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INFLUENCE OF VARIOUS SIZE CRUSHED CONCRETE WASTE
AGGREGATES ON CHARACTERISTICS OF HARDENED CONCRETE

Olga Finozenok*, RamunéZurauskiené**, Rimvydas Zurauskas***
Vilnius Gediminas Technical University
Department of Building Materials
*olga.finozenok@yahoo.com; **ramune.zurauskiene@vgtu.lt; ***rzuster@gmail.com.

ABSTRACT

The characteristics of hardened concrete depend on the raw materials used for the concrete mixture, their
characteristics. Therefore, in the research, the variation of characteristics of concrete samples with concrete
waste materials was analysed. During the analysis, concrete waste of different fractions was used as coarse
and fine aggregate, as well as filler aggregate of crushed concrete waste was used. The research covers the
implementation of X-ray analysis of the filler aggregate and identification of the main minerals of the
aggregates produced from the concrete waste. The main physical and mechanical characteristics of the
samples were determined through the implementation of the standard methodologies: the density of the
samples was determined by following the standard LST EN 12390-7, compressive strength — LST EN 12390-
3; impregnation — LST 1428.18:1997. It was found that the physical and mechanical characteristics of the
concrete, produced by using crushed concrete waste with different particle size, differ from the
characteristics of the reference samples. However, these characteristics satisfy the requirements of the
designed concrete class C30/37. The obtained results show that crushed concrete waste can be utilised as
coarse and fine aggregates for the production of new concrete products.

Keywords: demolition waste, concrete waste, recycled aggregate, filler aggregate, strength

INTRODUCTION building demolition, separation of concrete and
reinforced concrete products from other materials.
Only after the sorting the reprocessing works of
reinforced concrete can be implemented:
reinforcement separation, shredding of large pieces,
crushing and grain sorting into fractions. In this way
the coarse, fine and filler aggregate is produced
from the concrete waste.

Concrete is one of the oldest and universal
construction materials, and is suitable for the
production of wide range of products and
constructions both, at construction sites and
factories. However, the concrete is
multicomponent material of complex structure, and
this material consists of different components.
These are coarse and fine aggregates with the size

of up to few centimetres, binding material with the

size of few micrometres, additives and water. Still,

the origin of coarse and fine aggregates, used in

concrete production, might be different. These can

consist of concrete, ceramics and silicate waste,

scrap glass, wood waste, pumice of blast-furnaces,

volcanic ash, granulated tire rubber and other

materials. These materials can substitute the natural

aggregates and contribute to the production of the

concrete with desirable and specific characteristics.

Concrete waste can be utilised as cheap coarse and

fine concrete aggregate. However, special attention

should be paid to the production of this aggregate,

because after building (when their lifetime ends)  Figure 1. Demolition work of commissioned
demolition, such demolition waste can consist of buildings.

concrete, silicate or ceramic bricks, wood, roof

material, metals, plastic, cardboard and otherThe quality and characteristics of the manufactured
materials (Fig. 1). production must be constantly monitored, because
Therefore, it is necessary to carry out the initial the crushed constructions may have different
sorting of the materials produced during the strength characteristics. For instance, when ceiling
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dabs, columns, as well as partition constructions,is utilised for road construction. In Germany, in
are crushed. The aggregate mixture, produced fron2004 89 % of concrete and reinforced concrete
the crushed concrete waste, consists of the particlesaste was returned to the production line of new
of cement stone, particles of rock with the cementproducts (Klee, 2009).

stone plastered to, and the particles of rockin Lithuania, according to the waste records of
separated during the crushing. In these aggregatg007, 67 % of construction waste was reprocessed.
particles the pores and micro-cracks, formed duringOn 19-11-2008 the directive 2008/98/EB of the
the crushing, dominate. During the analysis, it wasEuropean Parliament and Board was confirmed. In
determined that the porosity of such aggregatethis directive it is stated that till 2020 at least 70 %
varies and ranges from 5.8 % to 12.5 % (Tam et al.pf non-hazardous construction and demolition waste
2008; Zaharieva et al., 2003). As indicated by themust be prepared for recycling and reprocessing.
researchers Myprazace et al., 2008), water Hence, the target of the research is to investigate the
absorption of the aggregates increases due to thpossibilities of secondary utilisation of concrete
porous structure of the aggregate produced fromwaste in concrete mixtures, and analyse the
concrete waste. As a result, when aggregates ofariation of characteristics of hardened concrete, for
concrete waste are used during the preparation othe production thereof the concrete waste
concrete mixture, the amount of water, necessary taggregates with different particle sizes were
prepare the concrete mixture of the requiredutilised.

consistence, increasesMyprasaes et al., 2008)

states that the required amount of water canMATERIALS AND METHODS

increase even up to 15 %.

When coarse aggregate, produced from the stron
concrete waste, is used, it is possible to produce th&he following raw materials were utilised in the
concrete the class thereof would satisfy the strengthresearch:

class requirements of the typical concreiatfix, Coarse aggregategravel breakstone and crushed
2010). Scientists (Evangelista et al., 2010) state thatoncrete waste.

the compressive strength of the concrete, producedfine aggregatenatural sand and crushed concrete
from concrete waste is close to the strength of thewaste. The main characteristics of coarse and fine
concrete produced from natural materials. Theseaggregates are shown in Table 1.

scientists determined that after the substitution of 30

% of coarse aggregate by concrete waste, the Table 1
strength of hardened concrete decreases only by 3.6
%. In addition, the scientists also determined that,
when 100 % of coarse aggregate was substituted by

é?esearch materials

Characteristics of coarse aggregate

the aggregate, produced from the concrete waste, Parameter and its value

the compressive strength decreases by 7.6 %. Coarse .

C . aggregate Bulk Paticle I
oncrete waste can be also used for the production density density Hollowne

of fine aggregate, whigh can replace a part or whole glen? ' glen? ' ss, %

amount of sand required for concrete production. Crushed aravel

Scientists (Kou et al., 2009) analysed the utilisation ¢ mmg 1.44 2.45 41

of fine aggregate, produced from concrete and concrete

reinforced concrete waste, for the concrete waste 1.16 2.10 45

production. During the investigation 25 % and 100 4/16 mm
% amount of sand was replaced by concrete waste.Crushed gravel

. 1.64 241 32
After 28 days of hardening the strength of concrete 0.125/4 mm
decreased by 3.2 % and 8.4 %, comparing to the Concrete
waste 1.21 2.30 47

strength of the reference concrete samples. After
proper reprocessing of concrete and reinforced 0.125/4 mm

concrete waste, it can be utilised for manufacturing

of products of the required quality. Large amountsFiller aggregate: crushed concrete waste, the
of construction waste occupy a lot of space in dumpparticle size of which is smaller than 0.125 mm.
areas. During the past decades, the problems ofhe main characteristics of the filler aggregate are
reprocessing and utilisation of concrete waste areshown in Table 2.

being resolved intensively, because every year hug€ement: Composite Portland limestone cement
amounts of construction waste are accumulated ifCEM II/A-L 42.5 N, satisfying the requirements of
the world, and this waste does not fragment andhe standard LST EN 197-1. The chemical
contaminate the environment in the course of time. composition of this cement is provided in Table 3,
In Finland strict laws are employed to ensure thatand mineral composition — in Table 4. The physical-
all demolition waste is recycled. In Japan, almost allmechanical characteristics of the utilised cement are
reprocessed concrete and reinforced concrete wastghown in Table 5.
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Table 2

Characteristics of filler aggregate

Parameter and its value

Filler Bulk Paticle Specific
aggregate density, density, surface,
glcnt glcnt cnflg
Crushed
concrete waste  0.95 2.50 2904
0/0.125mm
Table 3

Chemical composition of the cement

Chemical composition, %

Composition of the mixtures analysed

Four concrete mixtures were prepared during the
research. Their compositions are provided in
Table 6. Concrete compositions K, C1, C2, C3 were
selected depending on the characteristics of raw
materials, by implementing computational -
experimental methodology and by using tables,
diagrams and nomograms. The selected class of the
concrete compressive strength was C30/37,
mobility — 3 cm.

An equal ratio of water and binding materials W/B
— 0.43 was used in all concrete mixtures. This ratio
influences the structure, strength, durability and
quality of the hardened concrete. The water amount
selection is a very important stage, because this
amount is related to the concrete composition,
characteristics of its components. Minimal amount
of water shall ensure the production of the concrete
mixture of the required consistence.

During the research natural coarse aggregate, the
particle size of which was 4/16 mm, was used. Only
in C2 mixture the coarse aggregate, produced from
crushed concrete waste, was utilised. The size of the
particles of this aggregate was 4/16 mm. The
aggregate, produced from concrete waste, replaced
the overall amount of coarse aggregate. The amount
of fine aggregate in this mixture was increased,
because the selection of the concrete mixture

Physical-mechanical characteristics of the cement composition, where the overall amount of coarse

Si0, CaO AO; FeO; MgO SQ  Other
20.6 634 545 336 384 080 0.34
Table 4
Mineral composition of the cement
Mineral composition, %
CsS GS GA C.AF
57.26 15.41 8.68 10.15
Table 5
Parameter Value
Size of particles 5-30pum
Early compressive strength after 21
2 days, N/mrh
Standard compressive strength 47
after 28 days, N/mm
Initial set, min. 190
Final set, min 230
Specific surface, cfig 3950
Specific particle density, g/cin 275
Bulk density, g/cr 1.02

aggregate is replaced by crushed concrete waste,
results in the lack of fine fraction aggregate. In
mixture C3 the overall natural fine aggregate was
replaced by concrete waste.

During the selection of concrete compositions, the
cement part in C1 mixture was replaced by filler
aggregate. In accordance with the standard LST
1577:1999, the mass ratio between the filler
aggregate and Portland cement CEM Il A cannot
exceed 15 %. After the designing of the concrete
composition, it was decided to add a half of this
amount and 8 % of cement mass was replaced by
the filler aggregate.

Table 6
Compositions of concrete mixtures
Composition
Cement, Coarse aggregate, Fine aggregate,
Concrete kg/m?3 kg/m3 kg/m3 Filler
marking aggregate,  Water, I/m3 w/B
Crushed Concrete Concrete ka/m3
Sand g/m
gravel waste waste
K 395 1277 - 372 - - 170 0.43
C1 363 1277 - 372 - 32 170 0.43
Cc2 410 - 930 690 - - 180 0.43
C3 415 1280 420 — 180 0.43
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The filler aggregate was produced by crushing F

concrete waste with alligator and by sifting out the fCm = —b, Q)
produced material with laboratory separators into A

fractions belonging to coarse aggregates, finewhere : — fragmenting compressive force, kN;
aggregates and filler aggregates. A, — sample cross-section area, mm

All concrete mixtures were prepared manually in
the laboratory. The prepared concrete mixture of theDuring the investigation the mineral composition of
required consistence was poured to 100x100x10@he filler aggregate X-ray analysis of the filler
mm size moulds. The samples were thickened byaggregate was implemented by using the diffraction
vibration on the laboratory vibrating platform for meter DRON-2 (Cu anode, Ni filter,
approximately 1 min. The samples were hardenednonochromator, cracks with the size of 1:8:0.5
in the moulds for 24 hours, and then stored inmm). The operation mode of the tube of
20°C+2°C temperature water (according to LST ENdiffractometer: U=30 kV, I=10 mA. The recorded
12390-2) until the tests for the assessment of thaliffractogram was decoded by comparing the
characteristics were performed. Five samples werambtained experimental values of multilayer
chosen from three concrete lots produced indistances d and specific integral intensity 1/10 values
laboratory conditions. of the lines with the corresponding values in ASTM
file.
Research methodology

After 28 days of hardening in water, the density ofRESULTS AND DISCUSSION

the concrete cubes was estimated in accordancéfter the X-ray analysis of the filler aggregate

with the standard LST EN 12390-7, impregnation —implemented during the research, its mineral
in accordance with LST 1428.18:1997 and thecomposition was determined. The X-ray pattern is
compressive strength of the concrete — inshown in Fig. 2. We can notice that the main
accordance with LST EN 12390-3. The samplesminerals of this raw material are as follows: silica Q
were compressed by using the press “ALPHA 3-(0.137, 0.138, 0.145, 0.154, 0.167, 0.182, 0.197,
30007, complying with the requirements of the 0.213, 0.223, 0.228, 0.246, 0.335, 0.425 nm), calcite

standard LST EN 12390-4. K (0.152, 0.160, 0.18 7, 0.198, 0.209, 0.250, 0.304,
The concrete compressive strength was calculate®.385 nm), dolomite D (0.180, 0.201, 0.219, 0.240,
by employing formula (1). 0.269, 0.402 nm), feldspars F (0.319 0.324 nm),

portlandite P Ca(OH)(0.491) dominates as well,
illite 1 (0.1200 nm).

Intensity

Figure 2. X-ray pattern of filler aggregate: Q — quartz; K — calcite; D — dolomite; F — feldspars; P —
portlandite; | — illite.

10
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Considering the results of the X-ray analysis of theof the particles of the new aggregate. The
filler aggregate, it can be assumed that its mineraktompressive strength of the sample C2, where the
composition is related to the initial material used for coarse aggregate was replaced by crushed concrete
the crushing. waste, decreased by 20 %, and, when natural sand
80 % of the concrete volume is occupied by was replaced (sample C3), the compressive strength
concrete aggregates. They have a large influence odecreased by 28 %. However, the strengths of the
the concrete characteristics and durability, and theconcrete samples C2 and C3 reach their
strength of the concrete depends very much on theompression class requirements. As scientists
mineral composition, quality, strength, hollowness, (Evangelista et al., 2010) state, when concrete waste
cleanness and granulometric composition of theis utilised as fine aggregate, the strength of the
aggregates. newly hardened concrete can decrease by up
During the research the compressive strength value® 30 %.

of the concrete samples were estimated. It wasThe compressive strength is a very important
noticed that the compressive strength depends ogharacteristic of concrete. In addition to this,
the size of the particles of the aggregate utilised. Asconcrete is the most resistant to the compression
scientists assume (Naujokaitis, 2007) strength of thestresses. As it is stated by (Naujokaitis, 2007),
concrete depends on the characteristics of the coarsncrete, that is influenced by compression loads,
aggregates, because their particles form the concretédisintegrates according to three models: the first —
framework and have an influence on the nature ofwhen disintegration occurs through the cement
the distribution of the concrete stresses,stone, the second — when disintegration occurs
deformations, as well as on the formation of cracksthrough the aggregate and the third — when concrete
due to various loads applied. The amount of waterdisintegrates through both, cement stone and
required for the preparation of the concrete mixtureaggregate. It was noticed that during the
is related to the fine aggregates. In addition, thecompression process, when the concrete samples
granulometric composition of the fine aggregate, were disintegrating, the disintegration occurred not
characteristics, shape and amount of the particlesnly through the cement stone, but also through the
influence the concrete macrostructure, and this isaggregates produced from concrete waste.

the structure of cement grout (with sand aggregate)n Fig. 4 a view of a cut concrete sample, in the
existing in the concrete. production thereof the concrete waste was used as
The results of the estimation of the compressivethe coarse aggregate, is showed.

strength of hardened concrete are provided in

Fig. 3.

Compressive strength, MP:

K C1 c2 c3
Samples' marking

Figure 3. Results of estimation of compressive
strength of concrete samples.

Figure 4. View of cut concrete sample.

Fig. 3 shows that the compressive strength of the
concrete samples with concrete waste aggregates
with the particles of different sizes reaches 67-80 %Newly created cement stone, coarse and fine
of the strength of the reference samples (K). Theaggregates can be noticed in this view. Newly
lowest strength was achieved when a part of thecreated aggregate from the concrete waste is
cement of concrete mixture was replaced by themarked in the figure, and it is clear that this
filler aggregate produced from crushed concreteaggregate is formed from the natural aggregate and
waste. The compressive strength of the concretdhe adhered cement stone, which remained
samples, where 100 % of natural coarse or fineuncrushed during the crushing process. In addition,
aggregates were replaced by the aggregate producet can be seen how this aggregate adheres to the
from concrete waste, varies depending on the sizénewly formed cement stone.
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The concrete density, as well as the compressivenain characteristics of the aggregates produced

strength, are one of the main quality parameters ofrom concrete and
hardened concrete. The variation of the density ofbecause
concreteproperties of the hardened concrete.

Water impregnation of the hardened concrete

hardened concrete, depending
composition, is shown in Fig. 5.

on

reinforced concrete waste,

these characteristics influence the

samples was estimated after 72 hours of soaking.

™
£
L
(=)
> 1)
i
[
[a]
K C1l Cc2 C3
Samples' marking
Figure 5. Results of density estimation of concrete
samples. 2)

4,57

3,51

2,57

Impregnation, %

1,51

0,57

K C1 Cc2 C3
Samples' marking

Figure 6. Results of the estimation of sample 3)
impregnation.

It can be noticed that concrete C1, where only
natural aggregates were used and 8 % part of the
cement was replaced by the filler aggregate
produced during the crushing of the building
concrete constructions, density reached the highest
value — 2286 kg/m Comparing with the reference 4)
concrete samples, the density decreased by only 4
%, even though the concrete strength decreased by
33 %. The density decreases when concrete waste
replaces coarse or fine aggregates. The density of
the concrete, produced by utilising coarse
aggregates from crushed concrete waste, is 2248
kg/m3, i.e., this value is by 3 % higher than the one
of concrete, produced by utilising concrete waste
instead of fine aggregate. However, the density of
all samples satisfies the density requirements
applicable for normal concrete, the density of which
after 28 days of hardening and drying must be in the
range of 2000—2600 kg/m3.

The concrete density is not fixed, and it depends on
the characteristics of the raw materials utilised.
Therefore, it is necessary to constantly analyse the

The results of impregnation are shown in Fig. 6.

CONCLUSIONS

Waste reprocessing problems are very
important in the world and are being resolved
intensively, because more and more new
buildings are built and old, unused
constructions are demolished. In respect to the
ecological safety and in order to save natural
resources, concrete waste can be utilised for the
production of high quality products by
returning this waste to the production
technological cycle.

After analysis of the influence of the size of
particles of the aggregates utilised in concrete
production, it was noticed that the compressive
strength values vary. The compressive strength
decreases by 20 % when coarse aggregates are
replaced by concrete waste, and, after fine
aggregate is replaced by the crushed concrete
waste, the concrete compressive strength
decreased by 28 %. However, when natural
aggregates are replaced by concrete waste, the
strengths of the newly produced hardened
concrete samples reach the compression
strength value of the class C30/37 of the
designed concrete.

The results of the analysis show that, when
natural coarse and fine aggregates are utilised
and 8 % of the amount of cement is decreased
by replacing it with the filler aggregate from
crushed concrete waste, the compressive

strength  decreases significantly, density
increases by 21 % and impregnation decreases
only by 4 %.

According to the density results of the concrete
samples it can be assumed that the density
values of the produced concrete samples satisfy
the requirements applicable for normal
concrete, because the obtained values vary
from 2190 to 2286 kg/ms3.

The results of the analysis showed that, when
crushed concrete waste is used for the concrete,
the characteristics of the hardened concrete
worsen, comparing to the reference concrete
sample where waste was not utilised. However,
during further analysis it is possible to estimate
the optimal compositions of concrete mixtures
and to monitor the characteristics of the
produced products.
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ABSTRACT

Rational use of highly dispersed metal waste is an important issue of material science and environment
protection. The quantity of the powdered metallic materials used in industry is steadily increasing; they are
especially widely used in the enterprises producing iron powders, in metal sheet production, as well as in
abrasive machining. This paper presents an analysis of several kinds of metal waste such as iron and steel
powders, mill scales, steel punching, metal shavings and other iron-containing waste from mechanical
engineering and metallurgy industries, and the possibility of their use in the manufacturing of concrete
products like fillers. This study investigates properties of the samples of the concrete manufactured using
highly dispersed metallic fillers. The highest density obtained is in the range of 4000 - 4500 kg/m3. The
common characteristics of the aforementioned materials are their low cost, availability and thus the potential
for large production volumes, need for recycling, and tendency to further oxidation and corrosion.

Key words: metal fillers, heavy concrete, metal powders, metal dust, mill scale, steel punching

INTRODUCTION stages — dust particles on the filters, waste on
sieves, powders from setting up equipment etc.
(dpsiuxoBa, Kepkenniera, Mapkosa, 2004).

Rational use of highly dispersed metal waste is an
important issue of material science and environment
protection. The quantity of the powdered metallic
materials used in industry is steadily increasing;
they are especially widely used in the enterprises
producing powders, in metal sheet production, as
well as in abrasive machinin@lémtocro, 2002).

