to evaluate sulfate resistance of tested concretes. Based on that criterion, series with CEM
| and w/c,=0.38 (NNPC2, MNPC2) and all series with CEM Ill (NNMC1, MNMC1, NNMC2, MNMC2) have satisfactory
sulfate resistance for the observed periods of time (up to 730 days). It can be noticed that series MNPC2 is very close to
this limit value (22%) after 730 days of exposure to MgSO, solution. Series with CEM | and w/c,=0.55 (NNPC1) do not
fulfil the chosen criterion already for 365 days immersion in Na,SO, solution.
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3.2 Length change

Length change results of reference concrete specimens as well as specimens immersed to Na,SO, and MgSQO,
solutions are shown in Figure 2. Every one of four diagrams presents monitoring of the length change for one concrete
mixture depending on the type of solutions and the time of exposure.
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Figure 2- Length change of concretes exposed to sulfate solutions and lime - saturated water

From Figure 2 it can be observed that the lower water to cement ratio leads to significantly reduction of the linear
expansion of concrete specimens with CEM | immersed in sulfate solutions (Figure 2a, 2b). However, this fact is not
noticed for concretes with CEM III (Figure 2c, 2d).

Undoubtedly the largest linear expansion has concrete mixture with CEM | and w/c,=0.55 for both sulfate solutions. By
comparing the values of linear expansions of concrete specimens with CEM | and w/c1=0.55 (Figure 2a) stored in
different solutions it is seen that there are no significant differences among corresponding measured values. Concrete
mixture with CEM | and w/c,=0.38 show the similar behaviour but with significantly smaller values of linear expansion.
The concrete specimens with CEM Il have smaller values of linear expansion compare to specimens with CEM |, for both
water to cement ratios. The specimens immersed in MgSO, solution have larger values of linear expansion compare to
specimens stored in Na,SO, solution for all observed period.

For evaluation of sulfate resistance of observed concrete mixtures, the calculated values of length changes were
compared to expansion limit given by Miller and Manson [13]. They proposed expansion of 0.2%. as the limit value for
sulfate resistance of concrete. As can be seen, concrete with CEM | and larger water to cement ratio exceeded this limit
after approximately 160 days storing in sulfate solutions, while concrete with same cement but smaller water to cement
ratio reached it after 650 days. Concrete specimens with CEM IIl and both water to cement ratios have length expansion
significantly below chosen criterion even after 730 days of expose to both sulfate solutions. Based on this criterion, all
series with CEM Il have satisfactory sulfate resistance for all observed periods.

3.3 TGA analysis

Figure 3 presents the TGA-DSC curves of all concrete samples stored in lime-saturated water, Na,SO, and MgSO, for
730 days. The thermal decomposition behaviour shows several characteristic temperature ranges that can be identified
according to the mass loss in TGA curves and DSC peaks. All samples present an evident mass loss with wide peak
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around 100°C, attributed to the loss of physically bound water. Another significant peak is at around 460°C due to
dehydration of portlandite. After exposure to sulfate attack, the mass loss corresponding to the portlandite is reduced for
samples with higher water to cement ratio and both type of cement. At the same time with this decrease, the amount of
lost mass is increased up to 200°C, which can be attributed to the formation of gypsum and/or ettringite. Also, the amount
of portlandite is higher for samples with CEM | compare to samples with CEM Ill. It can be explained by the fact that the
secondary hydration reactions of slag in CEM Ill decrease the portlandite contents. Samples exposed to the sulfate
solutions have significant peak about 140°C that are believed to be due to gypsum. The amount of gypsum is greatest for
samples immersed in MgSO, for all observed concretes. One new peak noticed at about 130°C for MNPC1. It may be
assigned to ettringite. The weight loss in the range 500-920°C could be related to: the weight loss of structural OH
groups from C-S-H gel (DSC at ~570°C) and decomposition of carbonate (DSC at ~ 770°C or 780°C). Amount of mass
loss in this range is less for samples with CEM lll. The mass loss that is assigned to the C-S-H gel was smaller for
samples immersed in magnesium solution compare to the reference one, maybe because of transformation this gel to M-
S-H. The samples MNPC1 have one additional peak about 400°C that may be assigned to brucite.

The total mass loss (from 20°C to 1000°C) for specimens with CEM I is from 11.0% to 12.7% and for specimens with
CEM Il is smaller, and is from 7.6% to 10.9%.
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Figure 3- TGA-DSC of specimens exposed to solutions for 730 days

4 CONCLUSION

The cement type, i.e. its chemical and phase composition, has the greatest impact on concrete resistance to sulfate
corrosion, while the effect of water to cement ratio depends on the type of cement and has negligible influence on sulfate
resistance of concrete with CEM IIl. The results show that concrete with CEM | and smaller water to cement ratio and
concrete with CEM Il satisfy the criterion given by Mehta for compressive strength even after 730 days of exposure to
sulfate solutions. The expansion limit given by Miller and Manson was satisfied in concretes with CEM Il and both water
to cement ratio for observed period.

TG/DSC analysis indicates on microstructure changes (i.e. formation of ettringite, gypsum and M-S-H) for the samples
exposed to MgSO, solution. By the measuring of volume changes of tested concretes, it was noticed that concretes with
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CEM Il showed the highest length change values of all concrete specimens exposed to MgSO, solution for 730 days.
This length change values can be connected with weight loss of these concretes up to 200°C (corresponding to the loss
of absorbed water and water from the other calcium aluminate hydrates, decomposition of gypsum, ettringite and C-S-H)
and at #570°C (corresponding to decomposition of C-S-H) in comparison to the concretes exposed to Na,SO, solution.

This investigation shows that over a long period of exposure to the aggressive solutions, MgSQO, solution causes a
litle more surface damage than Na,SO, solution in case of concrete with CEM IIl. This statement is confirmed by
changes in linear expansion and by thermal analysis.
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SUMMARY: 3D printing (or ‘additive manufacturing’ (AM)) systems used to manufacture cementitious structures, either
in-situ or off site, utilise specialist formulations. This paper describes a new cementitious formulation which can be
extruded from a syringe device without the requirement for the addition of an accelerator at the nozzle. This miniature
approach brings advantages in that the system required is smaller, lighter, consumes less power and is suitable for
mounting on robots which are not reliant on external power or material supplies. Applications of this smaller scale system
include concrete crack repair in hard to access areas and printing of specialist conductive formulations which can be used
for sensing. Cementitious pastes were successfully printed using a miniature deposition device which could be carried by
a small robotic printing agent. Appropriate workability and buildability following deposition was achieved through the use
of cellulose gum additions to the mix formulation. Analysis and characterisation tests carried out on fresh mixes enabled
comparison of a 1:1 mix of aluminium lactate and diethanolamine with the commercially available accelerator Master X-
Seed, and mixes with no accelerating admixture added. When compared to results featuring no accelerating agent, tests
demonstrated that Master X-Seed was the more effective accelerator, promoting early compressive and flexural strength
development, but neither accelerator made a constructive contribution to required rheological properties. Master X-Seed
was the more effective accelerator, but rheology results suggest the difference occurs logistically too soon for a
miniaturised deposition system. The retardation effect of cellulose gum and the potential role of in-situ and off-site
miniaturised AM methods are evaluated.

KEY WORDS: 3D printing, cementitious material, accelerators, workability, buildability, rheology.

1 INTRODUCTION

Previous academic and industrial research into the use of cementitious-based materials in additive manufacturing
(AM, which is often referred to by the term ‘3D printing’) has evolved at a considerable rate over the previous decade. It is
now estimated that there are currently thirty projects worldwide investigating 3D printing with cementitious materials for
building and civil use in the construction industry [1]. The vast majority of investigations are based upon the AM principal
of fused deposition modelling (FDM), which involves the extrusion of a suitably viscous-like material (which could be
cementitious or polymeric) through a nozzle to create an object, which may have been designed as a three-dimensional
model within software and then ‘sliced’ into horizontal layers, one discreet horizontal layer at a time [2].

Deposition in the cementitious-based material projects had predominantly taken place without the use or requirement
of a permanent or temporary supporting formwork. This additive approach, which only uses material specifically required
for the object, starkly contrasts with traditional subtractive methods [3] which have typically been employed historically in
the construction industry — a sector which can be viewed as being conservative and risk-averse [4].

Within the construction industry, AM technology is still in a relative state of infancy [5] and the technology has been
relatively slow to make a significant breakthrough in terms of practice and profile, especially when compared to
manufacturing-based industries such as aerospace and automotive [6].

AM offers the construction industry several advantages over traditional practise. By building layer by layer, only the
material specifically required is deposited, thus significantly reducing material wastage on a construction-scale project.
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Less labour is required for an automated AM process, reducing costs, delays and the risk of accidents. When an
integrated approach involving services is undertaken, there are potential cost benefits to a project in the reduction of
timescales, despite potentially high raw material costs [3]. Additionally, AM also offers bespoke design at little extra cost
[3], as a complex, architecturally innovative design typically takes no longer to 3D print than a more straightforward
rectilinear design.

The reduction of labour-related accidents, injuries and fatalities is the major justification for increased automation in an
inherently dangerous industry which regularly involves working in difficult-to-access locations and at height. Between
2012 and 2017, there were 196 fatalities in the construction sector in the UK, of which 96 were due to falling from high
places. Meanwhile, 11,520 injuries owing to falls from height are reported each year. The death toll in the construction
sector is four times that of all other industries [7]. Automated construction systems possess the potential to substantially
address this situation and promote a safer construction environment.

A cementitious-based viscous material suitable for AM construction must possess an appropriate balance between
‘pumpability’ (the ability of a fresh mix to move through a deposition system), ‘printability’ (the level of ease at which
material passes through a nozzle) and ‘buildability’ (the ability of freshly deposited material to retain shape following
extrusion and when subjected to load from subsequent layers) [8]. Within this conference paper, ‘pumpability’ and
‘printability’ are encompassed by the general term ‘workability’.

A mix possessing good workability requires liquid-like behaviour and low viscosity, whereas a mix containing good
buildability exhibits more solid-like behaviour and high viscosity. There is an inherent trade-off involved in the formulation
of a suitable cementitious-based material for AM construction, with the aim being the realisation of a material which
possesses an appropriate balance between these two crucial parameters. The formulated cementitious mix must possess
sufficient buildability to enable passage through the deposition device used whilst also possessing sufficient buildability to
allow the extruded material to retain its shape following deposition and resist excessive deformation which may arise from
the subsequent deposition of further layers of material.

There are differing approaches employed for deposition of cementitious-based materials using FDM-based AM
extrusion methods. Systems often employ a cementitious mixture containing a retarder which is easily pumped from the
mixer. Just prior to the nozzle, an accelerator is then added ensuring a suitably rapid set upon printing to mitigate against
sagging of the extruded filament and to allow multiple layers to be printed on top of one another within an acceptable time
period.

AM extrusion equipment is often on a large, construction scale with the deposition device being mounted on a frame
or gantry. Examples of this approach include concrete printing, developed at Loughborough University, UK [9], [10] and
Contour Crafting, developed at the University of Southern California, USA [11]. Alternative methods involve using a large
compound robotic arm with multiple degrees of freedom which is either stationary or mobile when situated on a movable
platform allowing larger prints. An example of this approach is the digital construction platform project developed by the
Massachusetts Institute of Technology, USA [12].

A further option involves the use of smaller, coordinated multiple mobile agents. This approach involves extra
elements of complexity, as each mobile unit involved must be aware of the location and activity of the other printing
agents in order to avoid collisions in movement and duplication of deposition in identical or similar locations [13]. The
approach of using smaller, multiple agents inherently requires the miniaturisation of the deposition equipment involved in
relation to larger, construction scale methods. The advantages of using a multiple smaller agent approach is the potential
for reducing timescales due to the successful implementation of agents simultaneously printing, the possibility of greater
precision due to enhanced mobility for detailed repair work of structures and the printing of conductive specimens for
experimental work involving monitoring sensors.

A crucial decision in the formulation of AM cementitious-base mixes is deciding on which approach is used to control
the rheology of the fresh mixes and achieve the desired balance between workability and buildability. Two main
contrasting options are available. Firstly, the use of accelerating admixtures, the effects of which do not begin immediately
while the material is passing through the deposition equipment, but instead take effect once the material has been
deposited in order to stiffen the mix to avoid deformation following deposition of subsequent layers. This approach
involves high precision with regards to timing; if the accelerator takes effect too soon, the material can stiffen within the
deposition device and will not be viable to print. The second approach, as an alternative to accelerating admixtures, is to
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formulate the mixes so that the fresh rheological properties do not require further acceleration. This can be achieved by
adding an agent which possesses shear-thinning properties to the mix. Such materials promote a reduction in viscosity of
a fresh cementitious-based material while it is under stress, for example moving through a deposition device, while also
promoting an increase of viscosity once the material is deposited and retaining shape while at rest. However, extruded
filaments are subsequently stressed by successive layers and need to continually resist deformation.

Here we report both material approaches in the context of a multi-agent deposition system with miniaturised deposition
devices. Mixes containing accelerating admixtures and shear-thinning visco-elastic mixes, without accelerating
admixtures, were investigated and the results evaluated to determine a suitable approach. A key consideration is timing —
if the accelerator is to be effective for a miniaturised AM system, it must not take effect too soon as enough time must be
allowed for the deposition of a complete cartridge. The miniaturised deposition device system used by the authors
requires approximately 25 minutes to make the mix, load the cartridge, fully extrude the material and withdraw the
deposition device. Therefore, the effectiveness of the accelerators will be judged accordingly by performance relative to
this timescale.

2 METHODOLOGY
This section outlines the methodology involved in the manufacture of the mixes and the various tests carried out.

2.1 Mix specification and manufacture

Three mixes were manufactured: Mix 1 which featured no accelerating agent, Mix 2 which featured the commercially
available product Master X-Seed 100 (supplied by BASF, UK) and Mix 3 which employed a laboratory formulated
accelerating admixture of 1:1 Aluminium Lactate to Diethanolamine (individual chemicals supplied by Sigma-Aldrich, UK).
Previous research demonstrated the effectiveness of aluminium lactate — diethanolamine combinations as an accelerating
agent for a simple cement paste featuring CEM | [14], along with just water and plasticiser [15]. Mix proportions were
determined by weight and mix constituents by percentage of weight are shown in Table 1.

Dragon Alpha CEM | 42.5R CEM | was the basis of the mixes for this study. The binder was augmented by the
addition of type — ‘F’ pulverised fuel ash (PFA) (EN-450, supplied by Cemex). The ratio of CEM I:PFA in all three mixes
was 65:35. The polycarboxylate-based superplasticiser Master Glenium ace 499 was added to provide extra workability to
the fresh mixes whilst maintaining a water/binder ratio below 0.5 in order to promote strength in the cured material.

Hydroxyethyl methyl cellulose (HEMC) gum (Walocel VP-M-7701, supplied by Dow Chemicals) fulfilled two important
functions as an admixture in the mix. Firstly, in preliminary tests it provided a high degree of water retention and
‘thickening’ of the mix which reduced constituent segregation and the potential for dead zones within material cartridges
primarily via the mechanism of water sorption [16]. Secondly, it possessed shear-thinning properties, decreasing viscosity
when mixes were subjected to shear stresses and increasing viscosity when the mix was at rest. It was utilised in other
cementitious-based material investigations for these properties [17].

Mixes were manufactured by firstly hand-mixing the dry constituents, followed by the addition of water, plasticiser and
accelerating admixture (where specified). Mechanical mixing was applied using a beater moving in planetary motion for a
period of 60 seconds at 60 revolutions per minute (rpm) followed by gathering the mixture together by hand and a further
period of mixing at 120 rpm for 60 seconds.

Table 1 - Mix formulation showing constituent quantity as a percentage of weight

Mix Mix 1 Mix 2 Mix 3
CEM | % Wi. 45.6 46.2 46.2
PFA % Wt. 24.6 24.9 24.9
Hydroxyethyl methyl cellulose, HEMC % Wh. 0.61 0.62 0.62
Plasticiser % Wit. 0.74 0.72 0.72
Water % Wi. 28.5 24.4 24 .4
1:1 Aluminium lactate: Diethanolamine % Wt. - - 3.25
Master X-Seed % Wh. - 3.25 -
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| Total % | 100 | 100 | 100 |

Extrusion tests were carried out utilising a miniature deposition device featuring a 60ml capacity syringe as the
material cartridge suitable for a small multiple agent printing robot to carry. For a full specification and images of the
device, the reader is referred to [15]. The ability to extrude circular beads of material through an 8 mm diameter nozzle
was attempted at 25 minutes, 50 minutes and 75 minutes after initial mixing of the constituents.

2.2 Analysis and Characterisation

Rheology of the test mixes was assessed to quantify the effects of the accelerating solutions added. Oscillation tests
were carried out on a TA Instruments DHR-2 rheometer to determine the complex modulus G*, of the fresh mixes. This
served to quantify the rigidity of the fresh mixes determined by the extent to which deformation is recoverable (elastic
modulus, solid-like behaviour) or non-recoverable (viscous modulus, liquid-like flow) and summing the two components.
Disposable aluminium flat plates with a 25 mm diameter upper geometry and 40 mm lower plate were used with a
geometry gap of 1 mm, into which material was inserted immediately following the completion of mixing. The
displacement-controlled oscillatory tests used a small angular velocity of 5.0 x 107° radians per second, ensuring that the
material stayed within the linear viscoelastic region. A constant frequency of 1 Hz equating to an angular frequency of
6.28 radians per second and a plate temperature of 25°C was maintained.

A cone penetrometer test was used to evaluate the difference between mixes 1 and 2 while a body of freshly mixed
material was at rest and exposed to the environmental temperature (the laboratory temperature was 21.5° +1° for mix 1
and 17.5° £1° for mix 2, with relative humidity for both tests at 72% 1£3%). 150 g batches of freshly mixed material were
transferred to a circular container (as shown in Figure 7). The cone of the penetrometer device was adjusted to touch the
surface of the mortar, with this initial distance reading recorded. At five-minute intervals over a period of 90 minutes, the
cone was released and the depth to which the tip penetrated the material was recorded.

Figure 1 - Cone penetrometer tests showing (a) the lowering of the tip, (b) penetration of the fresh material and (c) the stiffening
material at the conclusion of a series of tests conducted at five minute increments.

Compressive and flexural strength tests were carried out 24 hours following the formulation of mixes to ascertain the
extent to which the accelerating admixtures impacted upon early strength. A 50 kN Instron Universal 2630-120/305632
testing machine was used for mechanical tests. Prismatic test specimens of the test mixes were manufactured in
accordance with British Standards BS EN 12390-5:2009 (BSI, 2009) and tested in four-point bending to determine
flexural strength and on 40 mm x 40 mm sections of the prisms to determine compressive strength.

Dry samples of the HEMC powder were coated in a 10 nm layer of gold to prevent charging and increase the signal-to-
noise ratio prior to imaging at magnifications of x43 and x500 using a JEOL SEM6480LV Scanning Electron Microscopy
(SEM).

3 RESULTS

Mixes can be considered to have an open time in excess of 75 minutes as the deposition device was still able to
extrude the material in 8 mm diameter beads at this point (but could not be extruded at 120 minutes). It can be observed
in Figure 2, which shows mix 2, that material experienced stiffening, with the 75-minute extrusions showing greater
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precision and definition in the vertical line printed. This was similarly evident in mix 1, which was also easier to extrude
than mix 2. Mix 3, which although extrudable, did not produce defined layers at the 75 minute stage.

Figure 2 - Beads of mix 2 extruded by the deposition device at (a) 25 minutes, (b) 50 minutes and (c) 75 minutes after mixing.

Figure 3 shows the complex modulus G* of mixes 1 to 3. It is important for a miniature deposition device that G*
values should be low enough to allow extrusion, but high enough for extruded material to retain shape and resist
deformation. A miniature deposition device inherently requires lower G* value material than large, powerful construction
scale deposition equipment (capable of extruding stiffer material, albeit with greater energy requirements). The material of
all three mixes exhibited visco-elastic behaviour, with a tendency towards elastic, solid-like properties in fresh material
flow; in all mixes G* component Elastic modulus dominated over the viscous modulus component. It can be seen that
Master X-Seed exerts the greater influence over G* (increasing from 3 MPa to 5 MPa at 25 minutes) in the early stages of
the test. It can be surmised that given the deposition difficulties at two hours, a G* value of between 3 — 6 MPa is suitable
for a miniature deposition device; less than this value would signify a mix which was too workable for AM.

Mix 1 (No acc) Mix 2 (X-seed)

Mix 3 (alum/dieth) ===-- 25 minutes
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Figure 3 - Complex modulus G* for Mixes 1-3, with the 25-minute mark indicated.

Figure 4 (left) shows the cone penetration results for mixes 1 (no accelerator) and 2 (Master X-Seed) with the
laboratory temperature indicated. Master X-Seed can be observed to have had an impact on material stiffening at 90
minutes, although the cone was still able to penetrate the mix 2 material by 5 mm.

1 day compressive and flexural strength tests are shown in Figure 4 (right). Master X-Seed contained in Mix 2 made a
significant difference to both flexural and compressive strength, with the aluminium lactate-diethanolamine combination
contained in mix 3 having no discernible effect.

SEM results are shown in Figure 5. The HEMC microstructural image shows water-absorbing fibres between 10 and
50 um in diameter. These micro-fibres wrap around water molecules, adsorbing water and expanding, reducing
segregation and bleeding in the fresh mix.
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Figure 4 — (a) Cone penetrometer tests showing mix 1 (no accelerator) and mix 2 (Master X-Seed). (b) Flexural and compressive
strength tested 1 day after mixing for mix 1 (no accelerator), mix 2 (Master X-Seed) and mix 3 (aluminium lactate-diethanolamine).

Figure 5 — Scanning Electron Microscope (SEM) images of Hydroxyethyl methyl cellulose (HEMC) particles at (a) x43 and (b) x500
magnification.

4 DISCUSSION

Master X-Seed was the more effective of the two accelerators, promoting the development of strength and stiffness
and the extrusion of defined, straight layers. Aluminium lactate and diethanolamine did not prove to be an appropriate
accelerating admixture for a cementitious mix containing cellulose gum.

Water-retaining cellulose ether particles adsorb on to the surface of calcium hydro-aluminates resulting from initial
CsA-water reactivity, delaying the dissolution of C;A and effectively retarding the fresh mix. With gypsum both present and
absent, cellulose ethers have been shown to retard the crystallisation of calcium hydro-aluminates [18]. Through
adsorption, cellulose ethers can also reduce the nucleation and growth rate of calcium silicate hydrate (C-S-H) on the
surface of C3S particles [19].

Master X-Seed consists of a suspension of nanosized crystalline C-S-H seeds and is designed to promote the rapid
nucleation and growth of C-S-H crystals, primarily targeting the reduction of the dormant period following initial C3;A
reactions [20]. When using Master X-Seed and considering the demonstration of cellulose ethers adsorbing on to C-S-H
particles, it is suggested that mixes developed in this study may have experienced retardation at this later stage, with the
effectiveness of Master X-Seed diminished by the presence of cellulose ethers. However, in this study it is the early
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stages of reactivity following mixing which are of prime interest. Although accelerators designed to target silicate hydration
and benefit the development of long-term strength are not designed to have radical early effects [21], Master X-Seed did
demonstrate an early accelerating influence with mixes showing increased G* and strength.

A solution comprising aluminium salt and diethanolamine is an alkali-free accelerator, which are designed to act upon
aluminates, introducing a larger quantity of aluminium ions into the fresh mix to achieve acceleration [22] and promoting
the quick formation of needle-like ettringite particles with the intention of stiffening the mix rapidly [21]. The presence of
lactic acid in cement has been shown to accelerate aluminate phases rather than silicate phases [23]. Therefore, if
cellulose ether inhibits the formation of hydration products arising from initial C;A reactivity, aluminium lactate —
diethanolamine ceases to be an effective accelerating solution and is not appropriate for AM extrusion processes.

HEMC molecules increase the viscosity of the water in the mix by adsorbing on to water molecules, expanding and
attracting molecules in adjacent chains. Cellulose ether molecules entangle and intertwine amongst themselves at low
shear rates, but at high shear rates disentanglement and subsequent alignment parallel to flow direction occurs [24] - this
pseudoplastic behaviour is desirable for a miniaturised AM deposition device suitable for a multiple agent approach.
Cellulose ether molecules additionally readily absorb moisture from the air [24].