The common characteristics of the aforementioned
materials are their low cost, availability and thus the
potential for large production volumes, need for
recycling, and tendency of further oxidation and
corrosion. Considering the current economic
situation in the construction industry in Latvia,

economy of resources, reducing consumption of

magnetite, hematite, barite, iron and steel owdersmaterials' and development of new materials with
g ' ' ' P special properties such as high density and

mill scales,.steel punchings, metal shavings etc. Fodurability are the tasks of major importance.
manufacturing heavy and extra heavy concrete the

most commonly used material is either Portland

cement or alumina cement (Chundelly, 1. PROPERTIES OF IRON CONTAINING
Geeno, 2001). Heavy concrete is used for theCONCRETE FILLERS

manufacturing of anchors, pontoons and contra
weights, as well as in hydro technical structures an
radiation shielding and storage. This study analysed powders SC100.26 (Fig. 1),
In the production of metal powders and their MH.80.23 and ASC.100.29 from the Swedish
manufactures the waste is generated in differenCompany Hoganas AB.

A broad study of heavy concrete manufactured with
iron inclusions commenced after the scientific
publication “Strength and Fracture Toughness of
Heavy Concrete with Various Iron Aggregate
Inclusions” published in 2004 (Kan, Pie,
Chang, 2004). The research in Latvia was launche
in 2009 at the Riga Technical University and still is
in progress. The result of the investigation at the
Institute of Building Production is a patent of the
Republic of Latvia LV 14019 B (V. Mironovs,
Zemzenkovs, Korjakins, Sahmenko, 2010)..

Heavy concrete materials are those with the density
greater than 2600 kgfnin order to achieve higher
density traditional fillers of concrete (sand, gravel,
crushed rocks) are entirely or partially replaced with
other materials with larger specific gravity - e.g.,

.1.Metal powders
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The apparent density and flow of the
aforementioned powders are shown in Table 1.

1.2. Metal dust

Air filters in manufacturing enterprises collect large
amounts of dustThe Swedish company Hdganas
AB delivers this waste material to consumers under
the brand CMS (Fig. 3).

Figure 1. Powder SC100.26 microstructure
(average particles size is 45 — 150 um).

The metal powder SC100.26 has the best
compressibility of all Higanas sponge iron powder
grades. The green strength is also high. It should be
used particularly if high density after single

pressing and sintering is desirable. MH80.23 is
specially designed to match the requirements for
self-lubricating bearings. Its range of the particle

size is chosen to give an optimum pore structure for

this application. The metal powder MH80.23 can Figure 3. Microstructure of CMS.
also be added to powder mixes in small quantities to
substantially improve green strength. The metal Table 2
powder ASC100.29 is an atomised iron powder Sieve analysis of powder CMS 95
with a very high compressibility, which makes it
possible to single press compacts with densities of <45, 45<212, >212,
up to 7.2 g/lcm3. ASC100.29 is particularly suited pm pm pm
for high density structural parts and as a base Testresults  56.8% 43.2% 0.0%
material for soft magnetic applications (Hoganas Min 35.0%
AB, 2010). Max 1.5%
The iron content in powders is greater than 95%.
The sieve analysis is shown in Fig. 2. The product has high iron content (guaranteed over
90%), and its sieve analysis is shown in Table 2.
100% .
1.3. Mill scales
80% Mill scale is flaky dross obtained in rolling red hot
steel or in steel mills. The thickness of the dross
60% layer is approximately 10 — 15 microns.
. The main components of iron dross are,(re
40% (hematite), F¢D, (magnetite) and FeO. The
20% B properties of iron oxides are shown in Table 3.
0% : , _ _ . Table 3
Properties of iron oxides
SC100.26 MH80.23  ASC100.29
FeO Fe;0, Fe0,
<45 m45-150 m>150 Molar mass, 71.84 231.52 159.68
g/mol
Figure 2. Sieve analysis, pum. S/pi::gific gravity, 5.28 5.20 5.12
c
Table 1 aardness, HV  270-350 420-500 1030
Apparent density and flow of metal powders Part of mass in 50% 40% 10%
mill scale
Metal
powder AD, glen Flow, s/50 g The study used mill scale from the rolling of steel
SC100.26 2.68 29 reinforcement supplied by “Liepajas Metalurgs”
MH80.23 2.30 34 (Latvia). The particle®f raw mill scale are shown
ASC 100.29 2.98 24 in Fig. 4.
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The iron content in the mill scale is greater than Table 5
70%, humidity from 1 to 5 % and specific gravity of Sieve analysis of grinded mill scale
the material is 5.2 = 5.5 g/ém

Grinded mill scale

Particle size, um

30s 120 s
<063 3.2% 9.1%
63 —125 6.3% 12.1%
125 - 250 16.8% 35.4%
250 - 500 34.6% 35.3%
500 - 1000 34.7% 8.1%
>1000 4.4% 0.0%

Fig. 5 and Table 5 present the sieve analysis of 30 s
and 120 s grinded mill scales. It was ground in
planetary ball mills with nominal speed of 300 rpm
(Kazjonovs, Bajare and Korjakins, 2010).

1.4. Steel punching

One kind of steel scrap is steel punching, which is

Figure 4. Raw mill scale from JSC “Liepajas formed by cutting sheet materials (Fig. 6).

Metalurgs”.

The mill scale had an apparent density of 1.9 + 2.1
g/cn® and hardness from 200 to 500 HBhe sieve
analysis of the mill scale is shown in Table 4.

Table 4
Sieve analysis of raw mill scale
<150, 150 - 300, 300-600, > 600,

um pum pum um
34.73% 25.25% 10.82% 29.20%

In order to decrease the size of the particles, it is
possible to process the raw mill scale. One of thelliie. ..

methods is grinding. Figure 6. Steel punching from JSC “DITTON
Driving Chain Factory” (Latvia). Diameter 3.0 +
10.8 mm, height 0.5 + 3.3 mm. The specific gravity
of steel punching is 7800 kg/m

100,0%

90,0%

80,0%

This research used punching formed by the
stamping of circuit elements supplied by the
enterprise JSC “DITTON Driving Chain Factory”
(Latvia). The cuttings have a round shape and
various geometric dimensions, the diameter and
thickness of the samples are shown in Table 6. The
specific gravity of steel punching is 7800 kd/m

70,0%

60,0%

50,0%

40,0%

30,0% Table 6

The size of steel punching

20,0%

Steel punchin es
10,0% punching typ

0,0% D, 30 39 46 58 64 7.1 108

30s 120s mm
H, 07 08 05 10 10 23 33
W <063 W63-125 W125-250 mm

W 250-500 W500-1000 m=1000

) ) ) ) . The investigation of the properties reveals that
Figure 5. Sieve analysis of grinded mill scale, Um. pargness of the elements is up to 100 HB.
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2. HEAVY CONCRETE COMPOSITIONS The heavy concrete S50 and S100 and their
AND PROPERTIES aggregate proportions are shown in Table 8, the
mechanical and physical properties in Table 9 and
Table 10 respectively (Kazjonovs, Bajare,
This study analysed prepared types of heavyKorjakins, 2010).

concrete S1 and S2 that are patented in Latvi
(Mironovs, Zendenkovs, Korjakins, Sahmenko,
2010). The components used in manufacturingThe physical properties of the heavy concrete
heavy concrete and their part of mass are shown igamples are shown in Table 9. As expected, the iron

2.1. Mixture proportioning and preparation

a2.2. Properties of mix

Table 7. containing waste materials heighten the density of
the product.
Table 7 Table 9
Heavy concrete compositions (by weight) Physical properties
Mix Concrete type Density, kgfm
Component Si 3 S1 3200
Cement CEM 1 42.5N 100 1.00 géo gggg
Mill scale 3.95 3.49 S100 4600
Sand 0.65 0.00
Steel punchings 0.00 2.69 . . . . . .
Metal Fp))l:)wdclerg 0.00 1.62 The highest density obtained in this study is in the
Superplasticizer 0.015 0.016 range 4000 — 4500 kgAn Also, approximate
W/C ratio 055 062 expenses were estimated for heavy concrete

mixtures. The higher density sample had greater
Several ingredients are prepared before application(nf)(pe_nses mainly due to the metal powder used.as
e.g., the steel punching is cleaned of oil that isﬂne filler. _After 28 day; the samples were tested n

appiied in the manufacturing process. The compression and tension. The results are shown in

traditional concrete component sand is applied ag able 10.

fine filler in the mix S1. In the second mix S2 all
traditional concrete components are replaced with
iron containing waste materials.

Table 10
Mechanical properties (after 28 days)

In order to improve the workability of the mix and Compressive Tensile
reduce WI/C ratio, a superplasticizer is added in both CONncrete type strength, MPa  strength, MPa
mixtures. Optimisation of packing is applied to s1 50.7 7.15
decrease W/C ratio of the concrete and enlarge its g2 43.1 6.32
density. Vibration of the concrete is used briefly to s50 40.7 4.10
avoid the segregation as a result may be issued ofg100 36.6 4.15

metal filler higher specific gravity. Three specimens

have been prepared as for compression tests as Wefie results show that S2 mixture has lower strength
for tensile test using each concrete composition Sk compression and tension than S1 mixture. The
and S2. To provide detailed properties of thestrycture of a split S2 sample is shown in Fig. 7.
concrete, this study also discusses two heavyanother potential drawback of steel punching is

concrete types S50 and S100 from the scientificcoposion that should be tested in further researches.
publication “Designing of High Density Concrete

by Using Steel Treatment Waste”.

Table 8
Details about aggregate proportions

S50 S100

Concrete mix
% aggregate

High-weight waste aggregate: 50 100
Iron dross:
Grinded 30 s 5 20
Grinded 2 min 15 20
Mix of steel punching 30 60
Natural aggregate: 50 -
Gravel 35 -
Sand 15 - Figure 7. Structure of S2 mixture sample.
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The research by Kan, Pie and Chang (2004) revealproduct category includes anchors which would be
that the elastic modulus of heavy concrete is higheisuitable in fast currents or rocky seafloor. The
than for the regular concrete mortar. Moreover, it isInstitute of Building Productiomas developed the
increasing with the increase of iron ore. As shownconstruction scheme of such anchor that is shown in
in Fig. 8, heavy aggregate inclusion of 48.8% in theFig. 9.

volume makes the elastic modulus of concrete raise

approximately 1.5 times that of regular mortar.

E,GPa 40

35

30
25 A

20 -
Figure 9. Construction scheme of anchor (1 - heavy
concrete body, 2 — metal pine, 3 — metal ring, 4 —

rubber cover).

15 A

10

The rubber cover is used to avoid unfavourable
impacts of sea water and possible corrosion. In this
study were produced anchor model made of heavy
concrete with the density approximately 4300 Kg/m
m,, % (Fig. 10).

0 10 20 40 48,8

Figure 8. Modulus of elasticity for concrete with
various metallic aggregates.

However, it does not make the compressive
strengths too much difference as previously
mentioned (Kan, Pie and Chang, 2004).

3. APPLICATION
HEAVY CONCRETE

Heavy concrete has high application possibilities in
the field of contra weights. The main contra weight
material properties are their high density, fine
resistance to external environment impacts and low
production cost.

Contra weights are used to ensure stability of
enginery - e.g.,, machinery, lifts, bridges,
floodgates, cranes etc. (Mehta and Monteiro, 2006)

It is also effect|ve_ to use h(_eavy_ concre_te n Heavy concrete could also be used as a radiation
underwater constructions due to its high density thatshielding material in nuclear stations and buildings

is more notable because of the buoyant force (1), . ; -~
namely, the weight in the water depends on theWlth heightened radiation level. There are two types

material mass and densit of radiation:
4 1. X-rays and gamma rays. According to the

Compton scattering effect, the attenuation
P efficiency is approximately proportional to the
P=mg(L-—) (1) mass of the material used in the shield of
Pm radiation (Mehta and Monteiro, 2006). Also,
where P — weight in water, N; researches confirm that the attenuation
m —mass of manufacture, kg; coefficient depends on the density of the
g - gravitational acceleration, rfy/s concrete (Ismail and Al-Hashmi, 2008).
pw - density of water, kg/fn 2. Neutrons. An efficient neutron-occluding
pm - density of material, kg/fn material consists of heavy elements such as
iron the atomic mass of which is 56 and light

POSSIBILITIES OF

Figure 10.Anchor model.

Heavy concrete can be used to manufacture the
substructure of breakwaters. Another perspective

elements, preferably, hydrogen (Mehta and
Monteiro, 2006).
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The structure of heavy concrete conforms to both2. Elastic modulus of heavy concrete is higher
types of radiation attenuatiomequirements. In than regular concrete mortar and is increasing
addition, heavy concrete has a decent compressive  with the increase of metallic aggregates .
strength, and thus it is usable as a supportindd. Optimization of packing was applied to
structure. Bore could be used as filler in concrete in  decrease concrete W/C ratio and enlarge

order to better attenuate the radiation. density.
4. Vibration of concrete was used briefly for
CONLUSIONS avoiding of segregation as a result may be

issued of metal filler higher specific gravity.
Potential drawback of steel punching is
corrosion that should be tested in further
researches.

1. As planned, the iron containing waste materials
heighten the density of product. The highest
density obtained in this study is in range 4000 —
4500 kg/m, though higher density concrete
also had greater expenses per mass unit.

REFERENCES

Basyigit C. (2006) The Physical and Mechanical Properties of Heavyweight Concretes Used in Radiation
Shielding.Journal of Applied Sciencg¥ol. 6, Issue 4, p. 762. — 766.

Chundelly R., Greeno R. (200Bpilding Construction HandboolBritsh Library Catalogue in Publication
Data. 347 p.

Hoéganas AB (2010) Iron Powders for Sintered Components [online] [accessed on 30.04.2011.].
Available: http://www.hoganas.com/Documents/Brochures/Iron_Powders_for_Sintered_Components_
November_2010_web.pdf

Hoganas AB (2010) Overview of Powder Grades [online] [accessed on 30.04.2011.]. Available:
http://www.hipih.com/cgi-shl/DC_Show_File.exe?fileld=2257&btnld=50&isWebSiteltem=1&save=0

Ismail ZZ, Al-Hashmi EA. (2008) Reuse of waste iron as a partial replacement of sand in colestee.
ManagementVol. 28, Issue 11, p. 2048. — 2053.

Kan Y.C., Pie K.C., Chang C.L. (2004) Strength and Fracture Toughness of Heavy Concrete with Various
Iron Aggregate Inclusion®uclear Engineering and Desigkol. 228, Issues 1-3, p. 119 — 127.

Kazjonovs J., Bajare D., Korjakins A. (2010) Designing of High Density Concrete by Using Steel Treatment
Waste. The 10th international Conference Modern building materials, structures and techniques, Lithuania,
Vilnius, p. 138 — 142.

Lorente A., Gallegoa E., Vega - Carrillob H. R., Mendez R. (2008) Neutron Shielding Properties of a New
High - Density Concrete. 12th International Congress of the International Radiation Protection Association,
IRPA-12, Buenos Aires, Argentina, p. 1 — 10.

Mehta P., Monteiro P. (200%}oncrete Microstructure, Properties, and Materiaew York: McGraw -
Hill Professional. 261 — 262 p., 528 — 530 p.

Mironovs V., Zemcenkovs V., Korjakins A., Sahmenko G. (20.01.20d6gvy concreteLR patent LV
140198, Int. Cl. C04B18/04 (C04B28/00).

Hemocro JI.I. (2002) A6pasusno-nopowkosas ouucmka npokama om okaiunel. M:MaIIMHOCTPOEHHE.
460 c.

Hpsuxosa JI.H., Kepxenuesa JI.®., Mapkosa JI.B. (2004) Ilopowkosvie mamepuanvt na ocroee dxcenesd.
Munck: Tonnuk. 226 C.

19



3 International Conference CIVIL ENGINEERING 11 Proceedings
| BUILDING MATERIALS

EXPERIMENTAL STUDY ON CREEP OF NEW CONCRETE MIXTURES

Andina Sprince*, Leonids Pakrastinst*, Aleksandrs Korjakins***
*Riga Technical University, Department of Structural Engineering
andina.sprince@rtu.lv
**Riga Technical University, Department of Structural Engineering
leonids.pakrastins@rtu.lv
***Riga Technical University, Institute of Materials and Structures
aleksandrs.korjakins@rtu.lv

ABSTRACT

The aim of this study was to experimentally investigate the creep behavior of developed concrete
compositions in order to evaluate the possibility of using glass powder and small clay particles as active
additives in concrete by replacing cement. Several concrete mixes were designed and prepared, then
160x40x40mm specimens of each batch were made and tested. The specimens were subjected to a uniform
compression load kept constant over a long period of time in a constant room temperature and with a
constant level of moisture. The specimens were hardened in two extreme environments: in one case there was
100% humidity provided by protecting the specimens from desiccation and in the other case the specimens
were air-dried and protected from any moisture. The compression strength and modulus of elasticity of the
developed concrete mixes were determined and compared with those of the reference concrete.

Keywords: creep, lamp glass powder, small clay particles, compression stremagthlus of elasticity

INTRODUCTION Therefore, designers and engineers need to know

. . the creep properties of concrete and must be able to
In the design of concrete structures, the two main : . .
. 2 . " take them into account in the structure analysis.
design objectives are strength and serviceability. A : '
- After all, the end product of an engineer's
structure must be strong enough and sufficiently . S
: . . - endeavours is a structure the strength of which is
ductile to resist, without collapsing, the overloads .
) ) dequate, but not wastefully excessive, the
and environmental extremes that may be impose N . L
on it. It must also perform satisfactorilv under the durability is commensurate with the conditions of
‘ O p . y . exposure, and serviceability ensures fithess for the
day-to-day service loads without deforming,

; o . . purpose. Consideration of creep is a part of a
cracking or V'bfa““g excessively (Gllbgrt et al., rational approach to satisfying these criteria.
2011). Formulqtlon of creep and relaxation mOdelsDeformation characteristics of materials are an
?haes ?:seen gfngg'nncgn:[gmelrggtr.i tggr?ahgc?drr%? Zgﬁgétle%ssential feature of their properties, and a vital
was taken for ranted for al lon tir}rlwleuHowever in element in the knowledge of their behaviour. After

9 ; 9 ' ' " all, it is the subject that matters: creep is important

1907 Hatt wrote an article on a test performed on.; . ; . . .

. . if its deformation increases with time under a
reinforced concrete beams subjected to constar(}gonstam stress (Neville et al., 1983)
load. Hatt discovered that the deflection increase i the last few vears it has b.ézen recb nized that one
significantly with time (Westman, 1999). Y 9
Creep of concrete originates in the hardened cemen
paste that consists of solid cement gel containin

numerous paplllary pOres. Thg cement gel is mad down, that is, essential physical, biological and
up of colloidal sheets of calcium silicate hydratesChemical changes do not take place. One of the
Scergzrat.gdthgy ﬁf?c():e;e c(::c;ntsaér&mt? ggsgrrgle g.ﬁ\g?;ﬂ)‘ossibilities of utilizing waste is recycling, which

P ug . u y Sev ! would not only save natural resources, but also
and complex mechanisms not yet fully understood.

(Neville et al., 1983) identified the mechanisms for decrease the amount of (_Jlep05|ted waste. Glass
waste requires recycling. Since there are different
creep. Recent research relates the creep response . to

: X R : types of glass with different chemical compositions,
the packaging density distributions of calcium- . I .
. ) " there are also different possibilities of its use.
silicate-hydrates. At high stress levels, additional . -
) In accordance with the decision of the European
deformation occurs due to the breakdown of the

bond between the cement paste and aggregatcomm'ttee’ all simple incandescent lamps are to be

particles. (Gilbert et al., 2011; ACI Committee 209, Feplaced by fluorescent lamps until 2012, therefore,

) ) : after a couple of years the problem of their
2008; Neville, 1995; Neville, 1970; Neville et al., . I .
1083 Bazant et al, 1983; Gilbert, 1988: recycling and utilization will become more severe

Vandamme et al., 2009). (Korjakins et al., 2010).

f the main sources of environmental pollution is
aste. It has become a major environmental
roblem because many types of waste do not break
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One of the solutions would be to recycle the lamp Consider a point in a concrete specimen subjected
glass by using it in concrete production, where itto a constant, sustained compressive stiggs
can partly replace fine sand or cement and thus helppplied at timezy, and equal to 40 per cent of the
create a new construction material. Using lampcharacteristic compressive strength of concrete, i.e.
glass powder (LGP) in concrete is an interestingoo= 0.4 f.. The load was applied gradually in
possibility for economy on waste disposal sites and4 steps and as quickly as possible.
conservation of natural resources The instantaneous strain that occurs immediately
(Mageswari et al., 2010). upon application of the stress may be considered to
One of the main constituents of the referencebe elastic at low stress levels, and therefore:
concrete is cement. Every year approximately
2.35 billion tons of cement are produced — that is ety = 0ol Epro) (1)
almost 1 m of cement for every person in the
world. The carbon dioxide released into the whereEyy)is the elastic modulus at ting
atmosphere during the cement production processyy is the instantaneous strain,
accounts for approximately 5-10% of the overall oyis the compressive stress.
CO, production in the world. Its release into the
atmosphere contributes to the global warming andThe capacity of concrete to creep is usually
the development of holes in the ozone layer. If themeasured in terms of the creep coefficient,). In
CO, production in cement factories could be a concrete specimen subjected to a constant
decreased by 10%, the overall release into thesustained compressive stresg, )first applied at
atmosphere would decrease by 5.2%. ace 7, the creep coefficient at tinteis the ratio of
The use of waste glass and small clay particles irthe creep strain to the instantaneous strain and is
concrete production can make the constructiongiven by:
industry more environmentally friendly.