However, considering the performance of Master X-Seed in tests, in practical use, a period of time following the
completion of mixing has to be allowed for loading the material into a cartridge, placement of the cartridge into a
deposition device, attachment of the deposition device to a printing agent and allowing the printing agent to manoeuvre
into position before material can start flowing through the system and the full cartridge extruded (taken as 25 minutes in
this study). It can be seen in the G* tests (Figure 3) that Master X-Seed affects the mix prior to this time and suggests that
it may be inappropriate for AM due to the risk of excessive stiffening occurring in the material while still in the deposition
device prior to extrusion. After this timescale, it is suggested by rheology results that Master X-Seed becomes less
effective, with the mix with no accelerating agent achieving the highest complex modulus G* value post-extrusion.

Two possible alternative options are available for miniaturised AM. Firstly, the shear-thinning properties of the fresh
mix could be used to provide sufficient buildability following deposition without the need for an explicit acceleration
admixture to be applied. Further admixtures known to possess shear thinning properties as an alternative to HEMC, such
as Diutan gum or Welan gum [25] could be trialled in miniaturised AM mixes.

A second option would be to investigate the use of calcium aluminate cements (CAC). The addition of CAC to a
cementitious binder promotes the formation of C3A and the rapid hardening or ‘flash setting’ of material [26], [27]. CAC
may be added into a Portland cement-rich system, in which CAC would supplement the main binding materials of CEM |
and PFA. CAC may additionally be the primary binding constituent in a mix; however, it is suggested that this approach
may be challenging for AM, with the risk of a flash-setting occurring while material was still within the deposition system.
The aim of this approach would be to control the quantities of CAC added as a minority constituent to a CEM I-rich
system to avoid a short-timescale flash-set. Furthermore, adding calcium sulphate (CS) and retarding or accelerating
constituents compatible with CAC may also need to be investigated and added as appropriate to achieve this aim and
avoid C;A flash-setting.

Considering the role that multi-agent AM extrusion may take in the construction industry, there are broadly two
possible contrasting applications — on-site, in-situ construction or repair of monolithic structures or off-site pre-fabrication
of elements and components, which would be transported to site for assembly. Transporting prefabricated materials to
site can be costly and challenging and autonomous in-situ construction can improve process control and adaptability to
site conditions [12]. However, materials used in monolithic buildings created in-situ can be highly difficult to recycle or
reuse in further construction following the initial design life of a building. Typically, for in-situ concrete buildings demolition
is the economic and only viable process [28].

In contrast, the manufacture of prefabricated components using indirect mechanical connections to assemble
promotes design for disassembly and the potential to reuse or recycle building elements following the completion of first
use [29]. In-situ construction typically adheres to linear economy principals of make — use — disposal whereas off-site pre-
fabrication is suitable for sustainable construction practices which adhere to circular economy principals, where at the end
of design life buildings are disassembled and the elements are either rearranged into a different configuration reflecting a
change of use, or recycled for further use in construction without being downgraded (such as crushed aggregate for roads
in the case of concrete [28]). Research into reversible design and off-site prefabricated designs appropriate for
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disassembly is taking place in Europe in research investigations such as the Circular bio-based construction industry
(CBCI) [30] and Buildings as material banks (BAMB) projects [31].

5 CONCLUSIONS

These experiments have shown that in a cementitious mix with a viscosity suitable for AM with a miniaturised
deposition device, Master X-Seed is the more potent accelerating agent. The retardation effects of HEMC within a
cementitious paste reduce the effectiveness of aluminium lactate - diethanolamine. However, considering the requirement
of fresh material to first pass through a deposition system in the AM process, it can be concluded that Master X-Seed may
also not be entirely suitable. This is because the impact of the accelerator may occur while fresh material is still passing
through a deposition system and high workability and low viscosity are desired at this stage. To allow for variation in the
timing of deposition following the mixing of fresh material, this study suggests that using a shear-thinning rheology-
modifying agent is a suitable, and time-flexible, approach to provide sufficient buildability with miniaturised AM.
Alternatively, the use of CAC as a minority constituent to control the stiffening process may be investigated with a
deposition system of known deposition timescales so that workability remains high pre-extrusion with the onset of rapid
stiffening of the paste as soon as possible post-extrusion.
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SUMMARY: As UHPC itself is a very brittle material, steel fibres are usually used to achieve a more ductile behaviour.
Because of the viscosity of the UHPC matrix in its fresh state, the steel fibres follow the direction of the filled in concrete
and, as a result, they are more or less randomly oriented, which means that only a small amount of them are aligned in
the required direction to absorb tension stresses. Due to that fact, it is difficult to predict the behaviour of UHPFRC
components while loading because only a small amount of fibres can be taken into account for designing the structure.
Furthermore, it is not efficient and, in particular, not ecological to insert more steel fibres than required to achieve the
desired result. Concerning this, an existing approach is to align the steel fibres in the fresh liquid UHPC with magnetic
fields. This proceeding can lead to an increasing of the material efficiency. The focus of the present case study is to align
steel fibres in UHPFRC members and in subsequently added strengthening layers.

KEY WORDS: UHPFRC, fibre alignment, electromagnetic fields, subsequent strengthening

1 INTRODUCTION

Ultra- High Performance Concrete (short: UHPC) is an high- tech material which is based on a very fine grain size
distribution out of cement, micro silica, quartz powder, quartz sand, water and super plasticizer. With this composition, it is
possible to reach compressive strengths of more than 150 MPa after 28 days. Due to the fine matrix, UHPC has almost
no capillary pores. This fact leads to a high resistance against Chloride or freeze- thaw cycles and this causes a higher
durability of UHPC compared to Normal Strengths Concrete (short: NSC).

In addition to these benefits resulting from the high packing density, also some disadvantages occur by using UHPC
as a structural building material: UHPC is a very brittle material, which can exhibit an almost exploding behaviour under
compression. Moreover, UHPC is not able to absorb any tension stresses, which makes the structural behaviour of
concrete members difficult to predict. The most common way to handle these disadvantages is to add steel fibres in the
UHPC matrix.

However, problems still occur when using steel fibres in UHPC structures such as the fibre orientation, which is
influenced, among other things, by the pouring mechanism and the geometry of the concrete member. Due to that fact, it
is difficult to predict the behaviour of UHPFRC components while loading because only a small amount of fibres can be
taken into account for designing the structure. Furthermore, it is not efficient and in particular not ecological to insert more
steel fibres than required to achieve the desired result. Concerning this, an existing approach is to align the steel fibres in
the fresh liquid UHPC with magnetic fields [1] [2] [3]. This proceeding can lead to an increasing of the material efficiency.

2 PRE-TESTS

According to [2] pre-tests with ultrasound gel were performed to see the effect of the magnetic alignment. Therefore,
some transparent formworks (4 x 4 x 16 cm) were produced to fill them up with gel and fibres. To make the test
comparable with real UHPFRC matrix, the gel fibres combination was mixed with water to get the same spread flow
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measurement as the UHPFRC. After that, the magnetic alignment was performed with one permanent magnet (Neodym;
SuperDym C20).

Figure 1: Pre- tests on fibre alignment with a permanent magnet

Figure 1 shows the test specimen before (left) and the specimen after the magnetic treatment with the permanent
magnet (right). The movement of the magnet was in longitudinal direction of the specimen. It is obvious that the fibres are
aligned in the direction of the magnetic movement and are concentrated along the surrounding surfaces of the formwork.

Unfortunately, the matrix behaviour and especially the inner viscosity couldn’t be rebuilt by just using ultrasonic gel
with fibres. Therefore, quartz sand was added to the mixture but with this combination, it was not possible to see the
fibres anymore and so the following tests were already performed with UHPFRC matrix.

3 TESTING PROCEDURE

The current paper deals with the magnetic orientation of steel fibres in UHPC, which means Ultra-High Performance
Fibre Reinforced Concrete (short: UHPFRC). The most common setting for testing the possible magnetic alignment of
steel fibres is to use a coil and to adjust the formwork with the fresh concrete in the core to align the fibres in longitudinal
direction of the member. The idea of the present case study is to use the magnetic alignment while applying
strengthening layers on already existing concrete parts. Therefore, NSC Plates (C 50/60) were produced with the
dimensions 70 x 15 x 5.5 cm (see Figure 2).

o) w0
o — A A-A o
NN
> —_ UHPFRC [ [
(#9] LO_ | l.Q [+n]
. NSC
[ ':..A
7 ‘ 56 ‘ 7 15
| |
70

Figure 2: dimensions of the bending test specimens in cm

To investigate a real bond behaviour between the substrate and the overlay concrete, the interface layer was
roughened with high pressure water jetting (HPW). A mean roughness of 2 — 2.5 mm was measured according to the
sand patch method [4].

Figure 3: left: sand patch method; right: formworks for the overlay concrete
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In Figure 2 and Figure 3 (on the right side) it can be seen that the overlay concrete has not been casted until the very
end of the substrate. This is because of the fact that a strengthening layer in reality also cannot be produced under
support.

To investigate the alignment effect of different concrete mixtures, the amount (2 and 3 Vol-%) and length of fibres (5
and 9 mm) in the mixtures were varied. For the alignment of the fibres in the matrix, so called permanent magnets
(Neodym; SuperDym C20), with a quadratic shape and a side length of 2 cm were used. One magnet has and adhesive
bond strength of 11.5 kg on steel.

- setup with 4 magnets

~ = direction of the alignment

UHPFRC

NSC

Figure 4: alignment with 4 magnets

Figure 4 schematically shows the alignment of the fibres in the UHPFRC matrix. The setup with the 4 magnets was
moved in longitudinal direction of the concrete member. Here it has been varied the number of movements and the speed
of moving them over the length of the specimen (slow: 0.5 m/s, fast: 1.0 m/s). To make it easier to compare the results, a
labelling has been introduced that shows the number of movements and the speed (see Table 1). To compare the aligned
UHPFRC overlays with ordinary poured (non-treated) ones, 2 reference plates of each test series were cast. In addition,
each test series consists of two test specimens. Table 1 depicts the test setup of alignment.

Table 1: Test setup of alignment

Test series | Label Fibre length | Fibre content | Number of | Speed
[mm] [Vol-%] movements

! B ° 2 4 Slow

2 B 5 3 4 Slow
B |9 2 4 Slow

3 c_ |9 2 2 Siow
D 9 2 4 Fast

4 B 9 3 4 Slow

To investigate the effect of the alignment, bending tests were performed according DIN EN 12390-5 for testing the
bending tensile strength. Figure 5 depicts the test setup in the lab.
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Figure 5: test setup for testing the strengthening with the aligned fibres in UHPFRC

The middle span between the supports was 60 cm, while the load introduction points were positioned in 20 cm
distance from the supports.

The test setup was defined as a 4- point bending test but due to the higher forces, which have been reached by using
9 mm long fibres in the UHPFRC matrix, shear failure occurred in the regions of the support and therefore the setup has
been changed to 3- point bending. The test was performed way controlled with 0.5 mm /min. The deflection was
measured in the middle of the specimen on the bottom side. The test results are shown in the following load deflection
diagrams. It has to be mentioned that subsequently strengthened plates without alignment of the fibres in the overlay are
labelled with NA (no alignment) and plates which were produced with magnetic alignment are labelled with A (alignment).

Z 24000 — — Reference plate 4- point
S —— Reference plate 3- point
e 2%_5mm_NA
200004 0 e 2% Bmm_NA
—2% 5mm A
»»»»»» 3% S5mm_NA
=112 0 i T . - s S 3%_5mm_NA
——3%_5mm_A
—— 3% 5mm_A
12000
8000
) T S
4000 / - B T
g "B
0 T T T 1
0 1 2 3 4

Deflection [mm)]

Figure 6: test results 5 mm fibres 2 and 3 Vol-%
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Z 24000 4 — —Reference plate 4- point
8 —— Reference plate 3- point
I —— 2% 9mm_NA
20000 - Smm_A
9mm_ A 24
9mm_A 24
9mm_A fast
16000
9mm_A fast
12000
8000 A
4000
b = e - S —
0 ’ T T T T T T 1
0 2.5 5 75 10
Deflection [mm]
Figure 7: test results 9 mm fibres 2 Vol-%
Z 24000 - — — Reference plate 4- point
§ —— Reference plate 3- point
i -esees 3%_9mm_NA
00004 3238000000000 e X 3% 9mm_ NA
—— 3% 9mm_ A
—3%_9mm_A
16000 -
12000 -
8000
4000
/ S
O e d I 4 1 ! ) LS 1
0 25 5 75 10

Deflection [mm]
Figure 8: test results 9 mm fibres 3 Vol-%

The previous Figures 6 - 8 are showing the load deflection diagrams of the bending tests with different material and
alignment setups as explained in Table 1. Obviously, the strengthening of the substrate with the subsequent added layer
of UHPFRC increased the load bearing capacity of the concrete member by at least more than 150 %. It can be seen that
by using a fibre length of 5 mm, the ultimate load bearing capacity is negatively influenced after the magnetic aligning
process, while in case of using 9 mm long fibres the mean ultimate loads are higher than the not aligned reference plates.
Especially Figure 7 depicts the influence of the number of movements of the magnets over the concrete surface because
the post- peak behaviour is more pronounced. The speed of the movements had no noticeable effect on the load bearing
capacity.

Table 2 shows the summarized test results of the bending tests. Label A means reference plates with overlay, but
without magnetic treatment.
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. . Mean ultimate | Mean deflection
Test series Label | Test setup | Alignment load [kN] [mm]
A . No 16 1.5
! B 4 point Yes 15.5 15
A . No 18 1.5
2 g | +pont Yes 16 15
A 4- point No Shear failure -
A 3- point No 15.5 2.5
3 B 4- point Yes Shear failure -
B Yes 15 2.5
C 3- point Yes 17.25 3
D Yes 16.75 3.5
A . No 19.5 3
4 g | > Point Yes 22 35
Reference* - 4- point - 5 1.3
Reference* - 3- point - 5 1.3
* without overlay — only substrate
The properties of the used concretes are listed in Table 3.
Table 3: material properties of the used concretes
Compressive Spl|t.t|ng Young’s
. tensile
Material strength strength Modulus
MPa]* MPa]*
NSC (C50/60) 66 5 38.000
UHPFRC 2Vol-%, 5mm 138 11 45.000
UHPFRC 3Vol-%, 5mm 150 15 46.000
UHPFRC 2Vol-%, 9mm 147 13 47.000
UHPFRC 3Vol-%, 9mm 150 16 52.000

* day of testing

4 VISUAL CONTROL OF THE ALIGNING EFFECT WITH CT- ANALYSES

To check the effect of the aligning process, small test specimens with a side length of 4 cm and a thickness according
to the plates of 2.5 cm were cut out of the UHPFRC overlays and scanned with a Micro CT in cooperation with the
University of Applied Sciences Wiener Neustadt in the labs of MedAustron. To demonstrate the visual analysability,
pictures of the mixtures were combined with 5 mm long fibres as depicted in the following Figure 9.

It can be seen that the orientation of the fibres has been achieved with the magnetic treatment up to a depth of 2 cm
from the top. As observed in the bending plates, the orientation of the 5 mm fibres is negatively affected by the aligning
process because it seems that the fibres are bundled together in one direction and the effect of interaction between the

different orientations is disturbed.

Moreover, it has to be mentioned that because of the viscosity of UHPFRC and the low thickness of the overlay, the
fibres were already well orientated after pouring without magnetic treatment.
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Not aligned, 5 mm fibres, 2 Vol-%  Aligned, 5 mm fibres, 2 Vol-% Aligned, 5 mm fibres, 3 Vol-%

Figure 9: CT evaluation of the 5 mm fibres alignment effects

In case of using the 9 mm long fibres and the reached effect of the higher ultimate load bearing capacity, it is assumed
that the inner resistance and the lever arm of the fibres in the UHPC matrix is bigger compared to the 5 mm fibres and so
it is more difficult to align the fibres along the desired direction. Therefore, there were no bundles of fibres in the
specimens and some fibres could be aligned as requested which led to the higher loads.

5 CONCLUSION AND PREVIEW

The present case study deals with the possibility of magnetic fibre orientation in UHPFRC. Therefore, subsequently
strengthened concrete members of C 50/60 were produced and tested with 3- and 4- point bending procedures. The
subsequently added strengthening UHPFRC layers differ in the amount and the length of the fibres as well as the number
of movement and the speed of the magnetic aligning process.

The following observations could be made during the variation of the fibre contents: By varying the fibre content while
using the 5 mm fibres, the flexural strength was found to deteriorate after the magnetic aligning process. In case of
varying the 9 mm fibres content, no improvement in flexural strength was observed at a fibre content of 2 Vol-%, and even
a slight deterioration. However, at a fibre content of 3 Vol-%, the performance remained the same compared to the
unaligned strengthening layers, and even a slight increase in the flexural strength was observed.

Magnetic fibre orientation in UHPFRC is possible. The length of the fibres has a big influence on the positive outcome
of the alignment process, as well as the number of movements. In case of using the 9 mm long fibres, it is assumed that
the inner resistance and the lever arm of the fibres in the UHPC matrix is bigger compared to the 5 mm fibres and so it is
more difficult to align them along the desired direction. In the present case study these facts were advantageous,
because due to the dimensions of the strengthening layer, and especially the thickness, the fibres were already sufficient
aligned of right after pouring because of the viscosity of the UHPFRC matrix. Therefore, by trying to align the 9 mm fibres,
there were no bundles of fibres in the specimens and some fibres could be aligned as requested, which led to the higher
loads. While performing the aligning process, it is important to check whether there are no fibre bundles because these
are negatively affecting the interaction of the fibres next to each other over the whole width of the specimen. The speed of
the alignment process had no apparent effect on the load-bearing behaviour of the strengthened plates. The increased
number of movements of the magnet across the strengthening layer showed a positive effect in the case of the 9 mm
fibres in one test specimen.

The next step would be to test the alignment with a big coil and the alignment with robotic support. Results of these
test setups should show the possibility of using these procedures in precast fabrics among others.
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SUMMARY: Despite numerous national regulations, it has been shown that the traditional practice when insulating
building envelope is insufficient if not enough attention is given to thermal bridges. Heat losses through thermal bridges
are much higher than the heat losses through the surrounding area. Because of that, the thermal bridges are
accompanied by lower surface temperatures, resulting in the higher risk of water vapour condensation and the formation
of mould, and ultimately building damage. Therefore, much attention should be given to the design of thermal bridges and
ultimately, its construction. This paper deals with the impact of thermal bridges on the outer building envelope of the
ventilated fagade system of the first ECO-SANDWICH® house in Croatia. The house is built in Koprivnica as part of the
Green Zone project. It is designed according to the standards for passive houses using innovative, ventilated Eco-
sandwich® fagade panels, designed at the Faculty of Civil Engineering, University of Zagreb. All the details in this paper
are modelled as two-dimensional, according to the HRN EN ISO 10211 standard. The numerical calculation is carried out
by software specialised for the heat flow and thermal bridge calculation — Flixo. The output result, linear heat transfer
coefficient (W), which quantifies the impact of linear thermal bridges on the one-dimensional heat flow, is analysed by
variation of parameters, such as thermal insulation thickness. Finally, the numerical results are compared with the results
obtained by default values of linear thermal bridges according to the standard HRN EN ISO 14683. This comparison is
made to show the error between the results obtained by the numerical calculation and the default values, which are
typically taken in the traditional calculation of heat losses in buildings.

KEY WORDS: Thermal bridges; Eco-sandwich; linear thermal transmittance; thermal transmittance; Flixo.

1 INTRODUCTION

Since the building sector is responsible for approximately 40% of the total energy consumption and 36% of total CO,
emission, the European Council issued the Energy Performance of Building Directive (EPBD) in 2002. After the energy
crisis, the Council has made the Directive mandatory in order to satisfy the Kyoto protocol agreement [1]. Because of the
severity of the problem regarding the energy consumption and CO, emission, two more versions of the Directive were
issued. The second version from 2010 set the goals to reduce energy consumption by 20% and increase the use of
renewable energy by 20% [2]. As a result of that decision, the number of nearly zero-energy buildings and passive
houses increased. Due to the high thermal insulating power of these buildings transmission heat losses through these so-
called weak points of building elements (e.g. thermal bridges) became more pronounced. If thermal bridges are not
adequately designed and, more importantly, adequately built on-site, then higher heat losses may occur.
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Because of the change in the surface temperature between the thermal bridges and undisturbed area of the building
elements, building damage such as surface condensation and mould may occur. If these problems are not adequately
solved, they can have harmful effects on human health. The studies show that in approximately 70% of cases, the main
reason for building damage is moisture [3]. This paper gives the analysis of thermal bridges that occur in prefabricated
ventilated fagcade system in Flixo software [4] which is validated by EN ISO 10211 standard [5] (Thermal bridges in
building construction — Heat flows and surface temperatures — Detailed calculations). Flixo uses the finite element
method to calculate the temperature distribution over the cross-section of the building envelope element for stationary
heat transfer. For each thermal bridge, the linear heat transfer coefficient g, which quantifies the impact of linear thermal
bridges on the one-dimensional heat flow, and temperature factor fgs;, which quantifies the risk of surface condensation,
are calculated. Numerical analysis is done in accordance with HRN EN ISO 10211 [5] standard. The numerical results are
then compared with the results obtained by default values of linear thermal bridges according to the standard HRN EN
ISO 14683 [6]. This comparison is made to show the error between the results obtained by the numerical calculation and
the default values, which are typically taken in the traditional calculation of heat losses in buildings.

2 METHODOLOGY

Thermal bridges are characterised by two or three-dimensional heat losses through the building envelope. Because of
the higher-dimensional heat transfer calculation, a numerical analysis is needed. The procedure used for the numerical
analysis of thermal bridges is given by HRN EN ISO 10211 standard. That procedure is implemented in Flixo — a Finite
Element Method (FEM) based software used for the calculation of heat losses through building elements. The results of
the analysis are the temperature and total heat flux distribution throughout the whole building element from which the
linear heat transfer coefficient @ (y-value) is calculated. Since the calculation of the U-value, y-value and fgg; is not based
on the numerical calculation, the following standards are used:

HRN EN ISO 10211 Thermal bridges in building construction — Heat flows and surface temperatures — Detailed
calculations [5].
HRN EN ISO 6946 Building components and building elements — Thermal resistance and thermal transmittance —

Calculation methods [7].

HRN EN ISO 10077-2 Thermal performance of windows, doors and shutters — Calculation of thermal transmittance —
Part 2: Numerical method for frames [8].

HRN EN ISO 14683 Thermal bridges in building construction — Linear thermal transmittance — Simplified methods
and default values [6].

TRRUETIB Technical Regulation on Rational Use of Energy and Thermal Insulation in Buildings [9].

3 CASE STUDY

The building being analysed is the first ECO-SANDWICH® house in Croatia (Figure 1a). The house is a result of the
collaboration between the University of Zagreb, Faculty of Civil Engineering, and the industry (BETON-LUCKO d.o.0.,
KNAUF INSULATION d.o.o0. and EURCO d.d.). Apart from being the first house built from the ECO-SANDWICH® panels,
it is the first passive house built from recycled materials. The house has three storeys and a flat roof. Each storey has one
apartment. The main structure is made of concrete (Figure 1b), and the outer concrete layer is fixed to the load-bearing
structure by metal fastenings (Figure 1c).

The thermal bridges analysed in this research are shown in Table 1 with their numerical counterparts (geometrical
models). Three thermal insulation (TI1) thicknesses are chosen in order to show the dependence of the impact of thermal
bridges for different Tl thicknesses. Fagade metal fastenings can be considered as point thermal bridges since the heat
flow around them cannot be described as two-dimensional. According to HRN EN ISO 10211, point thermal bridges can
be neglected. Furthermore, layers with a negligible thickness (such as hydro isolation and vapour barrier) can also be
neglected. In the case of ventilated fagade systems, HRN EN ISO 10211 dictates that all layers after the ventilated air
cavity (from the ventilated air layer to the outermost exterior layer) should not be a part of the numerical model and that
the exterior boundary condition should be modelled using the internal surface resistances. However, during the
construction process of the prefabricated building elements, temperature and relative humidity sensors were installed in
characteristic layers of the panels [10], and they can be used to model the boundary condition inside the ventilated air
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cavity.

Boundary conditions are chosen from the in-situ measurements [10] as -2,7 °C for the surface temperature of the
element bordering the air cavity, with the surface resistance Rq; = 0 W/(m2 K). Internal boundary conditions are modelled
with the internal air temperature of 20 °C and the internal surface resistance according to HRN EN ISO 6946 [7]. The
roller shutter box is modelled according to HRN EN ISO 10077-2 standard as a separate submodel, and the result of the
submodel is the U-value and it is used for the calculation of one-dimensional heat losses through the roller shutter box.

e

N

b) concrete structure

a) sout and east fagade c) fagade metal fastenings
Figure 1: ECO-SANDWICH® house

Table 1: Thermal bridge details (taken from [11])

Description Designed Numerical model
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4 RESULTS

In Table 2, U-values and wy-values of all seven thermal bridge details are shown for Tl thickness of 10, 15 and 20 cm.
The y-values are calculated using external (y.), overall internal (y.;), and internal (y;) dimensions of the corresponding
thermal bridges according to [5]. These results are compared with the default values given in [6] (Table 3) and are shown
in Figure 2.