U (t,r)z 8cr(t,r)/8e(r ) (2)
MATERIALS AND METHODS

wherelJ is the creep coefficient,

One of the goals of the experiment was to find OUtgcr(t,z—) is the creep strain,

whether the new concrete composition can beee(,)isthe instantaneous strain (Gilbetgl., 2011).
competitive and whether its physical and

mechanical properties are equivalent to those of th t the beginning of the test, the specimens were 51

reference concrete. The object of this experimenta
: and 57 days old. They were kept under constant
study was concrete made with lamp glass powder i
X load for 90 days. The tests were conducted in two
(LGP) obtained from fluorescent lamp waste and o .
. . extreme conditions. In one case no moisture
concrete made with small clay particles (SCP) . . .
; ) . ’exchange with the environment was permitted,
partially replacing cement. The other raw materials

used for this study were natural coarse aggregatewhICh was ensured by protecting the specimens

. against desiccation, and in the other case drying was
lzlgﬁng\g?regate and normal cement CEM 1 42.5 Npermitted under conventional conditions, by

The experiment consisted of replacing cement Withprotecting the specimens against moisture (Rilem

. TC 107-CSP, 1998).
lamp glass powder (LGP) in amounts of 0, 20 ar.‘dln this paper these batches shall be called Reference

40 per cent and small clay particles (SCP) 'n(dry), Reference (moist), 20% LGP (dry), 20% LGP
amounts of 1per cent of the total cement volume. moist), 40% LGP (dry), 40% LGP (moist), SCP
Standard sample cubes of 100x100x100 mm wer dry) a'md SCP (moist')" In order to p’revent
produced in order to investigate the mechanicalhumidity exchange betweén the specimen and the
characteristics of the material. Concrete mixtures nvironment, the surface of the specimens was
were cast into oiled steel moulds and compacted agoated with t’WO protective silicone layers

the vibrating table. After two days the moulds were '
removed. Standard hardening conditions g e :
(temperature +20 + 2 °C, RH>095%) were [y '
provided. After the hardening period, the specimens
were measured and tested in standard conditions T Y B
Their compression strength was determined in
conformity with LVS EN 12390-3:2002. A testing
machine with accuracy +1% was used, and the rate
of loading was 0.7 MPa/sec.

Creep experiments were carried out on prismatic
40x40x160 mm specimens that had been weighte
both before and after the test.

The creep (time-dependent strain) was measured ig
hardened concrete” specimens.

Figure 2. Specimens with aluminium plates.

efore this sealing, four steel plates were centrally
d symmetrically glued onto two sides of the test
rism in order to provide a basis for the strain
auges (see Fig. 2).
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The distance between two plates was 50 mm. Two40% LGP showed 103% increase of the

+/-0.0l mm precision strain gauges were compression strength, while the specimens with
symmetrically connected to each specimen, and20% LGP showed 66% increase of the compression
then the specimens were put into a creep lever testtrength. The reference specimens, however,
stand and loaded (see Fig. 3). showed only 30% increase of the compression
strength. Fine lamp glass powder caused a long-
term hardening effect (see Fig. 4).

Figure 3. Specimens in the creep lever test stand

They were kept in dry atmosphere of controlled
relative  humidity in standard conditions:
temperature 23 +1°C and relative humidity
25 + 3%.

RESULTS AND DISCUSSION

Strength tests were carried out on the cubes after 7,
28, 42 and 58 days (see Table 1) of hardening in
standard conditions. The various compression
strengths of concrete specimens in different ages
containing LGP and SCP were then compared to

those of the reference concrete specimens. Figure 4. Compressive strength of new concrete

mixtures at different ages [MPa].
Table 1

Compression strength of concrete compositions |, e first 7 days, the strength showed by concrete

. containing SCP was lower than the reference
Specimen dAfe’ tComptrhesls\:lol:l concrete strength by 31.4% and on th& 4y the
ys | Stremgth, a strength was lower by about 32.4%. The specimens
Reference 7 S5 with SCP showed 485% increase of the
Reference 28 63 compression strength, but the reference specimens
Reference 58 71 showed 50.8% increase of the compression strength
20% LGP 7 42 (see Fig. 4).
20% LGP 28 60 The modulus of elasticity (see Fig.5) was
20% LGP 58 70 determined by measuring the deformations on the
40% LGP 7 32 sides of the specimens according to Hooke's law.
40% LGP 28 55 For the reference concrete the difference between
40% LGP 58 65 _the spem_mer:slhz;rgg/neg thnmst ar_ld dry C(J_Phdgg);s
is approximately 2.8%. For the specimens wi ()
Eszzzzz: 472 4513 LGP this Fjiﬁerenc_e: is approximat_ely 12.4% and for
SCP - %0 the specimens with 40% LGP it is 27.4%. The
comparison of the modulus of elasticity of the
SCP 42 60 reference concrete specimens and the specimens

The concrete containing a LGP showed lowerWith 40% LGP shows that for the specimens
strength in the first 7 days, but on the™d 58’ hardened in moist conditions this difference is
day the strength increased and was very similar tol1.7%, while for the specimens hardened in dry
that of the reference concrete. The specimens witifonditions it is 32.6%.
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Figure 5. Elasticity modulus of different concrete.

Figure 6. Relation between stress and strain..

The corresponding differences between therate. In the period immediately after initial loading,
reference concrete specimens and the specimenseep develops rapidly, but with time the rate of the
with 20% LGP is 2.9% and 16.3% respectively. increase slows considerably.

For the reference concrete and the specimens witln a loaded specimen that is in hygral equilibrium
SCP this difference between the specimenswith the ambient medium (i.e., no drying), the time-
hardened in moist and dry conditions is dependent deformation caused by stress is known as
approximately 17% and 16% respectively (seebasic creefNeville et al., 1983).

Fig. 5). The comparison of the modulus of elasticity The graph in Figure 7 shows elastic strain plus
of the reference concrete specimens and thdinear basic creep and shrinkage. From the gathered
specimens with SCP shows that for the specimenglata it is evident that the smallest creep is exhibited
hardened in moist conditions this difference is by the concrete specimens with 40% LGP (dry).
3.3%, while for the specimens hardened in dryThe average difference between basic creep of the
conditions it is 24%The same tendency can also be reference concrete specimens hardened in moist and
seen from the stress-strain relation (see Fig. 6). in dry conditions is approximately 47.4%. For the
When concrete is subjected to a sustained stresspecimens with 20% LGP this difference is
creep strain develops gradually in time as shown inapproximately 52.4% and for the specimens with
Fig. 7. Creep increases with time at a decreasingt0% LGP it is 12%.
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Table 2
Mechanical properties of concrete compositions
Modulus of | Elastic strain | Basic creep Creep

Specimen Age, days elasticity, GPa € 10_3) e (.10_3) coefficient
(90 days)

Reference 51 32,5 (dry) 0,8 (dry) 2,0 (dry) 2,7 (dry)
Reference 51 31,6 (moist) 0,8 (moist) 3,9 (moist) 5,0 (moist)
20% LGP 51 21,9 (dry) 0,9 (dry) 3,5 (dry) 4,0 (dry)
20% LGP 51 27,9 (moist) 0,8 (moist) 2,3 (moist) 2,9 (moist)
40% LGP 51 27,2 (dry) 1,1 (dry) 2,1 (dry) 2,8 (dry)
40% LGP 51 30,7 (moist) 0,9 (moist) 2.4 (moist) 2,8 (moist)
Reference 57 42,3 (dry) 0,6 (dry) 2.4 (dry) 4,2 (dry)
Reference 57 36,5 (moist) 0,7 (moist) 3,0 (moist) 4,6 (moist)
SCP 57 32,2 (dry) 0,8 (dry) 2.9 (dry) 3,9 (dry)
SCP 57 37,7 (moist) 0,6 (moist) 3,4 (moist) 5,3 (moist)

Figure 7. Elastic strain and basic creep of new concrete mixtures.

By comparing the average difference between thespecimens hardened in moist conditions this
reference concrete specimens and the 20% LGP itlifference is 12.8%, and for the specimens hardened
can be seen that for the specimens hardened im dry conditions it is 22%. The results of the
moist conditions this difference is 41%, and for the experiments are presented in Table 2.

specimens hardened in dry conditions it is 71%. InUnder constant mechanical loading, the strain of the
comparison with the 40% LGP specimens, thereference concrete increases significantly with the
difference is 37.4% and 4.7% respectively. Theloading duration, the increase reaching 2.68 to 4.97
results of the experiments are presented in Table 2.times the value of the instantaneous strain. The
In the graph in Figure 7 it is evident that the strain increase of the concrete specimens with 20%
smallest creep is exhibited by the reference concreté GP reaches 2.93 to 3.95 times the value of the
specimens in dry conditions. The average differencanstantaneous strain and for the specimens with
between basic creep of the reference concretel0% LGP it reaches 2.79 to 2.84 times.

specimens hardened in moist and in dry conditionsThe strain of the reference concrete increases
is approximately 21%. For the specimens significantly, the increase reaching 4.15 to 4.61
containing SCP this difference is times the value of the instantaneous strain, and for
approximatelyl4.5%. By comparing the averagethe specimens containing SCP it reaches 3.88 to
difference  between the reference concrete5.32 times. The creep coefficient increases with
specimens and the SCP, it can be seen that for théme at an ever-decreasing rate.
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Figure 8. Creep coefficient of high strength concrete mixtures.

The final creep coefficient is a useful measure of theardened in moist conditions this difference is

creeping capacity of concrete. 15.4%, and for the specimens hardened in dry

The graph in Figure 8 shows the increase of theonditions it is 6.5%.

creep coeficient in time. The comparison of the

creep coefficients of the reference concret€ONCLUSIONS

specimens and 20% of LGP specimens shows that. .

the creep coefficient for the reference concret is experimental study proves that lamp glass

specimens in dry conditions is smaller, but for thQOWd?r and small c!ay particles can be successfully
used in the production of concrete, thus potentially

reference specimens in moist conditions it is large ecreasing the amount of deposited waste and the
than for the specimens with 20% and 40% of LGF: 9 . P .
dse of cement, which would lead to a reduction of

The average difference between the reference

. . . . " carbon dioxide release into the atmosphere. In order
concrete specimens in moist and in dry conditions [$

approximately 46%, but for the specimenso decrease the dispersion of the results, the number
containing 20% of LGP this difference is of specimens and tests should be increased.
approximately 35%. For the specimens containinln the future, the physical and mechanical properties

40% of LGP this difference is approximately 2%. | f this new concrete containing lamp glass powder

e compare the average ciference betneen (8 S ey parices shoul be iesiuated i o
reference concrete specimens and the ongs Y. P

containing 20% of LGP we can see that for gl e 1T FEE S AR LRI out, and
specimens hardened in moist conditions thi 9 g '

difference is 41%, and for the specimens hardened i ¢ modulus of elasticity, the compression strength

dry conditions it is 47.4%, while for the specimens0 ordinary concrete and of concrete containing lamp
lass powder and small clay particles were

containing 40% of LGP this difference is 44% and . )
: . etermined. The basic creep test results were
6% respectively.The comparison of the cree

coefficients of the reference concrete specimens a Hmmarlzed on the 90th day.

SCP specimens shows that the creep coefficient 0 mp glass PO".Vdef C?‘USG‘?' a long-term harde_nlng
ect. The specimens in which cement was partially

the specimens containing clay particles and, - ed by lamp alass powder showed a laraer
hardened in dry conditions is larger but in the moist P y P9 P 9

conditions the creep coefficients are larger than tHacrease of the compression strength than the

. réference concrete specimens, and the compression
reference concrete. The average difference betweer{ P P

the reference concrete specimens in moist and in rgength cl)_fGP58 dails O|dh coEcret;a h spe;nmens

conditions is approximately 10%, but for the SCP ntaining LGP was larger than that of the reference

specimens this difference is approximately 27%. %gcrreetfeersepr?ccelmfgnsérete specimens and specimens
we compare the average difference between thentainin SCP showed ap similar increaseIO of the

reference concrete specimens and the on&g 9

containing SCP we can see that for the specime mpression strength at bOth ages. .
e modulus of elasticity in dry conditions was
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larger for the reference concrete specimens. For tsows significantly. The concrete specimens cured in
specimens containing LGP the larger modulus ahoist conditions showed larger increase of basic
elasticity was achieved by hardening in moistreep deformations.

conditions. Under constant mechanical loading, the strain of
The modulus of elasticity in dry conditions wasconcrete increases significantly with the loading

larger for the reference concrete specimens but duration. The creep coefficient increases with time

moist conditions the larger modulus of elasticity waat an ever-decreasing rate.The final creep coefficient
for the specimens containing SCP. is a useful measure of the creep capacity of concrete.
Creep strain increases with time at a decreasing ra@n the 90th day of testing the value of the basic
In the period immediately after initial loading, creepcreep coefficient reaches 2.68 to 5.32 times the
develops rapidly, but with time the rate of increasgalue of the instantaneous strain.
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Construction, Institute of Materials and Structures,
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ABSTRACT

This research provides possibilities to reuse solid waste from aluminium scrap recycling factories and
municipal solid waste (MSW) container glass for the production of lightweight aggregates. The aluminium
dross residue is increasing along with the increase in the aluminum production. Similarly the problem of
container glass rational utilization is a topical problem over the world. The presented research is focused to
solve problems concerning to both industrial and municipal waste collection.

The production of expanded clay aggregate was simulated in the laboratory with pilot rotary furnace and
electric furnace. Expanded clay aggregate was produced with different glass waste: aluminium dross: clay
mix ratios, where aluminium dross acted as an extra pore-forming agent and glass waste as a fluxing agent.
Pore structure was abundant ranging from irregular to spherical, resulting in low apparent density values,
which directly was affected with the firing temperature up to 1200 °C and time, controlled with the rotation
velocity and furnace incline.

The main objectives of this experimental study are to examine the effects of aluminium dross and glass waste
addition to the physical and microstructure properties of expanded clay aggregate sintered on a laboratory
scale.

Key words: expanded clay aggregate, glass waste, aluminium dross

INTRODUCTION a fuel or a gas burner are used to recover the extra
Expanded clay aggregates (ECA) occur in naturealuminium from black or white dross. This
P y aggreg treatment process produces the non-metal product

(pumice, volcanic tuffs, etc.) or they can be . : -
) : ! X called aluminium recycling waste containing
industrially manufactured. For their production two : . o .

alumina, salts, impurities and a little amount (3—

mechanisms are necessary to occur simultaneouslg%) of metallic aluminium. There have been

g?gnr?i ﬂr::ngvigizljsrs’ IQSSSS):JI:EZ tgﬁgi‘,’iﬁ?{ge% é)revious research studies which investigate the use
gnly glassy p ' P &t aluminium recycling waste (non-metal product

formed gases, and second, the production of gaseilMP) generated from dross processing (Bajare et

B e, e Tl 1 DYIOBISH ol 2008: 2010 Bjare and Korakns, 20000
: 9 P Wvas used as a pore formatting ageftt. was
allowing the aggregate to expand. The result is a

cellular structure comprised of pores distributed concluded that NMP is sitable for production of
- P P ECA with the density from 0.4 to 0.7 g/m3. The
within the mass. - . .
. - : density of ECA noticeable depends on two factors:
The consumption of aluminium recycling waste has L :
- ) . A the amount of added aluminium recycling waste and
been rising continuously worldwide, which is great

i ) sintering temperature.
stimulus for developing a non-waste technologyA major component in municipal solid waste
(Shinzato and Hypolito 2005; Shen and Forsber

- g(MSW) is container glass, even though it is
2003, Lucheva_ et al 2005.)' Aluminium dross relatively easy to separate (Karamberi and

)f\/loutsatsou, 2005). Glass is included in the EU
Thematic Strategy on the Prevention and Recycling

:ﬁgeﬁ:cgkt%:stalmﬂgur‘éwr;nstztarl];gn;e?]ti Irr]lt:rwnrw]gtea f Waste rates set for the Member States. By 2020,
) 9 0% by weight of glass will have to be recycled in

aluminium content ar_1d_ it is produced from primary Latvia. In 2007 the rate was 34.5% (EUROPA,
and secondary aluminium smelters, whereas blacl% 07)

dross has a lower metal content and is generate :
; - . ] lass has been successfully used as a binder and
during aluminium recycling (secondary industry . . : . .
fluxing agent in ceramics and bricks, as it lowers

sector). Black dross typically contains a mixture of the softening temperature, firing time and energy

aluminium oxides and slag with recoverable : o g
. . .~ consumption (Barbieri et al., 1997, 2000; Nagaraj
aluminium content ranging between 12-18% (Gil, and Ishikawa, 1999: Ducman et al, 2002:

2005; Shen and Forssberg, 2003; Lucheva et al. .
2005). The conventional rotary furnaces heated WithKaramben and Moutsatsou, 2005).

aluminium production. Drosses are classified
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The main objective of this experimental study is to Table 1
examine the effects of the waste glass usage as aasic chemical composition of clay and NPM and
fluxing agent which lowers the sintering waste glass (amount %)
temperature on the physical and microstructural
properties of ECA. Clay NMP Waste
glass
MATERIALS AND METHODS Al,0O3 14.34 63.19 1-3
In the current study, ECA were produced from clays ~ SiO; 50.22 7.92 70-74
with high content of carbonates, aluminium dross Ca0 8.54 2.57 5-11
and glass waste in different compositions. SO, 0.07 036 _
Clay TiO, 0.56 0.53 -
The clay used in the experiments is a natural raw N&O 0.43 3.84 1216
material. It is plastic clay composed of quartz, K20 3.09 3.81 -
calcite, dolomite, illite, kaolonite and anorthoclase, MgO 3.07 4.43 1-3
according to the X-ray diffraction (XRD) analysis. Fe,O; 574 454 )

Dolomite, as a mineral, has been determined in the
average proportion of 21.6 % in the clay
composition. The chemical composition of clay is
given in Table 1According to the analysis, the clay
usd in the experimental studies is typical carbonat
clay.

It is clear from the chemical analysis that this waste
consists of high amounts of fluxing oxides such as
eNazo and CaO.

Preparation and synthesis of lightweight
Aluminium dross (NMP) expanded clay aggregates (ECA)

According to the element analysis resulted from
inductive coupled plasma optical spectrometry
(ICP-OES), atomic absorption spectroscopy (AAS)
and potentiometer titration analyses, the NMP
contains: aluminium (Al) — 34.4%, silicon (Is) —
4.4% magnum (Mg) — 2.4%, calcium (Ca) — 1.32%,
sodium (Na) — 1.69%, potassium (K) — 2.31%
sulphur (S) — 0.07%, chlorine (Cl) — 4.23, ferric
(Fe) - 3.6%, copper (Cu) — 0.99%,
zinc (Zn) — 0.6%.

These data correspond to the chemical compositio
of aluminium recycling waste, which is given in 1250C in an electrical furnace. The rate of

Table 1. From the point of the chemical . ;
o ; temperature increase in the furnace was kept
composition the analyzed wastes contain also X .
L o constant as P&/min. The gasiform substances and
aluminium nitride (AIN) - on average 5%,

o . new minerals from NMP like spinel and alumina
aluminium chloride — (AIG ) - on average 3%, - .