Table 2: U-values and y-values of thermal bridge details for Tl thickness of 10, 15 and 20 cm according to the numerical analysis

Detail 1 | Detail 2 | Detail 3 | Detail 4 | Detail 5 | Detail 6 | Detail 7
Us (W/(m?K)]| 0,167 0,105 0,167 0,167 0,167 0,167 0,511
Uz [W/(m? K)]| 0,166 0,167 0,167 0,080 0,094 0,518 0,127
g Us [W/(m? K)] - 0,167 0,167 - 0,080 - -
Y. [W/(im K)]| 0,019 0,122 -0,051 0,017 0,066 0,001 0,172
W, [W/(m K)]| 0,166 0,185 0,083 0,017 0,066 0,001 -
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W, [W/(mK)]| 0,166 | 0,185 | 0,083 | 0017 | 0,066 | 0,052 -
U [WI(m?K)]| 0,217 | 0,124 | 0220 | 0220 | 0,220 | 0220 | 0,511
U, W/(m?K)]| 0,220 | 0220 | 0220 | 0,080 | 0094 | 0518 | 0,155
Us WI(m2K)]| - 0,220 | 0,220 - 0,080 - -
W, W/(mK)]| 0012 | 0,139 | -0,052 | 0,013 | 0,077 | 0001 | 0,187
W, W/(mK)]| 0,184 | 0201 | 0,102 | 0,013 | 0,077 | 0,001 -
W, [W/(mK)]| 0184 | 0201 | 0,102 | 0013 | 0,077 | 0,067 -

Tl thickness 15 cm

Table 2 continued

U, [W/(m?K)]| 05314 | 0,150 | 0,320 | 0,320 | 0,320 | 0,320 | 0,511
U, [W/(m?K)]| 0,320 | 0,320 | 0,320 | 0,080 | 0,094 | 0518 | 0,198
Us WI(m2K)]| - 0,320 | 0,320 - 0,080 - -
W, [W/(mK)]| -0,010 | 0,159 | -0,054 | 0,007 | 0,090 | 0,003 | 0,229
W, W/(mK)]| 0211 | 0,218 | 01138 | 0,007 | 0,090 | 0,003 -
W, W/(mK)]| 0211 | 0218 | 0,138 | 0,007 | 0,090 | 0,099 -

Tl thickness 10 cm

Table 3: y-values of thermal bridge details for Tl thickness of 10, 15 and 20 cm according to HRN EN ISO 14683

HRN EN ISO 14683

Detail 1 | Detail 2 | Detail 3 | Detail 4 | Detail 5 | Detail 6 | Detail 7
W, [W/(m K)] 0,6 0,6 -0,05 0 NA 0 NA
Y.i[W(mK)]| 0,8 0,75 0,15 0 NA 0 NA
¥; [W/(m K)] 0,8 0,75 0,15 0 NA 0,1 NA

Minimal surface temperatures on the internal surface and their corresponding temperature factors are calculated to
determine the risk of surface condensation on the internal surface (Table 4). The temperature factors are calculated for
the internal air temperature of 20 °C and the external air temperature of -2,7 °C (Table 4).

Table 4: Minimal surface temperatures and temperature factors

Detail 1 | Detail 2 | Detail 3 | Detail 4 | Detail 5 | Detail 6 | Detail 7

Tl thickness 20 cm
Bsi,min [°C] 18,56 | 15,88 | 18,99 | 17,81 14,42 | 19,38 | 17,54
frsi [-] 0,94 0,82 0,96 0,90 0,75 0,97 0,91
Tl thickness 15 cm
Bsi,min [°C] 18,31 15,49 | 18,72 | 17,89 | 14,47 | 19,18 | 17,44
frsi [-] 0,93 0,80 0,94 0,91 0,76 0,96 0,91
Tl thickness 10 cm
Bsi,min [°C] 17,86 | 14,96 | 18,21 17,43 | 14,57 | 18,80 | 17,24
frsi [-] 0,91 0,78 0,92 0,89 0,76 0,95 0,90

Detail 1:

As can be seen in Figure 2a, y-values calculated using a numerical model are much lower than those given in [6]. For
the thermal insulation thickness of 20 cm, the y-value given in [6] is 60 times higher than the y-value calculated from the
numerical analysis results if external dimensions are used for the calculation of the y-value and 4,8 times higher if internal
(or overall internal) dimensions are used. The change in the thermal insulation thickness affects the y-value significantly.
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If the thermal insulation thickness is reduced from 20 cm to 15 cm, then the y-value calculated using the external
dimensions (ye) is reduced by 58%. If the thickness is reduced from 15 cm to 10 cm, then that difference is 108%, and for
the reduction of thickness from 20 cm to 10 cm that difference is as high as 152%. For the y-value calculated using the
internal dimensions (y;), the change in the Tl thickness does not affect the y-values as significantly. If the Tl thickness is
reduced from 20 cm to 15 cm, the difference is 10,8%; 14,7% for the reduction from 15 cm to 10 cm and 27% for 20 cm to
10 cm reduction. The simplified analysis of the surface condensation on the internal surface shows that there is no risk for
the surface condensation (Table 4).

Detail 2:

As it can be seen in Figure 2b, the y-values calculated using a numerical model are much lower than those given in
HRN EN ISO 14683. For the thermal insulation thickness of 20 cm the y-value given in [6] is 4,92 times higher if external
dimensions are used for the calculation of the y-value and 4,05 times higher if internal (or overall internal) dimensions are
used. In Figure 2b, a linear increase in the y-value can be seen for the increase in the Tl thickness from 10 cm to 15 cm
and 15 cm to 20 cm. The simplified analysis of the surface condensation on the internal surface shows that there is no
risk for the surface condensation (Table 4).

Detail 3:

As it can be seen in Figure 2c, y-values calculated using a numerical model are similar to those given in HRN EN ISO
14683. Numerical analysis shows that the y-value calculated using the external dimensions is not affected by the change
in the Tl thickness. For the y-value calculated using the internal dimensions, the difference is 22,9% for the change in the
thickness from 20 cm to 15 cm, 35,3% for 15 cm to 10 cm change and 66,0% for 20 cm to 10 cm change. There is no risk
of surface condensation in this case (Table 4).

Detail 4:

According to HRN EN ISO 14683, all three y-values (We, Yoi and ;) are zero (Figure 2d). However, numerical analysis
shows that is not the case. Due to the geometry of the numerical model y-values calculated using external, overall
internal and internal dimensions are equal. The difference in the w-values is 23,5% for the change in the thickness from
20 cm to 15 cm, 46,15% for 15 cm to 10 cm change and 36,4% for 20 cm to 10 cm change. There is no risk of surface
condensation in this case (Table 4).

Detail 5:

HRN EN ISO 14683 does not give the w-value for this case. Due to the geometry of the numerical model y-values
calculated using external, overall internal and internal dimensions are equal in this case too (Figure 2e). The difference in
the y-values is 16,7% for the change in the thickness from 20 cm to 15 cm, 16,9% for 15 cm to 10 cm change and 58,8%
for 20 cm to 10 cm change. There is no risk of surface condensation in this case (Table 4).

Detail 6:

In the case of the y-values calculated using the external (and overall internal) dimensions, the HRN EN ISO 14683
gives good agreement with the numerically calculated values (Figure 2f). However, in the case of the y-value calculated
using the internal dimensions, the difference between the values given in HRN EN ISO 14683 and the numerical analysis
is 1,92 times higher for 20 cm TI thickness and, 1,49 times higher for 15 cm TI thickness and for the 10 cm TI thickness
the values are identical. For the y-value calculated using the internal dimensions, the difference is 28,9% for the change
in the thickness from 20 cm to 15 cm, 47,8% for 15 cm to 10 cm change and 90,4% for 20 cm to 10 cm change. There is
no risk of surface condensation in this case (Table 4).

Detail 7:

HRN EN ISO 14683 does not give the y-value for this case. This detail has two thermal bridges that have a combined
effect on the overall heat losses through the observed building element. The calculation of the y-value of each thermal
bridge is done separately, and then their y-values are added together (Figure 2g). Numerical analysis showed the
reduction of the y-value by 8,7% for the change in the Tl thickness from 20 cm to 15 cm, 22,5% for the change from 15
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cm to 10 cm and 33,4% for 20 cm to 10 cm change in the Tl thickness. There is no risk of surface condensation in this
case (Table 4).
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Figure 2: Comparison of the results for different thermal insulation thicknesses

5 CONCLUSIONS

Nearly zero-energy buildings (NZEBs) are becoming the standard in building high-performance energy buildings. One
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of the key aspects in achieving better energy efficiency of buildings is through quality design and construction. One of the
most overlooked problems in the design phase is the thermal bridges and not only for the calculation of the energy
consumption but also due to the building damage caused by surface condensation in the operation phase. Eco-
sandwich® house analysed in this research proved as an excellent example for the analysis of the thermal bridges.
Numerical models analysed in this research are carried out according to the HRN EN ISO 10211 standard, and the
results are compared to the default values given by the HRN EN ISO 14683 standard. Except for the comparison of the
results according to beforementioned standards, the effect of the thermal insulation thickness on the w-value is also
analysed.

The analysis of the results showed that the default values given by HRN EN ISO 14683 gave several times higher
values than those calculated from the results of the numerical analysis, which initially predicts higher energy consumption
in the building's operation phase. It must be noted that these simplified values given in HRN EN ISO 14683 are not
applicable for only a small number of cases since they are calculated for only one Tl thickness and simplified geometries.
These simplified values are implemented in software that architects and engineers use in everyday practice when
calculating building energy consumptions without knowing the error they make. y-values are chosen for elements that
best describe the thermal bridge or part of a building. Moreover, some of the details (like 5 or 7) are not given in the HRN
EN ISO 14683, and the only way to compensate for the heat losses due to the presence of the thermal bridges is by the
numerical analysis.

Even though the two-dimensional numerical analysis is superior to the values given in standards such as HRN EN ISO
14683, it has some disadvantages. One of the main disadvantages is that two-dimensional analysis cannot capture heat
flux deviations caused by point thermal bridges such as fagade metal fastenings, dowels, and penetration of structural
elements (beams or columns) through the building envelope. In order to achieve more realistic energy consumption, a
three-dimensional numerical analysis is needed.
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SUMMARY:

Recent developments in the field of artificial intelligence and related areas have opened up new possibilities for
computers to generate solutions independently. One such approach is generative design. Generative design is proving to
be an efficient alternative design approach to the traditional processes. In this paper we present the framework for
generative design, which is characterised by three main features: computational model, generator and design evaluation.
This framework was applied to the practical example of the search for an efficient passive shading system with complex
geometry. Here we used BIM models from Revit and Dynamo environment to build a computational model. For the
generation and evaluation of the design alternatives Project Refinery was used together with Python. We have learned
that this approach can be beneficial to us by automating the search for design solutions, creating complex designs we
wouldn't think of and generating more design options from which we can find the efficient design more quickly. The same
approach can be applied to any real-world design problem which we can translate to the computational model.

KEY WORDS: Generative design, optimisation, computational design, parametric modelling, BIM, automation.

1 INTRODUCTION

In recent years, technological development has accelerated drastically. Computers are becoming more powerful and
intelligent. This is reflected in the increasing use of digital tools being introduced in the construction industry. The work of
designers over time already changed by replacing pen and paper with CAD tools and now with BIM. Current approach to
the building design still involves a lot of manual work. The designer creates designs based on his experience, previous
projects, and creativity under the given conditions. The designer is the one who proposes the solution to the problem and
computers are to help with presentation, documentation and analysis, but they do not help with the solving process. This
opens up new possibilities and approaches.

One such approach is the generative design. The main idea of this approach is the collaboration between the designer
and the machine, which has complementary capabilities, such as: sorting large amounts of data, generating and
analysing large number of results, finding optimal solutions and iterative improvement of the solution [1]. In this process,
we shift the focus from the creation of the design to the definition of the design problem with its conditions and goals. A
well-defined problem can then be analysed with different algorithms to generate a large set of results from which the
designer selects the optimal solution. Such concept was already introduced in 2002 by Caldas and Norford [2], where
they searched for the optimal sizing of windows in a building. In 2010, author Krish [3] used the generative design
approach in integration with CAD, to design an MP3 player and a coffee table. Authors Johan et al. [4] used it in structural
design to explore different planar space truss systems, and authors Lohan et al. [5] searched for an optimal thermal path
with topology optimisation. Recent research has focused on using artificial intelligence methods to generate designs, as
shown by authors Oh et al. [6], where they used neural networks to create different designs of a 2D wheel.
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The paper will introduce and explain generative design methods and how can they be integrated into the design
process. The process will be demonstrated on a specific use-case where the analysis and comparison of the approach
was carried out. The approach is general and can be used to help with the design in other areas of construction.

2 WHAT IS GENERATIVE DESIGN

Generative design is an iterative design process in which the designer defines the computational model with its design
goals. Next the computer automates the generation of a variety of design alternatives. These results are to help a
designer to better understand the design and the relationships between parameters and objectives. This helps to further
develop the design or to find the final design solution [3].

This process changes the focus from result to a problem-oriented. Usually the designer does not know which design
solution best fits the given conditions. The designer proposes a design and then analyses it with various tools to
determine whether the proposed solution is suitable or not. This works for well-known problems, but fails for new
problems due to lack of experience. We also do not know whether the design solution found is the best or whether it can
be improved. With iterations we can produce a small sample that we can use to compare different design solutions, but
this takes time that we sometimes cannot afford. In the generative design approach, we shift the focus to the definition of
the problem and its objectives, from which the computers generate several design alternatives with different solvers. This
automates the process of creating and analysing design solutions, resulting in a wider range of optimised results. Using a
larger sample, we can identify patterns and relationships between the design parameters and its outputs. By
understanding the problem, we can now adjust the design and more easily find the most suitable design solution.

Generative design framework has three characteristic features: computational model, generator and design evaluation
as shown in Figure 1. A computational model is required so that the generator can produce and analyse different design
alternatives. Building a computational model is a difficult step, given that the problem has to be described with a set of
rules and equations. The model is also parametric, with parameters that change the design, resulting in different
alternatives, each given a fitness score for different design objectives [7]. By ranking the alternatives, we can see how
each design performs in different design goals. The generator represents different solvers that are used to generate
multiple designs. The solvers differ depending on the problem we are trying to solve. One of these solvers are
evolutionary algorithms, which are common for solving multi-objective optimisations [8]. When we generate a large
number of designs, it is difficult to review all of them. When evaluating results, tools such as Pareto front, parallel
coordinate coordinates plot and visual comparison are being used to additionally filter the results to a smaller sample that
meets our boundaries and conditions to find design solution.

Generative Design

Computational o Design
Model

Evolutionary optimization Pareto front
Topology opfimization Porallel coordinates plot
Random generation Side-by-side comparison

Other solvers Other tools

Figure 1: Generative design framework
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2.1 Computational model

In generative design, we will refer to the computational model as the geometric model on which a computer can
operate. Usually used are two different computational models: a model consisting of finite elements and a model created
from a script. Both consist of a set of rules or instructions on how the model should behave or be constructed [7]. In order
for the generator to produce different designs, the models should also contain input and output variables that describe the
properties of a particular design solution. By changing the input variables, the design changes. Each design solution has
different output values that are used to evaluate and compare them [2]. Output values like cost, volume, efficiency,
capacity and other positive or negative characteristics that we want to either maximise or minimise.

2.2 Generator

Generator is a part of generative design that takes over the generation of multiple design alternatives. It automates the
process of changing various design parameters and testing different solutions instead of the designer. It uses a
computational model to create different design solutions by changing input variables to meet the design goals. The
generator works by utilizing different solvers to create design alternatives. Since there are usually a large number of
possible combinations of input variables, therefore design alternatives, the most commonly used solvers are optimisation
algorithms, such as topology optimisation [9] and evolutionary algorithms [4]. However, there are also other solvers that
generate designs by selecting different input variables based on specific rules.

2.3 Design evaluation

In this part of the process we analyse and compare the generated results. The generator produces many possible
design solutions, each with associated input and output values. This way we can compare them between each other and
see which one performs better. Since this generates a considerable number of results, it is beneficial to use appropriate
tools for their analysis.

When using generative design, we are often dealing with more than one design goal. If we want to optimise the
design, this translates to multi objective optimisation. If the objectives oppose, a design can only be improved in one
objective at the expense of the other. This means that we cannot find a single solution that is the best, but that we get
more than one optimal result, the so-called Pareto optimal solutions. Between them we cannot say which one is better
than the other. They are all optimal. Some of them are better in one objective and worse in the others. By plotting the
output values as a loss or gain function, as shown in Figure 7, we can find a Pareto front. The values on the Pareto front
are the optimal Pareto results [8]. They can either help us find the final optimal solution or give us a reference to how
close we are to the optimal design.

Another suitable tool is a parallel coordinates plot. With it we show all variables next to each other. This helps us to
understand how the design behaves by changing these variables and what connections exist between them. We are also
able to add additional boundaries to the variables and limit the design solutions to a selected sample. With a smaller
sample, it is easier to inspect the selected designs individually. In addition, we can compare them visually by displaying
them side by side.

By evaluating different design alternatives, we gain a better understanding of how the input variables affect the design

and its performance. This knowledge helps us to further develop the computational model and find the solution to the
design problem [1].
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3 CASE STUDY

Generative design was applied to a case study building with a large glazed surface. As energy efficiency is an
important part of the building design, a shading solution was required to reduce energy consumption. In order to reduce it,
the design idea was to create shading elements that would illustrate the natural appearance of the wood grain texture and
thus complement the timber design of the building. Subsequently, a generative approach was used to find an optimal
shape of the shading elements to satisfy identified design goals while maintaining the visual complexity of the design.

We want to create a computational model of the shading elements. The elements will be horizontal and in the form of
wood grains. With this we wanted to achieve three main design goals. First, we wanted to create efficient shading for the
building, secondly, we wanted to reduce the material needed to construct the elements and finally, we wanted to give the
building an interesting appearance. To develop a good generative design, it is important to clearly define a design
problem and its design goals. lllustrations like in Figure 2 and 6 are recommended for this purpose.

Figure 2: lllustration of the design problem.

For the generative design we needed an environment to build a computational model, a generator to generate design
alternatives and an interface to evaluate the design results. The software applications used for the presented use case
were Autodesk Revit, Dynamo, Project Refinery and a code editor for the Python programming language. In Revit we had
a BIM model to which we wanted to add an optimised shading system. Complex geometries like the discussed shading
elements cannot be modelled by hand, or it would take too much time. Therefore, the modelling was done with Dynamo, a
software for computational design [10]. In Dynamo we used visual programming to build the computational model and
manipulate with data. To generate different design alternatives, Project Refinery was used, which is an add-on for
Dynamo. It has various solvers for generating and an interface for examining the results [11]. It is also included in the
Revit 2021 version under the name Generative Design [12]. For the additional design evaluation, Python was used to
organise the results using Pareto front, parallel coordinates plot and additional plots to better understand the relationships
between variables and their impact on the design. This helped us to further develop the model and refine the overall
design of the shading elements, since the process of creating the computational model and evaluating different designs
was iterative as shown in Figure 3. Once the final design parameters were found, the geometry was then exported back
to Revit and added to the BIM model.
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Figure 3: IDEFO diagram of generative design for the case study problem.

3.1 Computational model

The starting point was a BIM model of the case study building. From the model, the fagade surfaces, their orientation
and position were extracted into the Dynamo environment. They were baselines on which the computational model of the
shading elements was built. To create a computational model, we connected different Dynamo nodes between them.
These are specific functions that describe how the model looks like [13]. The model of the shading elements was created
by dividing the facade surface into horizontal elements. A more complex geometry was derived from the horizontal
elements by incorporating shape curves, trigonometric functions and the addition of smaller openings. Figure 4 illustrates
the process of building the computational model in Dynamo.

Figure 4: Build process illustration of the computational model in Dynamo.

Parameters that change the design have been simplified to the number of horizontal divisions and the offset multiplier
that represents the width of the elements. To evaluate the design alternatives, the sunlight analysis was programmed.
Here we simulated the sun rays in the sun vector direction at the different times and counted the number of sun rays that
were either blocked by the geometry or transmitted through as shown with different colours in Figure 5. In addition, the
total volume was extracted from the model geometry for the cost evaluation.
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Figure 5: Dynamo script and sunlight analysis of generated geometry.

3.2 Generator

In the next step of the generative design, we determined what type of generator we will use and matched it with a
compatible computational model. For the presented problem we wanted to perform a multi-objective optimisation with a
solver using the evolutionary algorithms. To evaluate the different possible shapes, we defined output variables that
represented the objectives we wanted to maximize and minimize. Based on the design goals, three targets were selected
for optimisation: 1) the total material usage that we wanted to minimize, 2) the shading efficiency in summer and 3) in
winter. We wanted to block direct sunlight in the summer and not block it in the winter in order to warm the interiors. The
following objectives were defined in the computational model as numerical values, by which we were able to compare and
rank different design alternatives. Figure 6 shows the input and output variables, which were as follows:

Input variables:
- Number of horizontal elements
- Width of the elements

Output variables:
- Total volume
- Number of sunrays passing through the shading elements in summertime

- Number of sunrays blocked by shading elements in wintertime

Project Refinery then used the computational model and created different design solutions with associated output
variables by changing the input variables in order to find optimum output values.
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Figure 6: Objectives of the design optimisation.
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3.3 Design evaluation

From the very beginning, we decided to have as few design variables as possible. If the problem had many design
parameters and goals, the best approach would be to break the problem down into smaller ones and solve them step by
step. This way we could focus on the whole problem with the aim to find input variables that created an efficient design
and met the design goals. By analysing the output variables, we were able to compare different designs and their
performance. This helped us understand how the overall design behaves and how efficient it can be.
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Figure 7: Pareto Front constructed from the analysis results.

From the generated results and their output values, we plotted the Pareto front, as shown in Figure 7. The Pareto front
gave us an indication of which design alternatives were optimal. This allowed us to see how close we were to the optimal
design when we examined alternatives in other design goals, such as visual appearance. We also decided that instead of
the total volume, i.e. the initial cost of the elements, we should focus more on efficiency, which would be important over
time. Here, the use of an interactive parallel coordinates plot in Figure 8 and the visual comparison in Figure 9 helped in
the additional evaluation of the solutions.

Total volume Number of Winter Sunrays

70 1 530 710

Mumber of Summer Sunrays

1400

70+ N 700 140

ann

250

100

Figure 8: Parallel coordinates graph for filtering results.

With the parallel coordinates plot we filtered the results. Here we added additional constraints for each variable to limit
the result pool. This helped us to understand the relationships between the variables. One of these relationships showed
that the width of the elements had a greater influence on the efficiency than the number of elements, while the total
volume of elements was still not significantly affected compared to a higher number of elements and a smaller width. This
helped us in the design process, as we focused more on the width than on the number of the elements in the next
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iterations of adjusting computational model. This helped us to evolve the design based on the initial design evaluation. By
comparing and exploring different design alternatives, we were now prepared to find a final design solution.

Figure 9: Visual comparison between the design alternatives.

3.4 Design solution

The design was based on a simple idea of horizontal louvres for passive shading. This idea was developed by adding
various complexities to the design to create an interesting shape in the form of a wood grain. We added depth to the
elements by using equations to create a wavy surface. Small openings and additional curvatures were introduced to the
elements to simulate the irregularities in nature. Since we built the computational model, it is also easy to change the
design later if it comes to any changes to the building.