. . : are originated during the heat treatment process of
potassium and sodium chloride (KCI +NaCl) — NMP. The oh f originati f if
totally 5% and ferric sulphide (FegO- on - The phenomena of origination of gasiform
average 1% substances during the heat treatment of NMP should
The mineralogical composition of the NMP is be used as a pore creator for obtaining a porous

determined by using the XRD analysis. According structure of lightweight ceramic aggregates (ECA).

to the analysis data, the NMP contains corundumAs the hazardous compounds of NMP are

" ; . . transformed into new ones, non-hazardous
(Al,0y), silica (SiQ), ferric sulphite (FeSg), ' .
aluminium chloride (AIC)), calcium ferric oxide compounds, NMP does not.have the toxic nature
(Ca(FeQ)), calcium, magnesium or ferric carbonate anymore and it becomes environmental friendly and

NP ) it can be a constituent part of a new, environmental
Ca(Mg,Fe)(CQ),), gibbsite (AI(OH}), spinel . . : X .
EFe,g\IZ&) )o(r C(élz/IZ)gAlng@ and ;Iu(min?am nﬁtride friendly material (Bajare et al., 2009). Meanwhile,

(AIN) waste glass is used as a fluxing agent lowering the

' sintering temperature. After production the physical
property, like water absorption after 24 h, open
porosity and bulk density tests were conducted on
Waste glass derived from bottles and window glassthe aggregate samples. The microstructure of the
was crushed and ground to a fineness of less thalghtweight aggregates produced at different
100 pm. Its chemical composition is given in temperatures was observed by an optical
Table 1. microscope.

Clay was mixed with NMP and glass waste in
different ratios. The glass waste mass ratio in the
composition was from 5-14%, NMP mass ratio was
14-35%. The raw materials were ground and mixed
together in the planetary ball mills. The average
particle size of the mixes was 54 pm. Plastic mass
was prepared by adding 20-25% water and rounded
' by shaping operation. The prepared aggregates were
dried in an oven at 166 to avoid reaction between
aluminium recycling waste and water used for
I;|)reparation of the plastic mass. Green aggregates
were treated at sintering temperatures from 1110 to

Waste glass
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RESULTS AND DISCUSSION waste glass amount in the composition.

. . One of the most important properties of ECA
;hethpehy?rcei[e?‘rtoﬁﬁfys (z‘reEC;g\:Vannuilre]s ?;%?gczdgranules is the bulk density which in this present

According to the test results, the sintering study is between 0,465 and 1,090 gicm
temperature decreased with the increase in the

Table 2.
Physical properties of ECA sintered at different temperatures
Composition ratio Sintering
(waste temperature Bulk density
glass:NMP: clay) (°C) (g/cnt) Water absorption (%)  Open porosity (%)
0:2:10 1160 0,47 4,0 1,9
0:4:10 1230 0,50 14,0 7,0
0:6:10 1260 0,76 12,0 9,2
1:2:10 1130 0,57 2,4 1,4
1140 0,59 2,7 16
1150 0,59 2,4 1,4
1:4:10 1170 0,90 6,5 5,9
1180 0,68 6,4 4,4
1190 0,58 57 3,3
1:6:10 1230 0,71 11,5 8,2
1240 0,56 10,5 5,8
1250 0,54 9,2 4,9
2:2:10 1110 0,49 4,0 2,0
1120 0,51 3,0 15
1130 0,49 3,8 19
2:4:10 1120 0,64 6,3 4,0
1130 0,53 5,7 3,0
1140 0,46 3,0 14
2:6:10 1170 1,09 55 6,0
1180 1,01 55 5,6
1190 0,70 5,6 3,9
a) b) C)
1160°C 1mm 1140°C Imm 1110°C 1mm

Figure 1. Pore structure of aggregates sintered at different temperatures:
a) Composition 0:2:10 sintered at 1160°C
b) Composition 1:2:10 sintered at 1140°C
c) Composition 2:2:10 sintered at 1110°C
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It is clear that in the same temperature and the samBoth compositions have a similar bulk density 0,47
NMP and clay content in the composition the and 0,49 g/ct) respectively, water absorption 4%
lowest density is for the aggregate where the wast@nd open porosity 1,9 and 2,0%, respectively.

glass amount is higher. The data in Table 1 show that for 2:2:10 in sintering
Waste glass reacts as a fluxing agent and meltsange from 1110°C to 1130°C, the physical
earlier and makes the aggregate structure softeproperties are similar; bulk density from 0,49 to
allowing the gases to expand and develop a larged,51 g/cri, water absorption from 3,8 to 4,0% and
pore structure. open porosity from 1,5 to 2,0%. For 1:2:10
The surface properties of the aggregates areomposition the sintering temperature in the range
important for water absorption and open porosity.from 1130 to 1150°C seems to be too high, because
The results show a trend that the added glass wastiere are melting signs, which result in large pore
lowers the water absorption and open porosity.structure and increased bulk density (0,57 to
Additional glass creates a compact and homogenou$,59 g/cr).

outer glassy film that makes them impervious to The pore structures and surface textures of some
water. It is seen that the lowest open porosity 1,4-aggregates composition of 4 mass ratio of NMP
1,6% and water absorption 2,4-2,7% is for theaddition are illustrated in Fig. 2. The more NMP in
composition 1:2:10 (glass waste:NMP:clay). the composition, the higher the sintering
It is clear that the pore structure and surfacetemperature is (Bajare et al., 2010). These structure
properties of the aggregates are significantlyphotos present a slight increase in the pore size and
affected by NMP. a decrease in the sintering temperature, bulk
The pore structures and surface textures of somelensity, water absorption and open porosity. The
aggregates composition of 2 mass ratio of NMP decrease in the sintering temperature compared to
addition are illustrated in Fig. 1. It is seen that the0:4:10 and 2:4:10 compositions is 90°C and the
sintering temperature decreases for 50°C comparedecrease for the bulk density is from 0,5 to
to the reference composition 0:2:10 sintered at0,46 g/cm.

1160°C and the 2:2:10 sintered at 1110°C.

a) b) <)

1230°C 1mm 1190°C 1mm 1140°C imm

Figure 2.Pore structure of aggregates sintered at different temperatures
a) Composition 0:4:10 sintered at 1230°C
b) Composition 1:4:10 sintered at 1190°C
¢) Composition 2:4:10 sintered at 1140°C

a) b)

1260°C 1mm 1190°C imm

Figure 3. Pore structure of aggregates sintered at different temperatures
a) Composition 0:6:10 sintered at 1260°C
b) Composition 2:6:10 sintered at 1190°C
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From the data in Table 1 it can be seen that forabsorption and open porosity decreased from 12 to
1:4:10 sintered at 1180°C and 2:4:10 sintered ab,6% and 9,2 to 3,9%, respectively.

1120°C the physical properties are similar; the bulk

density from 0,64 to 0,68 g/Cmwater absorption CONCLUSIONS

from 6,3 to 6,4% and open porosity from 4,0 to

4,4%, resulting in 60°C decrease in the sintering X ) )

temperature. A similar situation is for compositions wgstve\z/ agjltaessglgtsje(\;w;hs tgeﬂSgi;agggﬁtein%rolgsvrgreesd

fltéor:éztlﬁaedag'{()ilnl%%fé gggrei:;lo sintered atthe sintering temperature, consuming a smaller
' g ) gmount of energy in the production process. The

The pore structures and surface textures of some. "~
- . Sintering temperature of ECA can be lowered for up
aggregates composition of 6 mass ratio of NMP o S
to 60°C remaining the same pore structure and

addition are illustrated in Fig. 3. 0:6:10 and 2:6:10 hvsical properties

compositions have a similar bulk density of 0,76 \F;Vi)t/h incr;eapsin fhe sintering temperature  the

and 0,70g/cth) but a different pore structure with o 9 . 9 P i
material is more effectively sintered but with a

more voids. That might be explained by higher . o .
density of NMP than clay. The values of water bubbled microstructure containing larger voids.

It was feasible to produce ECA from clay, NMP
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ABSTRACT

Natural resources have been widely used for production of building materials in many countries in the entire
world. Use of local minerals, such as materials on foam gypsum basis, in construction material production
and usage in sound and heat isolation in building structures, is a significant benefit in national ecbmemy.
current research in foam gypsum shows that such possibilities exist (Skujans et al. Va@yidy at the

process of manufacturing with the ratio of gypsum and water, as well as the volume of the surface active
stuff, foam gypsum of different volume density can be obtained but it has to be noted that the low bending
strength of foam gypsum is a disadvantage. Material modification with fibrous reinforcement (hemp
reinforcement) can serve as improvement of foam gypsum bending strength but it depends on the measure
and amount of hemp reinforcement. Shorter fibers of hemps increase the material strength but longer fibers
increase the sound absorption coefficieBtth fiber types have an impact on the pore structairéoam

gypsum as it is on foam gypsum without fibrous reinforcement manufactured with the same technology.

Key words: foam gypsum, hemp reinforcement, pore structure.

INTRODUCTION the mechanical and sound absorption qualities of
this material. The research coincides with the EU

The authors research in the qualities of foamobjectives of environment protection and is directed

gypsum and hemp _relnfo_rcement a_nd Its usage as f construction of ecological dwelling houses in the
heat and sound isolation material in building future

structures. Hemps as a building material are used in '

lot of building structures in Europe countries (Allin,

2005; Kymalainen et al., 2008fibrous plants are MATERIALS AND METHODS

relatively widely used in building, production of Production technology of the foam gypsum
industrial products, in vehicle production sphere, sample

agriculture and others. Special attention is paid toThe foam sum was oroduced using the dr
the use of fibrous hemp in various sectors of the ayp P 9 y

national economy. The research in this topic ismlnerallza'uon method (Skujans et  al., 2007),

developed in Germany, France, Great Britain (Ulme;nr'])ém; d(\j,\'/r?teL’egrarz/psrzmi‘o?gggce?qta?rta/: cscglrjge(nstg?z),n
and Freivalde, 2009). Ing p rei . i

. of hemp fiber is the amount of fiber in grams per 1
Hemps as fibers have been used (Madsen et aIR dr sum raw material (c. aka). The hem
2007) in a lot of composite materials, for example, 9 dry 9yp (€. gkg). b

: " S fiber concentration was varied within the limits of
in composition with lime and mortar (Elfordy et al., 15-50 a/k

2008). At present the usage of various fibrous plantﬁ:ib'erS gofg.two lenaths were used in sample
in foam gypsum production, as well as the 9 P

production costs and ecological efficiency have notprOdUCt'On’ _and. they were added to the foam
been evaluated. Hemps as heat insulation ar@yPsum during its production process. The fibers

S . . d by chopping and sifting in order to
similar with rock wool (Timber... 2010) and hemp were prepare N .
fibers increase the bending strength and souncfetsavécr)td;ifgzr;?t Er?dgtr\]/iithziﬁés'lgnmtmh (gfrl%n?;tr?]r
absorption of foam gypsum (Brencis, 2011). 9 '

. hereinafter — long fibers).
The foam gypsum pore structure has influence or\(?»eams of size 4ng40x16)0 mm were produced from

the material volume density and its physical and )
. : 4 the foam gypsum, which were further used for
mechanical properties (Skujans et al., 2010). The .. . :
. : testing the bending and pressure resistance, by
hemp reinforcement influence on the foam gypsum ; .
: : ressing the material to the utter rupture. The foam
pore structure has not been investigated. Th

purpose of the research is to develop the technolog ypsum beams were processed using a round shape

of production of new energy resources saving thearrllzeihznlder? t%yli%%eint%psvjsamfgzuvggz %réltgsitgr?n
composite building material — foam gypsum with 9 P

. . . acoustic tube.
fibrous hemp reinforcement, as well as research in
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Methodology of the foam gypsum sound
absorption properties Research methodology of the foam gypsum

. ._hending and pressure resistance
The sound absorption measurements were carrleg 9 b

out using the company “Sinus” produced The research in the bending and pressure resistance
impedance tube (Fig. 1). With the tube it was Of the composite material (foam gypsum + hemp
possible to measure the sound absorptionﬁber) was carried out by the device Zwick Roell 2.5

coefficient in the range of frequencies from 250 Hz TS (Fig. 2.).

up to 4000 Hz, when the sound reflects from the
sample. The impedance tube has two different
diameters @100 mm and @40 mm. In the tube parihe structure of pores was investigated by the
of @100 mm the sound source was placed, but irfigital ~ microscope  VNX-100. Before the

the part of @40 mm, two measure-microphones andnvestigation of the pores unde_r the m|c_roscope,_the
a sample of @40 mm, to be measured, were Iocateqsamples have been grinded with following cleaning

Th d_ab i ficient of the surfaces from the dust.
€ sound absorption  coetlicien o) ( was The measurements of the pores for each of the
determined by formula (Skujans et al., 2010):

samples were done in five places with 50 times
| magnification. The disposition of the spots of the

Investigation methodology of foam gypsum pores

a :lLbs @) measurements made a cross on the sample surface.
fal In each of 5 positions the picture, seen in the object-

wherel ,,s— intensity of absorbed sound; glass, has been divided in 1x1 mm squares. From

l— sound intensity falling on the sample. this three regions were chosen. Each sample at 15

reiterations was measured. The pores making the
For all range of frequencies the mean value of theporous structure of the samples do not have ideally
absorption coefficient was determined according toround shape.
the standard (EN 1SO 11654:1997).

1 1 >

Figure 1 Device produced by the company “Sinus” for measuring sound absorption: 1-sound source,
2-measuring microphones, 3-measurable sample.

B

Figure 2.Company ,Zwick” device for testing bending and pressure resistance.
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Therefore, the area of pores per 1 mm? instead of itsvas found that the sound absorption coefficient

diameter has been determined. A large amount ofncreases with decrease of the volume density of the
pores are linked with adjacent ones. The crossfoam gypsum (Skujans et al., 2010). This tendency
sectional area of these joint pores is distinctive forwas observed also when the foam gypsum was

d|ffer_ent samples and depends on its VOIumemodified with hemp reinforcement. It is possible to
density, amount of the surface active stuff, added btai bett d ab " ticient of th
during the production process of the sample, as welPPtaIN a DEUEr sound absorption coetncient ot the

as other reasons related with the technology used iffaterial at equal foam gypsum volume density

production of foam gypsum. (Fig. 3). By increasing the short fiber concentration
in the foam gypsum, its volume density value
RESULTS AND DISCUSSION increases, but this coherence is in the opposite when

producing foam gypsum with long fiber
reinforcement (Fig. 4). Fig. 5 reflects the
dependence of the bending stresses of the samples
with long and short fibers. Increasing of the short
fiber concentration, the bending stresses prevalently

increase. By increasing the concentration of long
fibers, the bending stresses decrease.

Varying at the process of manufacturing with the
gypsum - water ratio, as well as the volume of the
surface active stuff (SAS) and concentration of
hemp fibers, samples of volume density from 380
kg/m3 to 1000 kg/m3 have been obtained. In further
investigations samples with the volume density
range from 380 kg/m3 to 500 kg/m?3 were chosen. It

1
o B Withoutfiber
0,9 e .
® Long fiber
0,8 ]
0.7 o Short fiber
0.6 o= -0.Q0121‘+ 0.9267
05 R*=0.783
’ a=-0.0014r+1.1047
0.4 R*=10.8872
0.3 . =-0.0014r+1.0528
0.2 R*=10.8426
0,1 s
p kgny
0 1
150 950

Figure 3.Value of sound absorption depending on volume density (Brencis, 2011).

470 o e Longfiber
p kg/m
450 O Shortfiber
p=-1.1468c+442.92
43
430 R*=0.645
410 p=10.7093¢c+ 398.7
R*=0.3676
390
370 °
c.gkg
350 . . . . . |
0 10 20 30 40 50 60

Figure 4.Volume density of composite material depending on short and long fibers (Brencis, 2011).
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Figure 5. Value of bending stresses in composite material depending on concentration of long
and short fibers (Brencis, 2011).
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Figure 6. Value of bending stresses in foam gypsum without fibers depending on its volume density.

i i - 2
This coherence correlates with the volume densityreSIStance is 0.02-0.045 kN/cm.

influence on the material strength (Fig. 4), where F'.g' 7 shows the porous structure of foam dypsum
. . . ; with hemp reinforcement. Pores have not ideal
increasing the short fibers concentration, the . .
o round shape and some of them are linked with the
volume density increases, but for the foam gypsum " .
: ! : adjacent ones. Around the hemp reinforcement the
with long fibers, the volume density value . .
amount of pores is higher. In foam gypsum
decreases. . .
. . modified with hemps the amount of pores decreases
The values of the bending resistance of foam(Fi 8), but the fiber influence on the pores is not
gypsum without fibers are shown in Fig. 6. The 9 ), P

volume density of foam gypsum increase correlatesﬁO relevant (Fig. 9). Joint pores and normal pores
ave the same inherence with different

with the bending resistance. In the volume denSityconcentration of hemp fibers
range between 360 - 450 kg/m3 the bending P '
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Figure 7. Foam gypsum porous structure with hemp reinforcement at 50 times magnification.
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Figure 8. Volume density of reinforced foam gypsum depending on amount of pores in 1mm2,
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Figure 9. Volume density of reinforced foam gypsum depending on pore area in 1mmz2.
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CONCLUSIONS 3.

1.

The results of the reported research
demonstrate that hemp fiber reinforcement is
affecting the macrostructure and bending
strength, as well as the sound absorption4,
characteristics of foam gypsum.

Applying of long hemp fibers of the length
5...10 mm and short fibers (2,5...5,0 mm) as
reinforcement of foam gypsum, the amount of
the pores of 1 mm? is decreasing but their size
is increasing. The volume density of the
material remains the same as the hemp fibres
are substituting the volume of the pores..
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range of the volume density form 340 to 500
kg per m3.
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ABSTRACT

In this study effect of pressure application to a fresh concrete right after casting and during the first 24 hours
of hardening has been examined. Ordinary concrete can be defined as a porous media with high capillary
porosity, especially in the aggregate—hydrated cement paste transition zone. The aim of pressure application
is to maximally eliminate pores, to remove excess capillary water, and to improve density of the concrete
matrix By the pressure application it is possible to considerably reduce an amount of pores (>20 nm), to
make concrete matrix denser and significantly increase its compressive strength. In this study concrete was
cast in a specially designed cylindrical mould with an option to apply pressure. Pressure of 0 — 50 MPa has
been applied. Cylindrical samples with a diameter of 50 mm and a diameter to height ratio 1:2 have been
prepared. The concrete mix, incorporating silica fume and nanosilica particles has been prepared.

Keywords: High performance concrete, pressure application, compressive strength

INTRODUCTION designed basing on the experimental data of
particular concrete as there were no building codes
for UHPC present. However, first guidelines for

HPC appeared in 2002 in France.

HPC is one of the most promising types of
concrete in 21st century. Although efforts in deve-
loping the UHPC started in the last century, it is
ost probable that 21st century will benefit more
m UHPC technology and more slender and
aesthetical structures will be designed by architects
who have acquired knowledge about UHPC. One of
the factors of wider UHPC application will also be
cost reduction as technology will be improved.
There are already examples of commercially avail-
able UHPC that is used in the construction industry
today. One such example is Duftalhe Ductdl
technology was developed by the combined efforts
of three companies, Lafarge, the construction mate-
rials manufacturer, Bouygues, contractor in civil
and structural engineering and Rhodia, chemical
'materials manufacturer (Acker et al., 2004) .

The aim of this study is to investigate influence of
different pressure applied during sample hardening
process. Concrete mix composition with compres-
sive strength of approximately 100 MPa was
c)selected as basic mix. Pressure has been applied
aﬁght after casting in order to improve concrete pro-
treatment perties, mechanical stren_gth of prepar_ed samples

. : . . was compared. By pressing concrete in the fresh
First demonstrations of UHPC outside IaboratoryState most of entrapped air and excess capillary
were in footbridges. These structures appeared iQ/vate; can be eliminated, pore diameters reduced
the end of 199(_)t|es. Some of the most Well-knownand some chemical adverse effects coming with
examples are in Sherbrook (1997),_Seou| (Zooz)cement hydration, for example autogenous
and Kas_sel (2007) (Ta_ng, ZQOEehllng et a_l., shrinkage, eliminated. Distance between particles
2004). First two road bridges using UHPC with a etermines most of the concrete properties
compressive strength more than 170 MPa were bungliminating of voids and reducing pore diameters’
in France in 2001 (Bourg-lés-Valence bypass)

. ) would result in enhancement of concrete
(Hajar et al., 2004). Initially structures were performance (Neville, 1995; Freyssinet, 1936).