Through the development and research of design alternatives, we were now ready to find a final design and integrate
it into the building. This step depended heavily on us, the designers. As we had several design goals, there was not just
one, but multiple possible solutions. Design is also subjective, either from the designer's point of view or from the
investor's point of view. It was therefore up to us to evaluate different options and choose the one that, in our expert
opinion, best met the design goals. In order to find the final design parameters for the shape to integrate it into the
building, we used the knowledge gained from the design evaluation process. We found out what values of the input
parameters would give us optimal results, and so we had a threshold above which we could adjust to see which overall
design solution would fit us better. In search for the design solution, we also had to consider the visual appearance of the
building. After we determined the values of the input variables, additional details were added to complete the final design,
which was then integrated into the building as shown in Figures 10 and 11. In the end, the final design was not one of the
Pareto optimal solutions, but it was the one we decided would best fit all design goals, including the look of the facade.
This solution was still close to the optimum, so we can say that it is an efficient solution overall. When we first approached
this problem without the generative design process, it was difficult to consider all design goals at once. We tried a few
different solutions and picked one that we thought had a good appearance and would perform well for shading in the
summer, but we did not know if it was optimal or if it could be improved upon in other design goals. It was difficult to
compare different design solutions because we had no reference values to see how our design performed, and it would
be too time-consuming to manually check all the possibilities. When we compared the solutions before and after using
generative design, we found that the total material required for the design was reduced by 307%, while the shading was
still efficient. In the initial design, we placed too much emphasis on the overall appearance of the fagade and summer
efficiency, and less on the other goals. With the generative design process, we were able to clearly see the design
behaviour for all design goals and chose one which fit all of them according to our own assessment.

92



coms 2"d |International Conference on Construction Materials for Sustainable Future
- 20-21 April 2021, Slovenia
2020/21

This process raises the question whether generative design replaces the human component in design. The current
answer is no. The designer is still responsible for the two out of three components from the generative design framework.
Firstly, the creation of the computational model and secondly, the evaluation of the results. The computer only generates
and analyses various design alternatives. Generative design is a process that combines a designer with an intelligent tool
to complete a designer in the weaker areas: analysis of large amounts of data, analysis of repetitive tasks, automation.
We also know that it is almost impossible to find the perfect concept in the beginning. We have to iterate to find the best
solution. This is especially difficult when we have to meet with multiple design goals. This is where generative design can
help us a lot in concept development. We can define the problem and let the algorithms find a solution that takes multiple
design goals into account. In this way, we can also find a concept that we never thought of and from which we can now
continue to build our design.

Figure 10: Render of the shading elements integrated into the building design.

Figure 11: Close-up render of the integrated design solution.
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4 CONCLUSIONS

Generative design is an efficient approach to solve design problems. Here, the time spent on the creation and analysis
of the individual solution is used to define the computational model, from which multiple solutions are generated. By
automating the generation of multiple design alternatives, we save a lot of time. Time that would be spent on iterating a
single solution. Instead, we have to invest a lot of time to describe a real-world problem as a set of rules and equations
from which algorithms can generate a variety of solutions. By analysing these solutions, the designer can better
understand the problem and find the efficient design faster.

With the generative process, we have designed an optimal and aesthetic shading for a building fagade. We created
computational model of the shading elements and generated different design alternatives with the help of optimisation
solvers. This helped us to find a solution that increased the shading efficiency and reduced the overall material
requirements by 307% from our initial design. This process is general and can be applied to any problem that can be
described as a computational model. It can be used in different design stages or in combination. It can be used in a
conceptual stage to find starter design and then continue with the detailed analysis. Or it can be used from start to end,
by breaking down a complex design problem to smaller parts. In each part we can then involve generative design.

The generative design is still reliable on the designer, it does not intend to replace one. The advantages of this process
are that it complements human capabilities. Using various algorithms, we automate the generation and analysis of a large
number of possible design outcomes. The designer then examines these results to learn more about the design problem.
With this knowledge and his experience, he selects a final solution. This also paves the way for future work involving
various artificial intelligence technologies such as machine learning to further develop generative design. The main
advantages of generative design compared to the traditional design process, which were found in the course of the work,
are:

- With this process we can produce results that we would never think of or that are too complex to produce manually,

- We can find more possible design solutions,

- We save time by automating the creation and analysis of a variety of design alternatives,

- By evaluation large number of results, we can better understand the design problem.
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SUMMARY': Sustainable building is one of the key requirements in contemporary civil engineering aimed at reducing the
harmful impact on the environment. Since the turn of the twenty first century, it has been insisted on usage of recycled
materials which could, at least in part, substitute traditional materials. Even though the TV sets with cathode ray tubes are
no longer being produced, the amount of cathode ray tube glass (CRT) on the waste disposal sites has still been
increasing. The goal of experimental research was determining potential for usage of finely milled CRT glass as a
supplementary cementitious material and checking resistance of such concretes on the sulphate action. Six experimental
batches of concrete were made. The replacement percentage of cement with CRT was: 5%,10%, 15%, 20% and 35%, by
cement mass. Each batch consisted of 18 cylindrical specimens with a diameter of 100 mm and height of 100 mm. A half
of specimens was cured in saturated solution of calcium-hydroxide until the test. The second half of specimens was kept
for the first 28 days in the saturated solution of calcium-hydroxide, after which they were exposed to action of 5% solution
of sodium-sulphate. Assessment of durability of concrete to sulphate action was performed by the visual evaluation of
concrete appearance and by testing the variation of compressive strength of treated concrete specimens at the age of 3,
6 and 12 months.

KEY WORDS: cathode ray tube glass; sustainable building, recycling; environment, sulphate action, durability.

1 INTRODUCTION

1.1 Cathode ray tube glass disposal and recycling problem

Electronic industry is one of the most important and fast growing industries in the world. Its growth and development in
the recent decades created numerous jobs, accelerated technological development and simultaneously contributed to
generation of considerable e-waste due to phasing out of electronic devices. Computer monitors and TV sets with
cathode ray tubes have not been sold in Europe since 2011. However, these devices are still present in the households,
and it is estimated that the landfills in Europe annually receive between 50.000 tons and 150.000 tons of obsolete CRT
screens. It is anticipated that the quantity of collected CRT glass at the annual level will not be reduced in the future
period (Andreola F. et al. 2007). The CRT waste recycling process is very important, in environmental terms. There are
two possible systems of cathode tube recycling — open and close loop recycling. The close loop recycling comprises
recycling of old screens and production of new CRT devices. Regarding that in Europe there are no more factories
producing new screens with cathode tubes, most often the CRT waste is exported to the countries where CRT screen
factories still exist. The open loop recycling uses old CRT screens for production of new and different products (Singh N.
et al. 2016). There is a large number of scientific papers studying the potential of application of CRT glass in production
of: ceramic tiles, artificial marble, glass jewelry, decorative crystals, etc.

One of the possible directions of cathode glass usage considers the civil engineering industry, whereby glass would be
used for making of cement composites in two ways. The first option is to use it as a fine aggregate, which would replace a
certain amount of natural aggregate. The other option is to use finely milled waste glass as a replacement for a share of
cement when making mortar and concrete. One of the problems which can occur when using recycled glass aggregate
for making of cement composites is the emergence of alkali-silicate reaction (ASR). Recycled glass has a high
percentage of amorphous silicon dioxide (a glass bottle has around 70%) which has a potential of reacting with alkali from
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cement, creating an ASR gel (Rajabipour F. et al. 2010). This gel in the presence of moisture during a prolonged period of
time has a tendency to expand, which can initially cause cracks, and later on, a complete destruction of hardened
concrete. The research indicated that glass grain size has a considerable impact on the ASR reactivity of glass (ldir R et
al. 2011; Shayan A et al. 2006). It was found that the size of cracks inside glass grains, occurring due to crushing and
pulverization processes, determines the ASR reactivity (Maraghechi H et al. 2014; Rajabipour F et al. 2010, Matos A. et
al. 2012). Where the internal cracks are larger, ASR occurs more readily. On the other hand, very finely milled powder
does not cause the alkali — silicate reaction considering the presence of a small number of micro-cracks. The
experimental research is focused on testing the impact of finely milled glass as a replacement for a portion of cement
when making concrete, and on the concretes modified in this way resistance to the sulphate effects.

1.2 Sulphate action mechanism

The sulphate salts dissolved in water can have extremely adverse effects on concrete. Most common sulphates are
those of calcium, magnesium, potassium and sodium. Sulphates are present both in soil and in ground waters. Also,
acidic rain and seawater contain dissolved sulphates which is an aggressive environment for concrete structures exposed
to their action. Industrial waste disposal is recognized as locations with potentially very high sulphate concentration.
Sulphate corrosion can most often be first detected on the edges and periphery of concrete elements, and after a long
lasting exposure there occur cracks and decline of strength. This type of corrosion is a very complex process in chemical
terms.

The basic products of sulphate ions reaction with the products of cement hydration are: ettringite, gypsum and
thaumasite (Bjegovi¢ D. et al. 2015; Bulatovi¢ V. 2017; Grdi¢ Z. 2011; Neville A. M. 2001). Numerous researches of the
sulphate attack development mechanism showed that there is a correlation between the content of celita mineral -Al,O3
(tricalcium aluminate) content in Portland cement and onset of sulphate attack. Cement, and by this, concrete, with high
content of celita will cause emergence of sulphate reaction whose product will be ettringite, which can be described by the
chemical equation:

3Ca0 - Al, 05 - 12H,0 + 3CaSO0, + 20H,0 — 3Ca0 - Al,0, - 3CaSO, - 20H,0 (1)

Occurrence of ettringite increases the volume of solid matter up to 55% which gives rise to occurrence of considerable
stresses in cement rock which causes onset of cracks. Ettringite is capable of absorbing water when found in
microcrystalline form, and solid matter volume can be increased as much as 120%. Sulphates can also react with calcium
hydroxide (Ca(OH),), which also causes increase of volume and decline in bearing capacity of a structure. The following
relation describes the action of sodium sulphate:

Na,SO, + Ca(OH), + 2H,0 — CaSO, - 2H,0 + 2NaOH )

The mentioned reaction is also called the gypsum corrosion, considering that the reaction product is gypsum (CaSO; -
2H,0). In the case of concrete exposed to a long-lasting action of sulphate, during the first ten years, the sulphate
corrosion is caused by the reaction (1), while after the mentioned period, the primary role in concrete deterioration is
caused the by the reaction (2). The onset of cracks due to the increase of solid matter volume is not always the only
manifestation of sulphate corrosion. Actually, in a large number of cases, the cement rock “softens” and disintegrates.
There is also decalcification of C-S-H gel whereby the cement rock is softened and exhibits properties like putty (Grdi¢ Z.
2011; Neville A. M. 2001).

Thaumasite is a very rare mineral which can occur in nature in some basic types of rocks, such as limestone.
Thaumasite consists of calcium silicates, carbonates and sulphates CaSiO;-CaCO;-CaSQO,4 15H,0. It is necessary that
several conditions are met to cause occurrence of thaumasite in concrete. Damp environment, temperature below 15 °C,
source of sulphate ions, most commonly from ground waters or soil, presence of carbonates in the aggregate used from
making concrete and of calcium silicate which is present in hydrated PC. Similar to other products of suphate corrosion,
thaumasite can cause concrete devastation after a protracted period, too. Thaumasite can occur in the existing cracks
and voids in concrete, however it needs not cause concrete degradation. Devastation occurs when thaumasite replaces a
portion of or entire hardened cement matrix (Bjegovi¢ D. et al. 2015).
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1.3 Testing of sulphate resistance of cement composites modified with waste glass

In the previous period, various sulfate resistance tests were performed on mortars and concretes wherein a portion of
cement or fine aggregate was replaced with different varieties of waste glass. For instance, comprehensive testing of
concretes properties containing various waste E-glass particle contents was conducted (Chen H. et al. 2006). The size
distribution of cylindrical E-glass particles was from 38 to 300 ym and about 40% of particles was less than 150 pm.
Sulphate-immersion test was performed with reference to ASTM C 267. The volume expansion of chemical reaction
induces internal stresses, which may generate internal cracks and ultimately lead to failure. After five cyclic wet-and-dry
exposures, significant weight loss and strength reduction were recorded, which exhibited strong sulphate attack on
specimens. An increase in E-glass content significantly decreases weight and strength loss, particularly of the specimens
with lower water/binder ratio. Based on the properties of hardened concrete, optimum E-glass content is found to be 40—
50 wt.% in this study. The surface defects of tested specimens also show a qualitative evidence of sulphate attack.

Crushed waste glass from windshields and commercial glass containers were also the subject of research (Matos A.
et al. 2012). Researches tested mechanical strength and durability of mortar using glass powder as a partial cement
replacement (0%, 10% and 20%) material to ascertain applicability in concrete. Resistance to external sulphate attack
was evaluated according to the Portuguese standard E — 462. Blended Portland cement with 10% replacement with WGP
showed an impressive resistance to sulphate attack, far higher than SF marginally within the limit of 0.10%. The
pozzolanic activity of WGP and SF binds portlandite (CH) released in the hydration of calcium silicates (C3S and C,S) so
CH is no longer available for reaction with sulphates. This prevents the formation of gypsum. Pozzolanic reaction
produces a secondary C—S—H that also decreases the capillary porosity of mortar and enhances significantly the paste -
aggregate interface.