Ultra high performance concrete (UHPC) is a
modern building material with superior properties
such as high compressive strength, high modulus o
elasticity, low permeability, excellent durability and
high fluidity. All these properties can be achieved
taking into account some basic principles and
processing methods, that can be listed as follows: (i)?
minimising defect occurrence in concrete matrix
and obtaining maximum density by optimizing
particle  size distribution  (ii)  minimising
water/cement ratio by using high range water
reducing admixtures which are compatible with the
cement (iii) using pozzolanic materials such as
silica fume to fill voids between larger particles,
improve rheological properties and enhance
secondary calcium silicate hydrate formation (iv)
incorporation of steel fibers to prevent brittle failure
and polypropylene fibers to increase UHPC fire
resistance (Aitcin, 1998; Jain, 2003; Khurana, 1998
Khayat et al., 1996; Richard et al., 1996)

In 1994 Richard and Cheyrezy (Richard et al.,
1994) produced reactive powder concrete (RPC)
with compressive strength of 800 MPa. RPC is a
type of UHPC which is characterized by very fine
particles, no coarse aggregate is present. Producti
technology includes pressure application and he
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As the macroscopic properties of UHPC are relatedRelatively high amount of ordinary type CEM |
to its microstructure - porosity, pore-size 42.5 N portlandcement was used. The amount of
distribution as well as morphology of hydration silica fume and nanosilica was 12.5% and 2.5% of
products, concrete has been observed usingement mass respectively. Both silicas were made
scanning electron microscope (SEM) and very fewby Elkem (Norway). Polycarboxilate based
pores with diameters >50nm have been found.superplasticizer has been used. The W/C ratio was
Ultra high performance concrete border of 150 MPa0.25. Basic concrete mix has been designed in order
has been reached by 50 MPa pressure application. to provide 28 day compressive strength in the range

of 100 MPa. Mix composition is given in the
MATERIALS AND METHODS Table 1.

The materials used in this study were commercially ) ) o
available raw materials, cementitious materials and-article size distribution

admixtures. UHPC is characterised by very highTo produce UHPC, well grading of materials is
content of high performance cement and silicaessential. Particle size distribution curve of selected
fume. In this study concrete mix has been designeghix is given in Figure 1.

to reach approximately 100 MPa without pressureQptimal packing of available materials for the mix
application at the age of 28 days and by pressurgyas obtained via computer programm EMMA by
application right after casting make concrete matrixglkem materials. To determine particle packing
denser to achieve UHPC compressive strengthjown to nano-scale, modified Andreassen particle
border (150 MPa) at the age of 28 days. packing model was employed (curve parameters

0=0.25, Qhax = 2.5 mm and R, = 0.0001 mm was

_ ~ Tablel  sdected).
Concrete mix composition

Mixing procedure

Material Quantity, kg/n The mixing procedure of materials was the
following: all dry materials were mixed till a

Cement CEM142,5 N 800 homogenous mixture formed (approximately for 1.5
Sand 0.3-2.5 mm °10 min). Then water and superplasticizer was added in
Sand 0-1.0 mm 480 two steps. During the first step approximately 70%
G_r_ound quartz sand 200 of water was added. During the second step the rest
Silica fg_me 100 of the water and the full amount of superplasticizer
Nanosmca_ . 20 were added. Total mixing time was approximately 6
s\yaﬁz:plastmzer 22000 minutes. Mix with the cone slump of class S2 has

been obtained after finishing mixing.
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Figure 1. Particle size distribution of the selected concrete mix.
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Experimental setup Macroscopic observations

Special cylindrical mould with inner diameter of 50 As the macroscopic properties of UHPC are closely
mm and varying height was designed and producedelated to its microstructure, right after demoulding
for this study. The mould consisted of 3 high all specimens were evaluated visually. Macroscopic
precision details: central cylinder and two pistonsobservations revealed that the samples hardened
closing cylinder from both ends. Pressure wasunder higher pressure had significantly less porous
applied by a manual hydraulic press. Pressurestructure. If there were clearly visible pores for
readings were taken from the manometer installedsamples hardened without pressure, completely
on the press. The experimental setup for pressurepposite situation was for samples hardened under
application is shown in Figure 2. 50 MPa pressure, where no pores in macroscopic
level could be discovered. Even for the specimens
hardened under 10 MPa pressure very few
macroscopic defects were noticed (Figure 3).

Figure 3. The specimens prepared by 10 MPa
pressure application.

Material density

Densities of the specimens were observed carefully
in order to control pressure application process.
Theoretically there could be situation that side wall
friction between cylinder and piston increases
significantly if fine concrete particles are entrapped
between the two details and consequently lower
pressure is applied to the sample. However, due to
the high precision of cylinder and piston details and
. . careful concrete casting such negative situation was
Figure 2. Experimental setup for pressure not experienced. Measured densities for samples
application to the specimens. with different pressure levels are shown in Figure 4.

. _ . In figure 4 two different regions can be clearly
Right after casting pressure was applied to thegjyided pressure 0 -10 MPa and pressure 10 — 50
concrete and retained for 24 hours. MPa. Figure 4 show that the most significant
Cylindrical specimens with a diameter 50 mm andincrease of density is observed, when pressure is
height 100 mm were prepared. Pressures Ofy.reased from 0 to 10 MPa. In next intervals
magnitude 0, 10, 20, 30, 40 and 50 MPa wereqyansity increases almost linear, but the increase rate
applied to the specimens during .|n|t|al hardening inig in average only 7.6% of that observed in first
order to remove the entrapped air and excess wate[naryal. Conclusion can be drawn that for concrete
After 24 hours the specimens were demoulded anqyitn cone slump class S2, 10 MPa pressure is
cured in the water at the temperature of 20 °C untils tficient to eliminate most of entrapped air and
the age of 28 days was reached. At the age of 28, cess water. By increasing pressure above 10 MPa,
days compressive strength was determined. further micro and nano scale pore diameters are

decreased.
RESULTS AND DISCUSSION

Quite stable pressure value has been kept up duringorosity

pressure application, only minor corrections in first Porosity percentage of specimens was calculated

20 minutes were necessary. Due to relatively 10wiaying into account material density and spacific
W/C ratio (0.25), little excess water was observed. gravity of the concrete samples.
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Figure 4. Density of the specimens depending on hardening pressure applied
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Figure 5. Porosity of the specimens depending on hardening pressure applied

Specific gravity was determined by pycnometer Compressive strength
method (the sample was ground befote test) an%
porosity was calculated using previously obtained
sample densities. Results are displayed in Figure 5.
In Figure 5 two different regions can be divided
identically as in case of density. By increasing
pressure from 0 MPa — 10 MPa, porosity rapidly
decreases from 7.8% - 3.3%. By increasing
pressure from 10 MPa — 50 MPa porosity decrease
with the average rate of 7.8% of that observed in th
first interval. Rapid porosity decrease in the first
pressure interval can be explained by the fact tha
calculated porosity results also include macroscopi
defects and relatively small pressure is necessary t
eliminate macroscopic air voids. However,
significantly higher pressure is required to reduce
the micro and nano-scale pore size diameters. Th
lowest porosity value acquired in this study by 50
MPa pressure application was 1.9%.

amples without pressure application reached
compressive strength of 103.9 MPa. Samples with
50 MPa pressure application reached compressive
strength of 153.6 MPa, which corresponds to the
strength increase of 48%. Every 1 MPa of pressure
applied to sample in the first 24 hours gave in
gverage an extra 1 MPa of compressive strength
after 28 day hardening. In the interval of first 10
MPa pressure application this rate was three times
pigher. This pressure interval may be practically
applied in the pre-cast concrete industry, although

igher pressure value is technologically difficult to
achieve for the real concrete elements. The smaller
the distance between concrete particles, the lower
gorosity, the higher density and higher final
compressive strength was reached The compressive
strength results are given in the Figure 6.
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Figure 6. Compressive strength of the specimens depending on hardening pressure applied

Microscopic (SEM) observations

Figure 7 shows destroyed concrete surface at the
magnitude of 100 times. The concrete specimens
with highest compressive strength (153.6 MPa)
were observed by SEM. Samples were taken from
the middle of destroyed specimens to observe
microstructure of the concrete. Dense concrete
matrix and destroyed aggregates are visible in
Figure 7. Magnitude of 1000 times (Figure 8)
reveals dense structure of calcium silicate hydrates.
Pore diameters were evaluated graphically from
SEM micrographs. Very few pores with diameters
larger than 200 nm were determined, however, there
are some examples of pores with diameter
approximatelly 200 nm (Figure 9).

In terms of the different effect of pore size on
concrete performance, the pores in concrete can be
classified as follows: harmless pores (<20 nm), few-
harm pores (20-50 nm), harmful pores (50-200 nm) Figure 8.Concrete at the magnitude of 1000 times
and multi-harm pores (>200 nm) (Ye, 2001).

Figure 9. Concrete at the magnitude of
Figure 7.Concrete at the magnitude of 100 times 50 000 times
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Due to 50 MPa pressure appélication densr%[,y of
samples increased from 2284 kd/ta 2430 kg/
CONCLUSIONS porosity decreased from 7,8% to 1,9%, excess
Pressure of 10, 20, 30, 40 and 50 MPa was appliedapillary water was removed. Significant gain of
to the concrete specimens during initial hardeningcompressive strength of 48% (103,9 to 153,6 MPa)
(24 hours) in order to improve physical and was observed for samples pressed with 50 MPa.
mechanical  properties of the  materials. Pressure application during the concrete setting can
Compressive strength, density and microstructurebe used in precast element fabrication. For real
were investigated. Following conclusions can beconcrete elements pressure up to 10 MPa may be
drawn from this study. practically applied in pre-cast plants, higher
Applying pressure in concrete initial hardening pressure technologically is difficult to achieve.
phase it is possible to achieve UHPC compressiveResults of this study indicate that even relatively
strength border (150 MPa) for the concrete mixes,small pressure gives significant positive effect in
which normally at the age of 28 days achieve onlyenhancement of concrete properties. Influence of
100 MPa. pre-set pressure in range of 0 — 10 MPa must be
The greatest gain in concrete performanceinvestigated in future in details.

characteristics was observed by applying pressure &ummarizing the results it can be concluded, that
the rate of 10 MPa (strength increase in 31.5 %). Bypressure is an effective instrument to achieve high
increasing pressure further to 50 MPa slowermechanical strength and high performance
enhancement of the concrete properties was noticed:haracteristics of concrete.
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DEFECT ANALYSIS OF REINFORCED CONCRETE SLABS FOR EARTH
DAM SLOPE PROTECTION

Raimondas Sadzevicius, Feliksas MikuckidDainius Ramukevicius
Lithuanian University of Agriculture,
Department of Building Constructions
raimondas.sadzevicius@Ilzuu.lt; sk@Ilzuu.lt; dainius.ramukevicius@I|zuu.lt

ABSTRACT

Many of hydraulic structures on Lithuania hydroschemes are older than 30 years; therefore, the ageing of
building materials causes greater probability of deterioration and even failure. Every reinforced concrete
construction of hydraulic structures is getting worse with time, but especially often there are deteriorated
reinforced concrete slabs for earth dam slope protection. Due to environmental impacts some deteriorations
of the slabs take place, which influence negatively not only some slabs, but after their failure the danger
arises for the whole slope protection, for the reliability, durability and safety of the hydraulic structure in
general. If dangerous defects and deteriorations are not repaired in time, big technical and ecological loss
may occur. From the economic point of view execution of new slope protection is more expensive; therefore,
a more topical problem is to preserve the present reinforced concrete slabs by means of restoration and/or
reconstruction. The main defects and deterioration of reinforced concrete slabs for earth dam slope
protection, the character and causes of ones are described in the article; the technical state of strengthening
slabs was estimated by points. It is established that rupture of slabs of hydroschemes in the time being was
caused in many cases by unfit manufactured concrete, which properties do not satisfy the requirements of
usage; the influence of aggressive environments, unfit exploitation. The data of the investigations published
in the article are given for improvement in designing new strengthening slabs, repairing the damaged part of
the construction timely.

Key words. Defects, reinforced concrete slabs, technical state.

INTRODUCTION number of strengthening slabs functioning almost
The slopes of earth dams are effected by extern ell, others —are ‘more or less deteriorated
P Y Damulevicius et al., 2001; Damulevicius, Vycius,

climatic and other factors (Building standards STR - . .
2.05.15:2004): water, waves, ice, wind, atmospher|02007’ Sadzevicius, 2002_)' The reg_ulatlons (B_U|Id|ng
o : standards STR.1.12.03:2006) briefly describe the
conditions (high and low temperature, solar . o
- - state of upstream slopes and discount the condition
radiation, humidity, frost cycles, etc.), ground, .
. ; . of reinforced structures. In order to evaluate the
vegetation and even burrow animals, livestock and . o :
<o on type of physical deterioration and the technical state
: of strengthening slabs, a mass of initial data must be

Earth dam slopes protection methods involve SUChcollected. Reinforced concrete is a durable material,

structural approaches as_rip—rap, stone pitChing’but like any other it is deteriorated in time.
concrete (slqbs, concrete filled bags), dikes, fence.SDeteriorations of constructions create not only
ﬁ‘;f:\halt' gastilgrgss' mg‘iténg, tl)?l:elil;ng?cdesd gegimtrgfg?avorable conditions for rapid destruction of the

9 y ' structure, but can cause crash of the whole

strengthening slabs are the most popular coveragg i ction as well (Vaisvila, Vilkas, 1998;
of earth dam slopes in Lithuania. The covering OfVaisviIa etal., 1999) ' ' '

earth dam slop_es were con_str_ucted and arranged "The purpose of these investigations, based on the

?:cglgznncse W|tr(1STt|2e bu;ld(;ggﬂ.sztggg.ards g.lrfdresearch in the field, is to identify the shortcomings

20979337 09:2000) e ' during the construction aging, to clarify
S : o . .. _characteristic breakdowns, failures, to establish the

The main slope coverage is in the most intensive IC&4 aracter and causes of the main defects in the

and water wave Impact zone. The “monolithic, reinforced concrete strengthening slabs.

precast or combine (cast in place - precast)

reinforced concrete slabs were used. The reinforce(ﬂ/lATERlALS AND METHODS

concrete coverage of earth dams was divided in

separate sections by contraction joints (Webber etn 1998-2011 the reinforced concrete strengthening

al., 1987). At present the state of every reinforcedslabs of 30 HS were investigated in the field. The

concrete strengthening slab in functioning hydraulicactual quantities of the main physical-mechanical

structure (here and after HS) is unequal. There is groperties of concrete, defects and deteriorations of
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the structures were established. The principal

attention was
quantities of the compressive strength, main

< By < 2.0 points (good condition);

located to establish the actuale deterioration of the element has no influence to

the strength and normal maintenance of the dam,

deteriorations and ruptures in reinforced concrete small deteriorations are recorded — 2.8, < 4.0

strengthening slabs.

points (moderate condition);

The compressive strength of concrete of the, deterioration of the element does not have
structures was estimated by nondestructive methods important influence to the strength, reliability and

in accordance with the Standard and instructional

manual of instrument devices requirements
(Building standards LST ISO 4012:1995; LST
1428.11.1996; LST 1428.14:1997).

the actual service life of the element, some
defects and deteriorations are significant —<4.1

By, < 6.0 points (satisfactory condition), the
technical state can be improved by repairing;

The concrete compressive strength of strengthening yeterioration reduces the strength and reliability

slabs evaluation was performed by using the

standard Schmidt E. — hammer apparatus (Building

standards LST 1428.11.1996). The sufficiency of
quantity impact produced with nondestructive

of the element very much, defects and
deteriorations are significant — 64 B, < 8.0
points (unsatisfactory condition), big repair
needed,;

apparatus was controlled in accordance with the.
manual requirements. The calibration curves of the
mentioned apparatus to calculate the strength of the
tested concrete were used. We prepared split
concrete pieces from the structure for testing the
compressive strength of concrete by the destructiv
metf?od. The splitgconcrete piecesywere placed i ESULTS AND DISCUSSION
hermetically sealed polythene sacks and carried tan the paper the data and analysis of reinforced
the laboratory for tests. The structures on locationconcrete strengthening slabs of 30 functioning HS
were visually examined and their most deterioratedare presented. The investigations were performed in
places, the character of defects, area and the deptt998-2011.
of cracks and deteriorations were established. For investigations hydraulic structures were
On the basis of the field investigations the mainselected in various regions of Lithuania. The
deterioration and rupture of reinforced concreteinvestigated structures were built in different time.
strengthening slabs character and causes of ones ame selected ones are located in Alytus, Anyksciai,
described, the technical state of the strengtheningBirzai, Kaunas, Kedainiai, Marijampole, Joniskis,
slabs was evaluated by defectiveness pointg (B Pasvalys, Raseiniai, Ukmerge and Utena districts
the ten point criterion system by the standing (Tvenkiniu katalogas, 1998).
construction regulations STR 1.12.03:2006: 0 pointsThe data of the investigated HS: the actual service
— ideal condition, 10 points — emergency condition. life, the average compressive strength of concrete,
The detailed point determination is presenteddeterioration and defects of reinforced concrete
below: strengthening slabs, conditions of them in points are
e element condition meets the requirements of thegiven in Table 1.

construction regulations, irregularity is small — 0

remarkable deterioration and maintenance of the
element is impossible — 84 B, < 10.0 points
(critical condition), the dam should be
reconstructed.

Table 1
Data of investigated strengthening slabs
HS, Age of Compre- . ... Condi-
' ssive Character of deterioration and Causes of deterioration .
No constr., - tion,
strength, defects rising .
years MPa points
1 2 3 4 5 6
Alytus district
1. Krokia- 14.A#1.4 Scour, deformation of dam  Mounting inaccuracy, 8.7
laukis slope protection slabs, damaged joints, wave
26 collapsing of joints blows
Anyksciai district
2. Elmininkai 16.0+0.8 Scour, deformation of dam Damaged joints by 8.5
24 slope protection slabs grass, bushes roots,
wave blows
3. Leliunai 19.8t1.0 Deformation of dam slope = Damaged joints, wave 6.0
11 protection slabs blows
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Continuation of the Table 1

1 2 3 4 5 6
4. Pagoje 12.7#0.6 Damaged joints, deteriorated Concrete, which 5.0
10 surfaces properties do not

satisfy requirements of
usage (weak concrete),
damaged joints

Birzai district

Ageniskis - Damaged joints by 7.0
5. 32 11.8+0.4 Damaged joints grass
6 Gulbinai 24341 2 Damaged joints, corrosion of Damaged joints by 7.0
' 32 e reinforcement and concrete, grass
Kaunas district
7. Galiliusiai 9.1+0.4 Damaged joints, damaged Weak concrete, 5.9
29 surfaces damaged joints
8. Grauze Il 7.140.4 Damaged joints, damaged Weak concrete, 7.7
37 surfaces, corrosion of damaged joints by
reinforcement and concrete,  grass, bushes roots,
thin covering layer
Muniskiai . Weak concrete, frost
9. oa 8.3+0.7 Deteriorated surfaces cycles 7.2
Kedainiai district
10. Angl{lal 7.9:0.6 Light irregularity 4.2
Concrete, which
Kruostas properties do not
11, HPS 55+0.2 Damaged joints, deteriorated satisfy requirements of 6.1
surfaces usage (weak concrete),
49 o
damaged joints, frost
cycles
Marijampole district
12 Anltler’lgvas 6.0£0 4 Biocorrosion, deformation of Exploitation 8.6
‘ 51 T dam slope protection slabs denormalization
Marijam- .- . 7.8
13. pole 6.0+0.9 Damaged joints, deteriorated Mechanical rupture
67 surfaces
14. Jure 9.8t0.5 Defects of surface, pittings, Weak concrete, 7.9
23 corrosion of reinforcementand  damaged joints,
concrete, damaged joints exploitation
denormalization, thin
covering layer
15. Kazlai 7.7+0.4 Light irregularity 3.0
18
16. Pilve- 9.6+1.4 Unallowable strain of elements,  Undercut basis of 9.0
Vabalksnis scour slabs, weak concrete
45

Joniskis district

Seepage, damaged

Damaged joints, deteriorated joints by grass, frost 51

17. Berzenai 13.3t1.0

surfaces
cycles
18. Linkaiciai 153206 Deteriorated surfaces Weak Ec;lglcer :te, frost 4.3

Pasvalys district

Damaged joints by 5.0
grass

Smilgiai

19. 33

20.0t0.6 Biocorrosion, damaged joints
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Continuation of the Table 1

1 2 3 4 5 6
Svobiskis . . - Damaged joints by
20. 89 29.3t1.2 Biocorrosion, damaged joints grass 4.0
21. Paiesmenys 24.0t0.8 Biocorrosion, damaged joints Damaged joints by 6.0
36 grass
Raseiniai district
22. Anulynas 6.2+0.7 Defects of surface, pittings, Weak concrete, 8.1
20 corrosion of reinforce and damaged joints,
concrete, damaged joints exploitation
denormalization, thin
covering layer
. - . Weak concrete
23 Kaulakiai 15.0t1.2 Damaged joints, deteriorated damaged joints by 6.8
19 surfaces
grass, frost cycles
24. Musia 23.14+1.2 Light irregularity 3.0
17
Ukmerge district
Ukmerage Damaged joints, deformation of Damaged joints by
25. 29 9 29.3t0.8 dam slope protection slabs, grass, wave blows, 4.0
deteriorated surfaces weak concrete
Virksciai - Damaged joints by 5.0
26. 33 13.8:0.7 Damaged joints grass
Utena district
Utena Damaged joints, deformation of Damaged joints by
21. 34 20.206 dam slope protection slabs grass, wave blows 4.0
Nemei- Damaged joints b
28. ksciai 22.90.9 Damaged joints ged) Y 40
o8 grass
Biliakiemis - Moss, grass, bushes 7.0
29. o9 17.1+0.6 Damaged joints r00LS
30. Pac:zglzenal 22.9+0.6 Damaged joints Moss, bushes roots 7.0
The most damaged reinforced concrete several reasons of forming pitting, but the main is—

strengthening slabs (in critical condition) are in erosion of concrete by the influence of frost cycles
Krokialaukis, Elmininkai, Antanavas, Anulynas, (Fig. 2). The surface of the structures on the
Pilve —Vabalksnis hydroschemes. Rehabilitation ofchanging water level zone is touched by ice,
these hydroschemes is necessary. swimming solids or sediments (especially gravel)
The actual service life of the oldest hydraulic abrasive impact. After establishment, which impact
structure is 89 years and 10 years of the last onés the most actual in separate ponds, there is a need
The strongest concrete with average compressivéo explore in more detail the pitting appearance
strength 29.3 MPa was established in the slabs ofeasons. Other reasons of concrete erosion
Ukmerge HS, the weakest one — 5.5 MPa in thepresented in literature, for instance, cavitations, are
structures of Kruostas HPS. The surfaces of thdess found in our researched structures, because in
structures manufactured with stronger concretethe researched ponds, the water flow pulsation
were less damaged. Concrete is affected in thespeeds are small (<2m/s).

changing water levemost intensively. Pittings on It was established, that the cover layer and junctures
the surface of the structures proceed rapidly in thisdefects are caused by environmental (frost cycles;
zone. The possibility of damages of the coveringice, wave blows; moss, grass, bushes roots,
layer is created by sufficient conditions for collapsing impacts; periodical wetting etc.) impacts,
corrosion of reinforcement. Defects are in progressappearing in degradation processes (concrete and
then joints are damaged (25 from 30 investigatedreinforcement  corrosion, erosion, biological
objects). The bad exploited joints were damaged byactions). Deterioration processes mostly break
the weeds or even scrubs. Roots of scrubs can brediadly made covering layer (small concrete strength
reinforced concrete strengthening slabs (Fig.1). and frost resistance), which being under the
It was noticed during the expedition, that all the influence of frost cycles crumbles, its physical—
investigated surfaces of the earth dam slopes slabsechanical properties change, forms deterioration —
in the zone of the changing water level are more omitting. Most intensively concrete is destroyed in ice
less deteriorated in form of pitting. There are and wave impact (changing water level) zone.
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Destroed protective
concrete layer

Figure 1. Destroyed joints by grass, bushes roots in Grauze pond (Kaunas district).

CONCLUSIONS

1. The results of 30 earth dam slope protection
slabs field investigations show, that mostly
occurred defects and deteriorations of slab are:
deterioration of the cover layer (12 from 30
objects) and collapsing of joints (25 from 30
objects), accordingly 40 % and 83 % of the
researched objects.

2. The rupture and deterioration of the cover layer
of reinforced concrete slabs in the time being
were caused in many cases by unfit
manufactured concrete, which properties do not
satisfy the requirements of usage (weak
concrete); unfit exploitation- bad exploited

Figure 2. Erosion of surface on concrete slabs joints were damaged by the weeds or even
(Ageniskis pond) by influence of frost cycles. scrubs.
3. The reinforced concrete strengthening slabs in
The main attention should be paid to the zones  Krokialaukis, Elmininkai, Antanavas,
where deterioration and defects are often formed — Anulynas, Pilve —Vabalksnis hydroschemes are
pitting is formed in the changing water level in the  in critical condition and should be repaired

flow compression zone — in slabs, which are not far  jmmediately.
from the inflow part of shaft spillways or in the
flow parts of overflow spillways.
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ABSTRACT

The aim of the research is development of geopolymers — the new, knowledge-based, multi-functional
materials with high performance, reduced environmental impact and adjustable to customer needs.
Depending on selection of the raw material and processing conditions, geopolymers can exhibit a wide
variety of properties and characteristics, including high compressive strength, low shrinkage, fast or slow
setting, acid resistance, fire resistance and low thermal conductivity. Materials used in preparation of
geopolymers are local industrial waste and by-products such as ashes obtained from burning grasses, glass
powder recycled from lamp demercuration facility in Liepaja and calcined clay minerals. Raw materials
were investigated and treated by using calcination and grinding methods to increase their activity.
Mechanical and physical properties of obtained geopolymers were tested. A variety of results were observed.
Depending on the used waste materials in geopolymer composition and curing conditions hardened
geopolymer samples possessed either good compressive strength results and waterproof or marginally low
compressive strength and weak waterproof.

Key words: geopolymers, local industrial waste, construction material, compressive strength

INTRODUCTION amounts of industrial waste materials are not only
used as a secondary raw material, but are converted
to a new product. Creation of a new material from
different industrial by-products might result in
reduced energy consumption, reduction of waste
ﬁroduction, reduction of global GGemissions, as
well as in the reduction of exploitation of natural
resources, which are commonly used for production
of Portland cement. The production of geopolymers
could reduce 80% of those G@missions, which
are released during ordinary Portland cement
production (Duxson et al., 2007; Gartner, 2004).
The aim of this work is to obtain geopolymer binder
material with proper mechanical and physical
properties from local industrial waste and by-
products. In mix design either single by-product
fmaterial like ashes or combination of waste
materials are used in order to improve chemical
composition and obtain higher mechanical
properties. In this work six different geopolymer
mortars have been created.

Ordinary Portland cement is the most commonly
used cementitious material nowadays. During
production of one ton of cement 0.65-0.92 tons of
CO, gasses are released in the atmosphere. This is
significant degree of pollution, which enhances
greenhouse effect. To avoid further pollution and
CO, emission, new cementitious materials are
created (Davidovits, 2008; Juenger et al., 2010).
Geopolymers are among the most efficient.
Glukhovsky first introduced a general conceptual
model for the alkali activation of the aluminosilicate
materials in 1950s (Glukhovsky, 1959). However
the term “geopolymer” was introduced by J.
Davidovits (Davidovits, 1991) to describe mineral
binders closely related to artificial zeolites.
Development of geopolymers — a new generation o
cementitious materials being an alternative to
traditional cement and concretes through alkali
activation of industrial waste is a relatively new
area and research topic for the scientific
community. The alkali activation of_ materials is & MATERIALS AND METHODS

chemical process that ensures rapid transformation

of some specific phases (partially or totally The materials used in geopolymer composition are
amorphous) into compact cemented framewodfks. mainly by-products and industrial wastes. The
obtain alkali-activated binder the source materialsbottom ashes used in geopolymer compositions
must be rich with alumina and silicate. Such were taken from local heating plant furnaces. Wood
elements are widely spread in different types ofbottom ashes and barley bottom ashes were tested
ashes, glass and clay minerals. as potential geopolymer compounding material.
Development of geopolymer technology is in Ashes were ground in a planetary ball mill to obtain
accordance with the requirements of sustainablgopowder particle material, to ensure material
development, because in this way significanthomogeneity and enlarge specific surface area in
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order to make material more reactive. Chemicalfor ashes, waste glass and calcined clay are
compositions of ground bottom ashes weresummarized in Table 1.

determined. Table 1

The other raw material used in investigations was

taken from the local fluorescent lamps utilisation Chemical composition of raw materials

plant. Glass is rich with siliceous dioxide and it is Barley ash | Wood ash |Waste glass Calcinated
an excellent source for amorphous siliceous in Clay
geopolymer composition. Glass from fluorescentfLoss of ignition ] 0.49 0.64 0.5 0.1
lamps is not possible to recast in the traditional way>2 66.07 29.92 74.25 68.41
due to unacceptable and toxic impurities. Landfill ;"% igg 1293829 2'89 (1)'31
disposal of the glass waste is common solution unti Ali03 <33 23 Tes 101
now. The utilisation of this type of glass as a raw|re;03 178 16 0.16 55
material in geopolymer composition will make [na20 0.24 037 3.82 0.29
unequivocal positive impact to environment. |k20 7.14 3.59 0.93 3.48
Fluorescent lamp glass normally is roughly [B2: 0 0 16.63 0

grounded in the plant during recycling process.

Roughly grounded and additionally grounded glassAs it seen in the Table 1, materials used in
was used in the investigations. geopolymer composition are rich with silica dioxide
Another important component in geopolymers is SIO, — from 59.92% to 74.25%. The other
alumina. Alumina is needed to form alumino- important element is AD;. Clay contains 14.01%
silicate, which is the compound that gives strengthof Al,Os, while ashes contain only 4.3-5.38% of
and other physical and mechanical properties to théAl.Os. Barley ashes contain the highest alkali
obtained material. content — 7.38% KO+NgaO.

Most common alumina containing material used in The geopolymerisation process involves the
geopolymers is metakaolin. Since metakaolin is notdissolution, migration and polymerization of Al and
the local raw material, calcined clay with low Si elements. The presence of cat ions (Na, K and
content of carbonates was used as alumina source {@a) in the composition is very important, because
geopolymer composition. Calcined clay was they provide balancing and catalytic properties
obtained from producer of ceramic building (Luna et al., 2007)

materials JSC Lode or made in laboratory by The results of XRD analysis for wood ash are given
treatment of clay in the furnace under 700°C for 3in Figure 1.

hours. As it is seen, wood ashes are very rich with
In the experimental work activation solution (6M crystalline quartz (Sig). Also wollastonite
NaOH) was used. (CaSiG) and akermanite (GslgSi,O;) are found
as most common minerals. Small amount of
Chemical composition of raw materials potassium calcium silicate (KaSOs) as well as

- . L i cristobalite (SiQ) were determined in the wood
Preliminary investigation —of chemical and 54, Mineralogical composition of wood ashes

mineralogical composition of geopolymer raw cqregnonds to the results from chemical analysis.
materials was carried out. Chemical analysis results

Q I
100 00-033-1161= Quartz - Si02
‘00-027-0083> Vollastonite-2M - CaSioy -
00-D35-0592> Akermanite - CaMg3i-0r
TEQ =omrmsmnrsmrnsmnasmrnsnnamnnsnna denass =

Intensity
w
=)
L=

2504-

i

J ,|i|‘,'.’.-'i, CLERR Y,

0" " 4o 20

Two-Theta (deg)

Figure 1.XRD analysis of wood ash.
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Grading analysis of raw materials ashes to achieve the optimal consistence of binder
and to ensure proper moulding properties. The other
two mixes were obtained from waste glass and
calcined clay. The ratio of calcined clay and glass
was kept constant at ratio 1:3. In the first mix the
original roughly ground glass (ORG) was used, but
in the second - additionally ground waste glass
(AGW) was used. The last two mixes were
combinations of both barley (BTG) or wood ashes
(WTG) and calcined clay. Mix compositions are

Particle size and particle size distribution of raw
materials also was obtained. Materials used in
geopolymer composition were finely ground in the
planetary ball mill to improve the homogeneity and
reactivity of them.

Barley ashes were ground for 4 minutes, but wood
ashes were ground for 10 min. Particle size
distribution of wood and barley ashes was smaller

than 63um. .
e shown in Table 2.
100 Table 2
L
,/ / Geopolymer composition material ratios
80 # Material ratios in composition
- 4 / Material WA BA |OWG|AGW | BTG | WTG
T—'BU / Wood ash 1 - - - - 1
é I, Barley ash - 1 - - 3 -
©
£ -/ Rough Ground ) ) ) ) )
340 L - Glass !
g - Additionally ) ) ) 1 ) )
EZU 4 y ground glass
by / / Teniside - - 3 3 1 3
0 ’ Burned clay - - - - - -
0.10 1.00 10.00 100.00 6M NaOH 0.407| 0.405| 2.08 | 1.65 1.9 1.41
Particle size, mkm . . .
0 min. ————- 20 min Mixed geopolymer binder mortar was cast in

40x40x160mm bar moulds and the curing

conditions were kept constant at the two different
temperature regimes: at ambient temperature of
20°C+2°C and 75°C for 24h to improve the process
of geopolymerisation.

Waste glass was already roughly ground during thePhy5|cal and mechanical properties of hardened

recycling process. Part of glass was additionallyge()po'ymer mortar bars were tested. Mineralogical

ground for 20 min to enlarge fineness of glasscomposmon of specimens was determined by using

particles and increase glass reactivity. The particlex'ray diffraction spectroscopy, but scanning

size distribution curves of the roughly ground wasteeIeCtron microscopy (SEM) was used to examine
e gnly 9 structure of obtained geopolymers.

glass and additionally ground waste glass are

summarised in Figure 2. RESULTS

Calcined clay particle size used in geopolymer

Figure 2. Roughly groundvaste glass and
additionally ground waste glass patrticle size
distribution curves.

composition was smaller than 0.315mm. Samples, which were cured at elevated
temperatures, were fully hardened after 24h at
Geopolymer composition 75°C. Samples which were cured at ambient

temperature after 24h were still soft and not solid.
Samples were held in moulds for 72h to ensure
[nortar bar safe remoulding without damaging the
sample.

It is important to note that some samples cured at

?r']i?eg;ts“gggg?n'tshgoTorgﬁgtig?]queg)egﬁsr:grsraw elevated temperature showed high shrinkage (mix
P geopoly . OWG) and minor cracks (WA). The reason of

Eeoal;rr:?%;e;?egé%reoF]:ﬂgei;g%g?e:zc'ssgr;gtg;rshrinking and cracking of specimens should be
P pect. poly proce > €SPesulted by thermal shock or rapid reaction
active at the ambient temperature, but using higher
. . ' progress.
curing temperature should accelerate it. In finally
solid material can be marked with higher
mechanical properties.
Six different geopolymer compositions were Water absorption of geopolymer specimens
obtained and tested. Barley ash (BA) and wood ashhardened in the different temperatures was tested.
(WA) were activated by adding 6M NaOH solution. Water absorption of geopolymer specimens is
Certain amount of NaOH solution was added toshown in Table 3.

Different potential geopolymer compositions were
created from alumina and silicate rich industrial
waste materials and by-products. Proper chemica
and mineralogical composition as well as particle

Water absorption
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Table 3 16.36 MPa, i.e., better compressive strength results
than the samples cured at ambient temperatures.

Geopolymer water absorption The elevated temperature provides reaction or

.. |Water absorbtion, % geopolymerisation process and at higher
Composition .
20°C 75°C temperatures geopolymers originates much faster.
WA 13.2 12.7 The specimens cured at ambient temperature
BA 12.4 11.9 provided compression strength from 2.7-6.8MPa.
OWG 9.7 7.9 The best results were demonstrated by the
AGW 9.5 8.2 geopolymers with composition OWG and AWG
BTG 12.5 12.4 (6.6 and 6.8 MPa), but geopolymers which are
WTG 11.7 11.9 containing ashes showed on average a 50% less

compressive strength results compared to the

Specimens cured at temperature 75°C demonstratesgmples with glass and calcined clay.

lower water absorption compare with specimensAt the curing temperature of 75°C the compression
cured at the ambient temperature. It is explained bystrength for geopolymer mixes demonstrated larger
geopolymerisation process, which is more active atvariety of results. The best strength gain was
elevated temperature. demonstrated by the AWG mix which is 23.16MPa.
The specimens made from waste glass and calcineBarley ash geopolymer composition strength grew
clay (AGW and OWG), cured at elevated to 13.5MPa and wood ash geopolymer strength —
temperature, demonstrated lowest water absorptio?-8Mpa.

8.2% and 7.9% respectively, but specimens withGeopolymer containing ashes in the composition
same composition, cured at ambient temperaturVith calcined clay provided strength results similar
showed water absorption 9.5% and 9.7%.t0 the specimen without clay minerals. In the mix
Geopolymers containing ashes showed the highestith wood ashes the compression strength was
water absorption ranging between 11.9-13.2%.9-16MPa and the mix with barley ash - 13.7MPa.
Similar results showed specimens made from ashes

and calcined clay (11.4-12.5%). XRD analysis
. Mortar bars were tested with X-ray laser diffraction
Compression strength spectroscopy to  characterize  geopolymer

Compression strength of hardened geopolymermineralogical composition.

samples was determined. Results of compressiofseopolymers are often described as ‘X-ray
strength are given in Figure 3. As seen in the Figureemorphous’ (Duxon et al., 2006). Although this
3, the curing temperature is the key determinantmaterial appears amorphous to XRD initially,
factor, which divides the samples into two large evidence of crystalline phase can be observed. XRD
groups with diverse compressive strength. results are given in Figure 4 and 5.

Samples cured at 75°C for 24h show from 6.46-

25

23.16

P
o

W Compression
strenght, MPa
20°C

B Compression
strenght, MPa

75°C

Compression strenght, MPa

WA BA OWG AGW BTG WTG
Compositicn

Figure 3. Compression strength results for geopolymer specimen cured at ambient temperature and 75°C.
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Figure 4. XRD diffractogram of hardened specimen contained wood ash (WA)
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Figure 5. XRD diffractogram of hardened specimen contained additional ground glass waste (AGW)

Amorphous and crystalline quartz phases appear ifg
all geopolymer mix compositions. Presence of
plagioclase minerals was characteristic only tof8
geopolymers containing wood ash. Quartz mineralg
are typical for geopolymers containing waste glass
and calcined clay.

Scanning electron microscope analysis

Scanning electron microscope (SEM) analysis wa

performed in order to study the microstructure an
to view the reacted and unreacted region of the
geopolymer’'s samples. SEM analysis results of
specimen with additional ground glass and calcineds® : :
clay are given in Figure 6, but in the Figure 7 is SEWMAG 500k Hivec

. . SEM HY: 15.00 kY WwWh: 8.6204 mm 20 pm MIRAL TESCAN T
shown microstructure of geop0|yme|" SPECIMEN Date(miciy): 042811 Det: SE Datector Riga Technical University n
made from wood ash. Figure 6. SEM image of hardened geopolymer

contained additional ground glass (AGW).
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This work proved the importance of the temperature
level. After 24h curing at ambient temperature
geopolymer specimen were slightly hardened.
Samples cured at 75°C for 24h were completely
hardened and showed good compression strength
results.

To reduce thermal shock during curing at elevated
temperature, the temperature regime should be
better studied in order to reduce geopolymers
shrinkage and cracking.

A lot of research is still required to further
investigate geopolymer binder properties and
material characteristics. The economic aspect must
be taken into account as well as mix design
optimisation should be carried out.

o i P b
SEM MAG ke vac Hivac

SEMHV 1S00KY WD 10.3420mm 20 pm megscmn- Lack of appropriate standards and test procedures

Date(m/d/y). 04/28/11 Det: S5E Detector Riga Technical University

prevents geopolymer binders from  wider
application therefore in order to test new material
samples mortar and concrete standards and methods
should be developed.

Annotated SEM micrographs of geopolymer show aFurther investigations should inclu<_je geopolymer-
highly complex product morphology that consists of san_d mortar tests at different curing temperature
unreacted, partially reacted, and completely reacted€9imes and mix designs.

materials. The geopolymer matrix also includes

quartz crystals and mullite needles.

Unreacted wollastonite minerals can be observed ifcONCLUSIONS

the both figures. Typical pore structure for a \Water absorption for obtained geopolymers varied
geopolymer is nonuniform with a wide size from 7.9-13.2% where the lowest water absorption
distribution (Figure 6 and 7). It is confirmed also by value was for heat cured OWG specimens.

Figure 7. SEM image of hardened geopolymer
contained wood ash (WA).

Waltrud (2008). Geopolymers cured at ambient temperature showed
compressive strength in the range 2.7-6.8 MPa. This
DISCUSSION proves that ambient temperature does not provide

Waste materials examined in this work proved to bethe ra_lpld geopolymerisation process.
Specimens cured at elevated temperature showed

an appropriate material for development of 2F=> _ )
geopolymers. Industrial waste and by-products likeSignificant increase of the compression strength. It

different types of ashes obtained as bottom ash fronyaried fr_om 9.16 to 23.16MPa. Th_e best
thermal furnaces could be used in geopolymercOmpPressive strength results were achieved by

composition as a secondary raw material when thé“ix‘??' containing  rough ground (OWG) and
bottom ashes are ground to fine particles. additional ground glass (AGW): 18.5 MPa and

Additional grinding of the glass made the material 23.16 MPa.

more reactive thus accelerating the reaction proces§ccording to XRD amorphous and crystalline
and gaining additional strength. quartz phases appear in all compositions of

Mixes with ashes and composition with ashes andJeOPOlymers.

calcined clay did not demonstrate as high result asEM micrographs of geopoly_mers show a highly
the samples with glass and calcined Claycomplex morphology of microstructure which

composition. However an increase in strength isconS|Tts | of unrgacted,_ Ipartlally reacted, and
considerable from the temperature regime aspect. completely reacted materials.
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ABSTRACT

Warm Mix Asphalt (WMA) production technologies allow lowering the production and paving temperature
of the conventional Hot Mix Asphalt (HMA) by at least 20°C without compromising the performance of
asphalt. This promises various benefits over HMA, for example, allows to reduce the energy consumption,
thus lowering the greenhouse gas emissions, permits to extend the paving season, attain better compaction,
provides longer haul distances etc. However, in order to reach widespread implementation of WMA, it is
necessary to provide enough information to the decision makers on the benefits of this technology. The
article presents an overview of different WMA products and production principles, benefits and drawbacks
associated with the technologies. A total of fifteen products that were found to be used in Europe are
reported in the paper. However, not all of the technologies are suitable for Latvia, because of the necessary
economical investments, climate, local legal provisions and the industry traditions. Potentially most
favourable technologies for Latvian circumstances are analysed with the reference to local road
specifications.