The features, compressive strength, sulphate and chloride resistance and expansions related to alkali — silica reaction
(ASR) were examined on cement - based mortars produced with cement containing waste glass (WG) and industrial by-
products (Ozkan O. et al. 2007). Resistance to sulphates was tested by comparing compressive strength of specimens
exposed to 4% Na,SO, with the strength of reference specimens. These results show that replacement of cement by
waste glass alone increased the durability of mortars to sulphate attack. If waste glass is used combined with granulated
blast-furnace slag or fly ash then sulphate resistance is more increased. Especially the waste glass and blast-furnace slag
combination provides the best results.

The comparative analysis of waste glass powders behaviour of different fineness with that of natural pozzolana, coal
fly ash and silica fume was also studied (Carsana M. et al. 2014). Seven mortars mixtures were made with glass powders
and other mineral additions in which the share of replacement of cement was 30%, except for silica fume used at 10%.
One of durability tests was expansion due to sulphate attack in according to ASTM C1012 standard. Mortars with ground
glass showed a negligible expansion (0.04%) even after more than 1 year of immersion in the sulphate solution (when
tests were interrupted). Only the mortar with silica fume showed lower values. On the other hand, mortars with ground
quartz sand reached an expansion of 0.1% just after two months of tests and the reference mortar (OPC) after about
eight months.

The methodology of mentioned research was used as a basis for the choice of fineness of the waste CRT glass so
that its pozzolanic activity could be activated. Two criteria used by the cited authors were used for the evaluation of own
experimental research, those being: visual inspection of the sample surface and variation of compressive strength.

2 MATERIALS AND METHODES

2.1 Used materials

Ordinary Portland cement CEM | 52.5R manufactured by "CRH" Novi Popovac, satisfying all the quality requirements
stipulated by the standards SRPS EN 196-1:2018, SRPS EN 196-3:2017, SRPS EN 196-6:2011 and SRPS EN 197-
1:2013 was used for making of concrete mixtures. Three fractions (0/4 mm, 4/8 mm i 8/16 mm) of the river aggregate
from the South Morava river were used. The CRT glass came from the recycling center "Jugo - Impex E.E.R." d.o.0. from
NiS. Large shards of CRT glass granted by the recycling center were milled using a laboratory ball mill so that glass could
pass the sieve opening of 0.063 mm with no residue. For making of concrete mixes, tap water from the municipal water
supply system was used, as well as the chemical superplasticizer admixture Sika® ViscoCrete® 4000 BP.
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2.2 Concrete mixtures composition

Reference concrete (E) is produced with 400 kg of pure PC and 1800 kg of three-fraction aggregate. Water/cement
ratio was constant in all experimental batches, and amounted to 0,438. The share of replacement of cement with CRT
glass was: 5%, 10%, 15%, 20% and 35%, in respect to the mass of cement. Designations of concrete mixes were made
according to the share of replacement, whereby WG is an abbreviation of - waste glass. For instance, in the case of 20%
of replacement of cement with CRT glass, the batch mark is WG20. The complete composition of concrete mixes is
presented in table 1.

Table 1: Compositions of the concrete mixtures used in the experiment

water -

Aggregate Cement | CRT glass Water binder ratio Admixture
t / Sika

Concrete | 0/4mm | 4/8mm | 816 mm |CEM I52,5R| <0,063 mm S":’;:Iry (mg;nw ) | Vviscocrete

4000 BP

kg/m3 kglm3 kg/m3 kglm3 kglm3 kglm3 - kglm3
E 774 414 612 400 0 175.3 0.438 2.40
WG5 774 414 612 380 20 175.3 0.438 2.40
WG10 774 414 612 360 40 175.3 0.438 2.40
WG15 774 414 612 340 60 175.3 0.438 2.40
WG20 774 414 612 320 80 175.3 0.438 2.40
WG35 774 414 612 260 140 175.3 0.438 2.40

2.3 Testing program and procedure of concrete samples production
2.3.1 Program of testing

Program of testing can be divided in two phases. In the first phase, physical characteristics of component materials
were tested. In the experimental part of the paper are presented the most important characteristics of powdered CRT
glass, chemical composition and particle size distribution. In this phase, the glass pozzolanic activity was tested (SRPS
B.C1.018:2015) as well as the FTIR spectrum and XRD diffractogram of CRT glass. Alkali - silicate reactivity was tested
according to the ASTM C227-10 standard on mortar series.

In the second phase, numerous tests of physical and mechanical characteristics were performed on the hardened
concrete. This paper features only the results of the sulphate resistance test in accordance with the procedure described
in the following text.

2.3.2 Concrete samples production

Prior to making each concrete batch, special attention was paid to the homogenization of cement with an appropriate
quantity of milled CRT glass. For that purpose, an adequately sized vessel with a lid was used, and a mixer fitted with a
special attachment. During the mixing process, which lasted 5 minutes, the special attachment revolved at 850 rev/min.
Three precisely measured fractions of dried aggregate, from the coarsest to the finest, were added into the wetted mixing
drum. After that, a half of the planned amount of water was added into the mixer, and it was mixed for 30 seconds in order
to wet the aggregate grains evenly. Then, cement mixed with milled CRT glass and the remaining water were poured into
the mixer. From that moment, a calibrated stop-watch measured the mixing time of these component materials. After 60
seconds from the start of mixing, the superplasticizer was added, with the total mixing time amounting to 5 minutes.

Currently, there is no standard in Serbia which defines the procedure of testing of concrete resistance to sulphate
attack but a very thorough and comprehensive testing of sulphate resistance of concrete based on the recycled
aggregate was conducted (Bulatovi¢ V. 2017).
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In this paper, each experimental concrete batch was composed of 18 cylinder shaped specimens, having diameter
100 mm and height of 100 mm (a total of 108 specimens). Concrete is cast into metal moulds, and placed using a
vibrating table. Half of all specimens comprised of “reference” specimens which were cured in saturated lime water up to
the testing. The other half of specimens, after the necessary preparations, at the age of 28 days was immersed and cured
in a 5% solution of NaSO, up to the testing. The procedure of preparation and curing of experimental samples looked like
this:

Making of concrete and keeping in hermetically closed moulds for 7 days at the temperature 20 + 2 °C;
Demoulding, reduction the basis of the cylinder to be parallel by cutting and curing for 14 days in saturated
lime water (solution of 1,8 g Ca(OH), to 1 dm® of water). "Reference" specimens of all batches (half of
specimens) remained in lime water up to the moment of testing;

e 21 days after making, half of the samples intended for exposure to sodium sulphate were taken out of the lime
water. Considering the expected degradation of samples after the long term presence of sulphate solution,
bases of the extracted specimens were coated with Sikadur - 31 CF epoxy to prevent occurrence of stress
concentration on the occasion of compressive strength testing;

e Half of the extracted specimens, after coating with epoxy was cured in the air in laboratory for 7 days; (Figure
1,a)

e At the age of 28 days, the specimens coated with epoxy were immersed in 5% solution of Na,SO, (solution of
50 g of sodium sulphate to 1 dm® of water);

¢ Replacement of total 5% solution of Na,SO, in specimen curing vessels after 3, 6 and 12 months with regular
checks of pH value (Figure 1, b);

e Comparative testing of compressive strength of samples cured in Ca(OH), and Na,SO, solutions at 3, 6 and
12 months.

Figure 1: Curing of specimens in air, in the laboratory for 7 days (a) and Na;SOj4 solution pH value checks (b)

Anhydrous sodium sulfate by the distributer DOO "Top Star" Zrenjanin was used. Dissolving of calcium hydroxide and
sodium sulfate was done in warm water at temperature 28 - 32 °C. Only after cooling of the solution the specimens were
immersed and kept in suitable containers. Solution pH value and lime water value in containers were performed using pH
meter PH-220 with a range from 0 to 14 pH and measuring resolution of 0,01 pH. The pH solution value of Na,SO,4 was
~7,5,i.e. ~12,5 u in the case of saturated lime water.

3 EXPERIMENTAL RESULTS AND DISCUSSION

3.1 Phasel

Finely milled CRT glass had a density of 2.84 g/cm® and specific surface area by Blaine of 2450 cm?g. Chemical
composition of glass is presented in Table 2. Figure 2a shows particle size distribution of CEM | 52.5R, while in Figure 2b
particle size distribution of the examined glass is displayed. More than 63% of glass grains were finer than 36 um, while
42% were finer than 20 ym. Around 25% of cathode glass particles were finer than 10 um.
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Table 2: Chemical composition of CTR glass

Chemical ;
compound S|02 A|203 F8203 CaOo MgO Kzo NaQO
Share [%] 60.61 2.88 0.58 1.31 0.53 6.45 7.61

2 (a) 7 7 (b)
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Figure 2: Particle size distribution of CEM | 52.5R (a) and CRT glass (b)

Pozzolanic activity of the glass was tested according to the standard SRPS B.C1.018:2001. The used standard
classifies the pozzolanic material in three ways: according to the content of reactive silica (SiO,), according to the particle
size distribution and according to the mechanical properties. Glass pozzolanic activity was examined on the basis of the
tested mechanical properties of mortar. The glass must have grains finer than 0,063 mm and be dried at the temperature
of 98 °C. For preparation of mortar were used, 1350 g standard sand composed of three fractions, 300 g of fine CRT
glass, 150 g of standard hydrated lime and 270 cm® of water. Mechanical strengths are tested on the test specimens
having dimensions 40 mm x 40 mm x 160 mm. The test specimens are hermetically enclosed in tin boxes, where after the
first 24 h spent in laboratory conditions they continue to be cured at the temperature of 55 °C for additional six days. The
results of the obtained mechanical properties of mortar are presented in table 3.

Table 3: Results of mechanical properties of mortar

Test specimen Flexural strength [MPa] Compreﬁnlgzlstrength

5.76

1 2.36
5.82
5.76

2 2.28
5.82
5.95

3 2.43
5.82

The material is considered to be pozzolanically active and it is ranked to have no less than class 5, if at the age of
seven days the minimum flexural strength is 2 MPa and compressive strength 5 MPa, which was proved with this test
(Grdi¢ D et al. 2015).

The FTIR analysis of the samples was made in the areas 4000 to 400 cm™, at a resolution of 2 cm™, on the BOMEM
Michelson Hartman & Braun Series MB spectrometer. The absorption band at about 3400 cm™ and 1650 cm™, showing
that only a small amount of water is present in the glass, can be attributed to the stretching and bending vibration of either
free OH groups or free H,O molecules. The water has no substantial effect on the structure of the glass. It is also often
reported that bands within the range from 900 to 1100 cm™ are composite features of Si-OH species. The strong band at
the frequency of ~800 cm”, therefore, is assigned to stretching vibration of Si-OH. The peak near 450 cm™ and a low
frequency peak near 700 cm’” is assigned to Si-O-Si out of plane bending and Si-O-Si stretching modes respectively
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(Figure 3a).

The XRD method was used for determination of mineral composition of investigated samples by the apparatus GNR
Explorer, with scintillating counter at a voltage of 40 kV and electric current of 30 mA. Peak 26 degree positions at about
19.0496, 29.6040, 40.7237 and 50.1789, with the maximum relative intensity at 29.6040 clearly show the presence of
SiO, (quartz) in samples. Peaks from the XRD diffractogram indicate the presence of amorphous SiO,, whereby the
prominent peak at 40 indicates the presence of SiO, in the crystal form, too (Figure 3b).
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Figure 3: FTIR spectra of the CRT glass (a) and XRD diffractogram of CRT glass (b)

3.2 Phase Il - Resistance of concrete made with CRT glass on sulphate attack

The level of sulfate resistance of concrete batches with CRT glass added was determined by comparing the
compressive strength of reference specimens for each batch and of the specimens exposed to sulphate attack, table 4.
Comparative testing of mechanical strengths was performed after exposing concrete to sulphate solution for 3, 6 and 12
months. Testing of compressive strength was conducted according to the standard ASTM C1231. In addition to strength
variation, a visual inspection of potential damage of the specimens kept in the sulphate solution was performed.

Reference specimens cured in | Specimens cured in 5% solution g o
solution of Ca(OH), of Na,SO, Strength vari