Key words: Warm Mix Asphalt (WMA), greenhouse gases

INTRODUCTION technological advantages of WMA allow using it
not only as a substitute for conventional HMA by
applying the same asphalt specifications, but also to

avement temperature of conventional hot mix ">C itin circumstances, where the usage of HMA
P P would not be eligible. However, in order to reach

asphalt  (HMA)  without compromising  the widespread implementation of WMA, it is
performance of the pavement. The temperature P P '

reduction range varies depending on what WMA hecessary to provide enough mform_atlon to the
. e decision makers on the benefits of this technology
product is used, but the common classification of

) ; (§md ensure that the asphalt has the same or better
asphalt by the production temperature is presente . -
in Figure 1 mechanical characteristics and long-term

WMA promises various benefits, e reduced performance as HMA.
P o » €9 The article is based on the Master thesis by Martins
greenhouse gas emissions, lower

; . . s eNergy7aumanis at the Danish Technical University,
consumption, improved working conditions, lower ublished as a monograph (Zaumanis, 2011)
binder viscosity, better compaction, etc. These” grap ' '

WMA is a relatively new technology that allows
significant lowering of the production and

9
8
|
6
5 :
i 5
Latent Heat of Vaporization f % TR T
—— 4 3 Vaporization
Ha 5
= s 2
Cold _pfvarm Drying
Mix Asphal :
I ' 0
0 60 100 140 180

Temperature, °C

Figure 1. Asphalt classification by production temperature.
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WMA PRODUCTION TECHNOLOGIES reports, therefore the most commonly reported data
or data supported by the production company are
listed first and the data from a different research -
afterwards. Differences in the reports may be
caused by different factors, such as the production
technology, type and the amount of additives used,

The ?T'mscthsv?ggﬁl ?stigve?&)ducts available in themix design methods, climatic conditions, material
European marke)t/ and theFi)r descriptions are listed oo etc. The amount of WMA additive usually
Table 1. The reported values of the productiondepends on the materials used, their proportion and

temperatures were not the same in all the IiteratureesloeCIaIIy the grade and type of the bitumen used.

The existing WMA production technologies can be
categorised in three groups:

1. Foaming technologies;

2. Organic or wax technologies;

Table 1
Common WMA Technologies in Europe
Product Company Description Reports Additive Production
from temperature [or
countries reduction ranges]
FOAMING TECHNOLOGY
Low LEACO Water based US; France, Yes, +0.5% of <100°C*
Asphalt mixed with wet sand of coating and
adhesion
additive
WAM- Shell and Foaming process usingUs, Antistripping 110-126C*
Foam Kolo- two binder grades Norway agents could be 109-120C.
Veidekke added to soften 62°C
binder
LEAB BAM Water based Netherlands 0.1% of 90°C
Mixing of aggregates bitumen weight
below water of coating and
vaporization adhesion
additive
LT Nynas Water based Italy, 0.5-1.0% of o0°C
Asphalt Binder foaming + Netherlands hygroscopic
hydrophilic filler filler by
mixture weight
Aspha- Eurovia Water containing US; France, 0.3% by [30°C]*
Min Zeolite Germany  mixture weight [12°C]
[20-30°C]
ORGANIC TECHNOLOGY
Sasobit Sasol Fischer-Tropsch wax US, EU, 2.5-3.0% of [10-307]*
worldwide  bitumen weight [20-30°C]
I‘f:;maf”y [18-54C]
-1.5% o
bitumen weight 130-150C
in US
Asphaltan A Romonta  Montan wax for Germany 1.5-2.0% of [20°C]
Romonta N GmbH mastic asphalt bitumen weight
Asphaltan B Romonta  Rafined Montan wax Germany 2-4% by [20-30°C]
GmbH with fatty acide amide mixture weight
for rolled asphalt 2.5%by
mixture weight
Licomont Clariant Fatty acid amide Germany 3% of bitumerj20-30°C]
BS 100 weight
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Product Company Description Reports Additive Production
from temperature [or
countries reduction ranges]
3ELTor Colas proprietary France Yes, not [30-40°C]
Ecoflex specified
CHEMICAL TECHNOLOGY
Evotherm Mead- Chemical bitumen US, France, In form of [50-75°C]*
ET Westvaco emulsion worldwide  bitumen [37-54C]
emulsion ~93°C.
85-115C
Evotherm Mead- Chemical package plusUS, France, 30% by weight [45-55°C]*
DAT Westvaco  water worldwide  of binder >93°C.
85-115C
CECABAS CECA Chemical package US, France  0.2-0.4% by 120°C*
ERT Arkema mixture weight 1g1°C
group
Rediset Akzo Cationic surfactants  US, 1.5-2% of [>30°C]*
WMX Nobel and organic additive  Norway bitumen weight 16°C]
126°C
Warmmix L Star Amide based chemical France, 0,5% of [30°CT*
Asphalt package Italy, East.  bitumen weight
Europe

*T emperature range from the product supplier

Foaming technology foams the binder. Controlled foaming effect of 6 to

. . 7 hours of increased workability is reported
Foaming technologies use small amounts of COId(Chuwdhur et al. 2008 D'Angelo et al. 2008
water injected into the hot binder or directly in the Driischner y2009) v ' 9 v '
Z\S/ghglrtaterglxg'ngd ?:Shag:]k:g. su-lr;'][g d V;/r?tetrhe rabpi'ndc%rWater based technologies use a foaming process
por: P .~ ~“Which is created by injecting cold water into hot
producing a large volume of foam. The foaming asphalt binder using special equipment or

action in the binder temporally increases the volume '
of the binder and lowers the viscosity, which technology. - The water rapidly evaporates,

improves the coating and workability. In the producing a large volume of foam, which slowly
fan\)min r0CesSes engou h water mustyt;e added tcollapses (Asphalt Institute, 2007; Perkins, 2009).
9p 9 is considered that these technologies are the most

cause the fF’a’T"”g action W|thqut adding too muc.h’technically complex and require relatively large
so that stripping problems arise. To ensure this,. o e
financial investments for plant modification. There

most of the producers advise to use antistripping .
. . o X are also some concerns on the moisture
(adhesion, coating) additives to ensure that moisture o :
. : ; L susceptibility and permanent rutting of asphalt
susceptibility of an asphalt mixture is minimized. roduced by these technologies. These are pressin
Liquid antistripping additives are recommended for P y gies. P 9

; , _ problems in Latvia even for HMA, therefore, it is
\évhl\ﬂcv dpggfyucé'f;pr%%%sgs)esT(hzfnﬁiloaﬁggg %goti’econsidered that thorough research and laboratory
: ) A . testing is necessary before implementing these
binder just before mixing with aggregates, typically technologies in Latvia
0.5% by the weight of the binder. '
There are several foaming technologies availableOr anic technolo
that could be sub-categorised into two groups: water 9 ay
based and water containing (Asphalt Institute, 2007;,0Organic or wax additives are used to achieve the
Perkins, 2009). temperature reduction by reducing the viscosity of
The water containing technology uses finely the binder at the production temperature. The
powdered synthetic zeolite that has been hydroprocesses show the decrease of viscosity above the
thermally crystallized. It contains about 21 percentmelting point of wax, making it possible to produce
water of crystallization which is released when asphalt mixes at lower temperatures. After
temperature is increased above®®@5When the crystallisation, waxes tend to increase the stiffness
additive is added to the mixture simultaneously with of the binder and the resistance of asphalt to
the binder, water is released as fine mist, whichdeformation. The type of wax must be selected
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carefully so that the melting point of the wax is atmosphere. This is realized through reduced
higher than expected in service temperatures and tteemperature for production and paving of asphalt.
minimize embrittlement of the asphalt at low The ranges of possible energy reduction in the
temperatures (D’'Angelo et al, 2008; production process reported in the research
Perkins, 2009). (Kristjansdottir, 2007) are:

Different researches (for example (Zaumanis et al.— WAM Foam — 30% to 40%:

2010; Hurley et al., 2006)) show that WMA that is — Aspha-Min — 30%;

produced using waxes often has better resistance ta Sasobit — 20%:

plastic deformation than the traditional HMA. This _ gyotherm — 50% to 70%.

performance can be explained by forming of the according to the research (D'Angelo et al., 2008),
lattice structure in bitumen below the crystallisation hjs gives a plant stack emission reduction of:

point of wax. This process stiffens the binder and_ CO,in the range of 15% to 40%:

increases the resistance to permanent deformations SO, — 20% to 35%;

of asphalt. . . — volatile organic compounds (VOC) up to 50%;
Waxes are also often used as additives to improve . .

. . . = carbon monoxide (CO) — 10% to 30%;
the resistance to deformation and to improve the

workability of the mixture for the traditional HMA. _ hitrous oxides (N) — 60% to 70%. .
Keeping in mind that there are considerabIeThe reduction of aerosols, fumes and dust is also

problems with the resistance to permanentbeneﬁCiaI to the worker health and to the people in
deformations in Latvia it is considered that waxesthe surrounding territories of production and paving

may be successfully used for the production of Sites. This may mean easier permission for_a plant
WMA here. site in urban areas. The actual reduction in each

specific case depends primarily on the temperature
reduction rate and according to (Brosseaud et al.,
2008) greenhouse gases (C®,0, and CH) are
A variety of chemical packages are used forreduced in the same proportion as the energy gain,
different products. They wusually include a which is illustrated in Figure 1. Reduction of fuel
combination of emulsification agents, surfactants,used for asphalt production results also in reducing
polymers and additives to improve the coating, the demand of non-renewable fuel extraction and
mixture workability, and compaction, as well as dropping the carbon footprint of fuel production and
adhesion promoters (antistripping agents). Thetransportation.
added amount and temperature reduction dependBecause of the different production technology for
on the specific product used. The chemical additiveWMA, it promises several benefits that are
package is used either in the form of an emulsion oiindirectly related to the reduction of atmospheric
added to bitumen in the mix production process.pollution. Lower mixing temperatures and the
This results in relatively minor modifications modification of bitumen results in different visco-
needed to the asphalt plant or to the mix desigrelastic behaviour of the binder in the WMA
process (Chuwdhury et al., 2008; Perkins, 2009).  technology pavements. Less aging during the
production and paving process tends to improve the
BENEFITS AND DRAWBACKS OF WMA pavement flexibility, which reduces susceptibility to

WMA technologies promise a number of benefits, fatigue and temperature cracking. This results in the

. - improvement of the pavement longevity (life cycle),
\;V;] ee cr;figsev%MTei/egﬁP\ o\llc? Eg di(;pelTSd égg uﬁgvr\]/ev\\//g:mfurther reducing the potential costs for restoring the

generally the benefits can be categorized in fourasphalt o_verla_y _(Perklns, 20(_)9)' Lowering ~ of
bitumen viscosity in the production process allows

Chemical additives

groups: : . ) X
= Environmental- incorporating a higher percentage of reclaimed
oo asphalt pavements (RAP). Even up to 90% of RAP
a Proo_luct|0n, is reported in the research (Druschner, 2009) and
— Paving; WMA still results in less effort needed for
— Economic. compaction, which means additional energy saving

The concerns are mostly subjected to a relativelyreglized in the paving process. The overall benefit
short WMA implementation period and insufficient of RApP usage is the resolving of the problem of
accessibility of in-situ performance results. The testgap tilisation, saving of landfill space, reduction
results in laboratory show some potential problemot yirgin aggregates and energy used for mining.
areas that should be given care to when designing myst be noted that some of the environmental

and using WMA. They will be discussed later. benefits may be offset with the carbon footprint
_ _ embodied for producing additives and/or any
Environment and production additional equipment supporting the production of

The most important benefit of WMA is the WMA. The producers of two WMA additives were
possibility to reduce the greenhouse gases in th&éontacted. None of them were able to provide the

60



3 International Conference CIVIL ENGINEERING 11 Proceedings
| BUILDING MATERIALS

necessary information of the amount and types ofa reduced asphalt cost due to the decrease in the
energy used in the production of these products omobilisation expanses. Another benefit for the city

the amount of the greenhouse gases produced. or high maintenance roads that need to be opened
for traffic as soon as possible is that faster putting
Paving into operation times can be achieved. Since the

Improved workability and compaction are attained initial temperature is significantly lower, less time
P y P is necessary for cooling the mixture. This can also

when using WMA. Lower paving temperature be important for expanding airports, like the

enhances_ the working conditions for th.e.pavmglnternational Airport of Riga, where the stretch of
crew, which means enhanced productivity and.. . :
time for construction can be very tight.

improved quality. The reduced viscosity decreases
the risks of ensuring the necessary compaction
especially when working in cold weather and,
because the difference between the mix and ambierDifferent techniques of producing Warm Mix
temperature is smaller than for HMA, a longer Asphalt (WMA) promise various energy savings for
compaction window is provided. It may permit a the production - this mostly depends on how much
longer paving season and/or paving during nights.the production temperature was lowered and what
Additionally, producing WMA at HMA kind of fuel is used. The economical benefit from
temperatures will permit even longer compactionthe energy savings should be discussed together
time. The Latvian road specifications (LVC, 2009) with the cost and type of the energy used, as higher
permit paving of asphalt wearing course only whenenergy prices promise greater savings. Indirect
the temperature is higher than°CO(for layers economical effects can be realized through the
between 40-60mm) or higher than®Gs(for layers  reduction of the mobilization costs and longer
<40mm). These temperatures are usual for Latviapaving season. Another indirect benefit is less wear
only from April to September (Latvijas vides, on the asphalt plant due to the reduced temperature.
geolasijas un meteorolgijas centrs, 2011). Use of Economical benefits should be evaluated together
WMA additives could allow extending the paving with environmental benefits. If stricter emission
season by several months thus ensuring a significargtandards are implemented, there may be higher
economical effect for contractors. It is reported economical potential for WMA. In this case the
(D’Angelo et al.,, 2008) that field trials were potential benefits may not be completely
conducted in Germany with Sasobit at ambienteconomically quantifiable and should be evaluated
temperatures ranging from % to + 3C and better  together with environmental regulations.

density was achieved if compared to HMA mixture. The savings with reduced energy consumption may
Similarly to cold weather paving, because of thebe offset by the additional costs of WMA
possibility to compact the mixture in lower production technologies. It must be established if
temperature, longer haul distances are promised fothe reduced energy consumption reduces the overall
WMA. Therefore, producing WMA technology costs of WMA production in each specific case. If
mixtures at the temperatures traditional for HMA, no proof on production cost lowering is established,
more distant sites and large urban areas like Rigat may be possible that contractors will not choose
can be served from large distances without losingthis technology for the other benefits alone.
workability. This means expanded market areas and

Economical

Table 2
Additional costs for some of WMA products
Parameter WAM Foam Aspha-min Sasobit Evotherm
Equipment modification $30,000-$70,000  $0-$40,000 $0-$40,000 Minimal
or installation costs
Royalties $15,000 firstyr ~ None None None
$5,000 plant/yr
0.30/ton
Cost of material N/A $1.3/kg $1.7/kg 7-10% more than
asphalt binder
Recommended dosage N/A 0.3% by weight 1.5 to 3.0% by Use in place of
rate of mix weight of binder  bitumen
Approximate cost per ~ $0.30 (notincl.  $3.60 $1.30-$2.60 $3.50-$4.00
ton of mix royalties)
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Potential increases depend on production techniquebitumen below the crystallisation point of wax,
as different WMA technologies require different which stiffens the asphalt at in-service
additional costs. Increase in costs may arise from: temperatures.
—the investment and the depreciation of plant

modification; Moisture sensitivity

~the C,OStS of the additives; ) i Due to low mixing temperatures, the moisture
— possible costs for technology licensing. contained in the aggregate may not completely
The research (Kristjansdottir, 2007) involves ganorate during mixing and the retained water in
comparison of possible additional expenses fory,e gggregates could lead to increased susceptibility
WMA production (Table 2). to moisture damage. Because of residual moisture
The data are gathered from different research anef; pehind by the microscopic foaming process, this
therefore using different production plants and otheris aven more critical for WMA technologies that
specific conditions. However, it gives a good inyolye foaming as a binder viscosity lowering
impression on _the additional costs of different jotion. These problems, if they occur, may be
WMA technologies. successfully treated with active adhesion agents.

CONCERNS ON WMA PERFORMANCE Low temperature behaviour

In order to reach widespread implementation of ¢ i reported in several researches from the U.S
WMA, it is necessary to ensure that the asphalt ha \Wanger et al, 2008; Hurley et al., 2006:

the same or better mechanical characteristics an howdhury et al., 2008) that the use of waxes for

long-term performance as HMA. WMA has been (g5 with the Bending Beam Rheometer (BBR)

used in all types of bituminous mixtures, including jhcreases the bitumen stiffness and reduces the
dense graded, stone mastic, porous, and mastig|axing abilities at low temperature regimes.

asphalt. It has been used with different aggregatesccordingly, wax modification leads to worsening

and all grades of binder as well as polymer ot the |ow temperature behaviour and it has been
modified bitumen and Reclaimed Asphalt Pavementyatermined that the threshold of SUPERPAVE
(RAP), and a variety of layer thicknesses and traﬁicConcept PG bitumen leads to worsening of low

levels have been applied for WMA. Based on thesegmperature grade of 2@ and the bitumen ability
findings, there are generally no restrictions ony, creep is worsened by 6@,

WMA implementation. However, there is some
concern about some mechanical properties an‘i’:ompaction
longevity of WMA.
WMA is reported to have better compaction

Permanent deformations potential due to decreased viscosity and less

_ . bitumen ageing in the production process. This can
There is a general concern for WMA rutting g)io\ o save the compaction energy and to reduce
performance that is connected with the decreaseghe time necessary for compaction which may be
mixing temperature which may lead to incomplete ggnecially important at low temperature paving. The
drying of aggregates and insufficient coating with \oq,ced compaction risks, if realized, carry the cost

bitumen. , that can far exceed the additional costs for WMA
Another aspect that may influence decreasedproduction.

resistance to permanent deformations is theauever, wax technologies require additional

decreased oxidative hardening of bitumen due to theyyenion regarding the temperature conditions for
lower production and compaction temperature. ,jjing The compaction must be finished before the
These problems might be treated with adding activeyay starts to crystallize; after this temperature the
adhesion agents or initially choosing a harderyyay forms a lattice structure in the asphalt that may
bitumen grade. _ . be damaged if the compaction is continued. This
Potential rutting problems require careful evaluation aans that the compaction window is shorter than

of asphalt in laboratory. Care should be given g, A and additional rollers may be required to
preparation of the testing samples, because therfaach the necessary density in the given time
might be a necessity for mixture aging before,,inqow.

compaction to ensure proper correlation with the

actual production process. The choice of the rightyyya AND NORMATIVE

compaction method might also be a problem,

because some methods might not be sensitivdhe European standards for bituminous mixtures
enough to temperature changes. (EN 13108-1 to -7) do not preclude the use of
The WMA that is produced by treating bitumen WMA.  The standards include maximum

with wax usually shows better resistance totemperatures for particular mixtures, but there are
deformations than the reference HMA. This can beno  minimum  requirements.  The  minimum

explained by forming of the lattice structure in temperature of asphalt mix is declared by the
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manufacturer. The standards also allow usage oflso stimulate the usage of WMA technologies.
additives if the performance of asphalt is equivalent
to the reference mixture. Thus the European
standards are not a barrier for introduction of
WMA.

The Latvian Road Specifications 2010 (LVC, 2009)
also allow introduction of different chemical
additives, if the asphalt manufacturer can ensure th
required asphalt performance and a test section of
lanes in 50 m length to prove this has been built.
The production temperature is precluded and
depends on the bitumen type. For example, for
70/100 bitumen it is 140°C-180°C. At the moment
only for asphalt with polymer modified bitumen it
is allowed to define different temperature.
However, the work group that develops the newes
redaction of the Latvian Road Specifications has
proposed to remove this provision, therefore, this
will no longer be an obstacle when the new
document is approved.

Environmental and other benefits alone are not
sufficient for widespread implementation of this
technology. It must be established whether the
reduced energy consumption also reduces the
overall costs of WMA production. If no proof of
ower production costs is established, it is most
%kely that contractors will not choose this
echnology for its other benefits alone, and WMA
may not become widespread. However, the
economical benefit from energy savings should be
discussed together with the cost and type of the
energy used, because higher energy prices promise
greater savings when temperature is reduced. The
rices of additives may also change when the
echnology becomes more widespread and finally,
application of stronger environmental regulations
and additional taxes for carbon footprint will also
stimulate faster development of WMA technologies
and usage in actual commercial projects.
CONCLUSIONS The_most promising sp_ecialization for WMA in
Latvia at the moment is the reduced pavement
The most significant advantage of the use of WMA compaction risks in cold weather. This could allow
is, of course, the possibility to reduce the use of fuelto extend the paving season and thus ensure
and thus cut the carbon footprint of the asphaltdecreased due dates of construction objects and
industry. The results show, for example, the additional turnover for contractors.
possible direct savings of Gan the range from There are some considerations on the physically-
15% to 40% and other indirect environmental mechanical characteristics of asphalt that have to be
benefits. The mechanical properties of WMA show taken into account before switching from
that it has a potential to replace the conventionalproduction of WMA to HMA. The research results
HMA and in special circumstances it even hasshow varying performance for different WMA
advantages over HMA. However, despite the products; therefore careful examination should be
promising performance in comparison with HMA, performed with the local materials and in the given
this technology has not yet gained acceptance in thelimatic conditions the characteristics of a particular
asphalt industry, mostly because of the lack of WMA product before implementing it into regular
information on the testing results. More data and in-practice should be examined. Performance based
situ case study examples that compare WMA andests are considered to be most useful for the
HMA technologies would help to overcome the evaluation of WMA at the desired temperature and
caution in the road building industry for special care should be given to the evaluation of the
implementation of WMA. Introduction of the EN moisture sensitivity, permanent deformation, low
standards for WMA and national specifications thattemperature properties (for waxes) and stiffness.
would allow adequate evaluation of WMA would
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ABSTRACT

During the research the influence of several traditional and nontraditional admixtures on mortar/concrete
was investigated. Plasticizers were used as traditional admixtures and dishwashing liquids — as
nontraditional ones. The influence of admixtures was established according to the properties of cement paste,
fresh mortar /concrete, hardened mortar/concrete. The results show that all analyzed additives are
plasticizing but the nontraditional admixtures have the side-effect (air entraining effect). Due to this effect
the water absorbability of mortar/concrete increased; the density and strength of mortar/concrete decreased.

Keywords: concrete/mortar, plasticizer, dishwashing liquid

INTRODUCTION admixtures are used only under the recommended
dproportions of the producers.

) . Admixtures of analogical purpose are produced in
mortars are made using admixtures (Hewlett, 1989)'many countries with different branded titles. These

Admixtures are mineral or organic materials, which . : .
9 materials are relatively expensive, therefore,

e e o e Pepartn o concce o o ometims * Gheaper rortadional_ maer
purp g (dishwasher liquids), which have a plasticizing

zg:ﬁfggﬁﬁgrt;nd A(i?nﬁ)r:{]u?’fglcgla.n p:?]zfégiz ?r]:eeffect on concrete/mortar, are used in local building
. ‘ as well. A lot of experimental researches
workability, reduce the water content of fresh : o e i
concerning traditional plasticizers (Alsayed, 1998;
concrete/mortar, speed up or speed down th D ;
i ; reen et al., 1999; Paivaa et al., 2009) were carried
hydration of the concrete/mortar, increase the . - i
out, but the influence of nontraditional materials on

strength and  durability, reduce damage durlngthe properties of fresh and hardened concrete/
freeze-thaw cycles of hardened concrete/mortar. . .
mortar was not investigated.

Generally, admixtures are aqueous solutions mad . .
from mir?/éral or organic ma?erials There are twoﬁ—he aim of the present work is to research and
Y i compare the influence of traditional and

types Of admlxtL_Jres which are us_ed for m|xturgs nontraditional admixtures on concrete and mortar.
with mineral binder (cement, lime, gypsum):

mineral and chemical. Mineral admixtures are

materials in the form of powder, which are added toMATERIALS

the mix to improve the properties of the mixture or During the research plasticizers STACHEPLAST
as a replacement for binder. Chemical admixturesl?25 (based on lignosulfonates) and Glenium ACE
are chemical materials that are added to mixtures iM30 (based on polycarboxylic ethers) were used as
negligible quantity and which have special traditional admixtures and dishwashing liquids
effectiveness. The effectiveness of admixture iSBANGA, TOMIK and FAIRY were used as
characterizing the ability to change the properties ofnontraditional admixtures. The latter admixtures are
the mixture or hardened material without harmful often used by Lithuanian builders, which work by
effects. Mostly chemical admixtures are materials inbusiness license.

the form of fluid but sometimes they can be in the Mortar was prepared using the Portland cement
form of powder. The concentration of admixtures in CEM 1lI/A-LL-42,5N, natural sand (fraction 0...4
the fluid form describes the quantity of the active mm) and water. Sand and water meet the
substance, which determines the effectiveness. Theequirements described in the European standards
effectiveness can be evaluated in various valuesEN 13139:2002 and EN 1008:2002.

For example, the effectiveness of plasticizers isConcrete was prepared using the Portland cement
evaluated by the reduction of the water amount forCEM II/A-LL—42,5N, natural gravel (fraction
mixture in percents. 4...16 mm), natural sand (fraction 0...4 mm) and
Chemical admixtures can bring a harmful effectwater. Gravel, sand and water meet the
(retard the solidification and hardening, cause therequirements described in the European standards
corrosion of concrete or reinforcement, reduce theEN 12620:2002+A1:2008 and EN 1008:2002.
strength) in mixtures. Due to this effect chemical

Nowadays, ninety-nine of hundred concretes an
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TEST METHODS according to standard methods (EN 12390-7:2009,
EN 12390-3:2009, EN 13369:2004). The size of the

In order to compare the ef_fectweness of adm'Xtur.estested concrete specimens was 100x100x100 mm
the concentration was estimated by the desiccation .
ith the age of 28 days. In order to evaluate the

method according to the European standard E water absorbability, compression and flexural

ﬁig %&fﬂ?)iﬁres were dozed under dry material upstrength of mortar, the specimens (40x40x160 mm)
were prepared and tested after 28 days by standard

to 2 % (from cement mass). The amount of water )

. : test methods (EN 196-1:2007).
(for the achievement of the normal consistency of
cement paste) was estimated according to th
European standard EN 197-2:2000. "RESULTS AND DISCUSSION
The consistency of fresh concrete was estimatedrhe concentration (amount of dry materials) test
according to two methods: Slump-test (EN 12350-results (Table 1) show us, that the differences
2:2009) and Flow table test (EN 12350-5:2009). between the used admixtures are more than 3 times.
The consistency of fresh mortar was evaluated byThe effectiveness of admixtures was established
the embed depth of standard cone (height 150 mmaccording to the amount of water necessary for
angle of spike 30°, mass with stick attached to basenormal consistency of cement paste (Table 2). The
30042 g), according to LST L 1346:2005. paste was prepared using only water and water with
The density, compression strength and water0.5; 1.0; 2.0 % (from cement mass) of admixtures.
absorbability of hardened concrete were established

Table 1
Concentration of admixtures
Admixture Concentration %
STACHEPLAST 125 37.9
Glenium ACE 430 27.7
BANGA 8.9
TOMIK 10.7
FAIRY 11.4
Table 2

Amount of water necessary for normal consistency of cement paste

Amount of water,

o Coefficient of effectiveness
0

Admixture/Amount of admixture, %

Without admixture 29.00 1.00
. 0.5 24.48 0.84
233'%”'“”‘ ACE 1.0 22.62 0.78
2.0 20.05 0.69
0.5 30.53 1.05
BANGA 1.0 26.55 0.92
2.0 24.32 0.84
0.5 27.95 0.96
TOMIK 1.0 25.38 0.88
2.0 22.07 0.76
0.5 27.73 0.96
FAIRY 1.0 25.43 0.88
2.0 25.85 0.89
Table 3
Slump and flow table test results
Admixture Slump, Coefficient of Slump Flow, Coefficient of
) . Flow class
used mm effectiveness class mm effectiveness
Without
admixture 16 1.00 S1 378 1.00 F2
233'%”'“”‘ ACE 505 12.81 sS4 510 1.35 F4
BANGA 62 3.88 S2 425 1.12 F3
TOMIK 49 3.06 S2 398 1.05 F2
FAIRY 185 11.56 S4 425 1.12 F3
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Table 4
Test results of fresh concrete density
Admixture used Density of fresh concrete k@/m Coefficient of effectiveness
Without admixture 2374 1.00
Glenium ACE 430 2380 1.00
BANGA 2185 0.92
TOMIK 2120 0.89
FAIRY 2110 0.89
L 2400 —
5 —
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Z E 2200 1 —
27 2100 ] —[
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Figure 1. Dependency of used admixtures (0.5 % from cement mass) on density of fresh concrete.

The test results confirm the effectiveness of the(Table 4, Fig. 1). The admixtures BANGA and
traditional admixtures Glenium ACE 430 and FAIRY decreased the density of fresh concrete most
STACHEPLAST 125. These materials reduced theof all (11 %). Such change is connected with the
amount of water most of all (18-31 %). The effect air-entraining effect.

of the nontraditional admixtures is less: the

dishwashing liquid BANGA reduced the amount of Test results of hardened concrete

water by 16 %, TOMIK — by 24 % and FAIRY —

by 11 %. With the decrease of the density of fresh concrete,

which was modified with nontraditional admixtures,
let us assume that these admixtures will have a
negative effect on the properties of hardened
In practice it was confirmed that nontraditional concrete. In order to approve this assumption the
admixtures increase the plasticity of density, compression strength and water
concrete/mortar. It is the main reason for the use ofibsorbability of hardened concrete with different
admixtures in building. The effect of admixtures on admixture were established (Table 5, Fig. 2, 3).

the properties of fresh and hardened concrete wa¥he results show us that all nontraditional
estimated on mixture made from cemdot380 admixtures reduced the density of hardened
kg/m?), water(w = 180 kg/n), natural gravel (940 concrete by 6+9 % and compression strength by —
kg/m®) and sand (900 kg/fn The ratio of cement 38+53 %. We can see an opposite effect with the
ard water wasw/c=0.47. The consistency of fresh traditional admixture Glenium ACE 430. This
concrete was estimated by slump and flow table tesadmixture increased the density by 2 %,
methods using 0.5 % (from cement mass) of thecompression strength by 1 % and water
admixture (Table 3). absorbability decreased by 20 %. The nontraditional
The test results show that all admixtures increaseadmixtures had a negative effect on water
the plasticity of fresh concrete. The most effective absorbability too. FAIRY increased it by 16 % and
admixtures are GLENIUM ACE 430 and FAIRY, TOMIK — by 8 %. Such decrease of the density and
which increased the slump more than 10 times. compression strength of concrete modified with
The effect of admixtures to the flow of fresh nontraditional admixtures is connected with the air-
concrete is less expressed in comparison with theentraining effect, because every percent of entrained
slump. Glenium ACE 430 increased the flow most air decreases the compression strength of concrete
of all (35 %). According to the test results of fresh by 6 %. The linear dependency of the concrete
concrete density it is seen that some admixturegensity on the compression strength was estimated
(especially nontraditional) decreased this parametefFigure 3).

Test results of fresh concrete
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Table 5

Test results of density, compression strength and water absorbability of hardened concrete modified with
traditional and nontraditional admixtures (0.5 % from cement mass)

Compression Coefficient of effectiveness
Water
strength Density  absorba- F
Admixture used f=p-FIA ka/ne bili or For water
N/mim? g/m llity For compre- bsorb
—0OE % densit ssion absorba-
=0.95 y
B bility
strength
Without admixture 38.0 2380 6.21 1.0 1.0 1.0
Glenium ACE 430 38.4 2426 4.97 1.02 1.01 0.80
BANGA 22.5 2204 6.16 0.93 0.59 0.99
TOMIK 235 2244 6.68 0.94 0.62 1.08
FAIRY 17.7 2163 7.20 0.91 0.47 1.16

Compression strength N/mm?

0 . . . .

Without GLENIUM BANGA TOMIEK FAIRY
admixture ACE 430

Admixhirensed

Figure 2. Dependency of used admixtures (0.5 % from cement mass) on density of hardened concrete.
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Figure 3. Dependency of concrete density on compression strength.
The test results of concrete water absorbabilityenlarged water absorbability. Therefore, the

show us, that these nontraditional admixtures formconcrete will be less frost resistant.
the open pore structure of concrete, which notes
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Table 6
Test results of consistency of fresh mortar
Admixture used (0.5 % from Embed depth of cone, mm Coefficient of effectiveness
cement mass)
Without admixture 41 1.00
STACHEPLAST 125 105 2.56
FAIRY 114 2.78
BANGA 103 2,51
TOMIK 110 2.68
Table 7

Test results of water absorbability, flexure and compression strength of hardened mortar modified with
traditional and nontraditional admixtures (0.5 % from cement mass)

Compress Water Coefficient of effectiveness
. ! Flexure
Admixture ion strenath absorba- For
used strength, o bility, For compression For water
N/mn? flexure L
N/mn? % strength absorbability
strength
Without 44.7 6.93 9.22 1.00 1.00 1.00
admixture
STACHEP
LAST 125 36.0 6.03 8.04 0.80 0.87 0.87
BANGA 19.1 4.63 9.62 0.43 0.67 1.04
TOMIK 22.2 4.41 10.64 0.50 0.64 1.15
FAIRY 15.6 4.01 10.22 0.35 0.58 1.11
Test results of mortar specimens, too. This effect confirms the existence

of the open pore structure. Besides, it is not

In order to estimate the influence of traditional and advisable to solidify mortar or concrete in water

nontradltrllonal_admmtijres onffresh and3hardenegusing air-entraining admixtures, because in the
nmaﬁ[}?arl tsaen dméﬁt(;lrg 4(4 p%?:to?wgﬁenr})ewés m%%rés .I(_)hlee_ngth of time the_ air pores of mortar or concrete fi_II
ratio of cement a.\nd water was/c=0 44 Thé with water to a higher degree and raise _the negative
: o water effect on the strength of the material.
amount of admixtures made 0.5 % from the cement
mass. The test results (Table 6) of the consistency
of fresh mortar evaluated by embed depth of CONCLUSIONS
standard cone show us that all admixtures increase
the plasticity of mortar. The nontraditional
admixture FAIRY had the best effect on this
parameter (increased it by 178 %). . o :
In order to evaluate the influence of admixtures ongggné?turﬁzir?avz aoﬁ) Ias(?fc;angczrrfex\t/ati:arssd)ucg}g
the properties of hardened mortar specimens .d" ? q 0 |
(40x40x160 mm) with different admixture were nontraditional ~admixtures to prepare —norma
made and they were tested after 28 days OfconS|stency of cement paste the amount of water
i : : duces by 11— 24 %.
solidification (1 day in the form and 27 days in re Y

. 2. Traditional and nontraditional admixtures
water). The test results of the water absorbability,:
flexure and compression strength are presented iancreased the slump class of concrete from S.l. to 54
nd the flow class — from F2 to F4. The traditional

Table 7. The test results show us that nontraditiona dmixture Glenium ACE 430 has the best effect.

admixtures have a negative effect on the mechanic All admixtures used in the research increased the
properties of mortar. The compression strength of”;

mortar has decreased by 2065 % and ﬂexureplast|C|ty of mortar evaluated by embed depth of

strength — by 13240 %. This negative effect is italgg?:?agﬁ?oenzrggf\iftgrrgzsﬁave an air-entrainin
higher than that with hardened concrete, which ise'ffect Due to this the density compression an%
maybe connected with the different condition of ) Y P
e . .. . flexure strength of concrete and mortar decreased.
solidification (mortar specimens were solidified in : i
. . e . 5. According to the test results nontraditional
water and concrete specimens — in moist air). Like

. . o d admixtures are not suitable to concrete and masonry
in concrete specimens the nontraditional admixtures

increased the water absorbability of the mortarmortar _for load-bearing  structures due to the
decreasing strength.

9. According to the amount of water necessary for
normal consistency of cement paste (with
traditional and nontraditional admixtures) all
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ABSTRACT

This study presents laboratory testing on quicklime (CaO) stabilization of fine-grained marine sediments in
low temperature areas. The soil was sampled on the Fossil Plain in Kangerlussuaq, Greenland, and analyzed
in the laboratory at the Technical University of Denmark (DTU). The optimum CaO content in a soil-CaO
mixture was determined using a number of laboratory methods, such as pH test, consistency limit analysis,
degree of compaction, and short term California Bearing Ratio (CBR) values. The study also numerically
demonstrates a long term strength development of the soil-CaO mixture at 1°C and 10°C curing
temperatures, comparing stabilization effectiveness between low and normal soil temperature conditions.

Key words: quicklime stabilization, pH test, CBR, soil compaction, temperature

INTRODUCTION the mentioned soil stability problems when roads
and other linear infrastructure are constructed. It is
therefore of great economic and societal interest to
develop methods to improve the stability of fine-

During the construction phase of a civil engineering
project, it is of critical importance to ensure the
accessibility of the heavy vehicles and equmentgrained sediments in Greenland.

ufaei?]egnmztecr(i)zr;lzmtjﬁgogccitseéiblirllit armegs t\;\gth r:;'Zuel'There are different soil modification/stabilization
?educed due to’ large  water )clontei/qts i?\ thgmethods and modifier/stabilizer types available.
9 Lime is one of the chemical

sedlm_ents. Furthermo_re, the at_)|I|ty to compact themodiﬁcation/stabiIization agents in the form of
material to get an optimal bearing capacity may be

. uicklime (calcium oxide- CaO), hydrated lime
reduced as well, with the consequence that one ma ) . :
. ._{calcium hydroxide- Ca(OH), or lime slurry
have to choose between expensive materia ; ; .
_— . . a suspension of hydrated lime in water, can be
substitution and higher maintenance costs due t

subsequent settlements, structural and pavemenrpad.e from elther hy(:]ratedhllme (r)lr qll_uckllme). Th_eh
damage. previous experience has shown that lime reacts wit

These broblems are enhanced in areas Withmedium—, moderately fine-, and fine-grained soils to

ermafropst especially where the deposits are iCe_produce decreased plasticity, increased workability
P » €SP y P and strength, and reduced swell.
rich and under warming. The summer thaw layer

(the active layer, typically up to 3 m thick) often Lime stabilization, having started as an aid in
yer, typ y up maintenance work in temperate areas, now covers

?neacogjeﬁserwsa;s;rlg?g;di;r%g ézzrmavgapggfss’ an‘fjnost fields in construction. This includes highways,
y g capaclty. farm-to-market roads, shoulders and parking lots as

Thick deposits of fine-grained marine sediments . .
o well as non-highway uses such as airport runways,
exist in large areas of western Greenland. The_ " .. : .
uilding foundations, and railroad subgrades

sediments have been transported by melt'Water(Eades et al.,, 1966). Lime can be used either to

rivers from the Greenlandic ice sheet to the ﬂordsmodify some of the physical properties and thereby

and sea, where it was deposited in thick Sequence?‘nprove the quality of the soil or to transform the

of silts and cIays_. As a consequence of the glaC'a'soil into a stabilized mass, which increases its
retreat, the sediments were uplifted due to the

. X X . ~strength and durabilityMilitary Soil Engineering,
Isostatic rebound. Today, many of the fme-gramedlggz)' The reaction between lime and soil can be
sediments are located above the sea-level, and no

) . h .  N%escribed as a series of chemical reactions. When
complicate - construction  projects in - developing lime is added to a clayey solil, it must first satisfy
areas. '

Most of the housing in Greenland is built directly :]besoigg:jlt)l/)yoélatcemii(;lrlalz)rarllc;ng}eI.r?(.),t {:\(\)/gﬁaar: to
on the bedrock or founded on point-loaded piles

directly to bedrock. However, it is difficult to avoid the stabilizing reactions until the affinity is satisfied
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(Bell, 1996). Thus, more lime is normally needed The material was sampled close to the
for soil stabilization, than for soil modification. Kangerlussuaq International Airport, which is
The optimal lime amount is determined by severallocated in an area with continuous permafrost, see
measuring procedures such as pH test, degree dfigure 1.

plasticity, soil compaction properties. Soil The sieve analysis, hydrometer methd8Q/TS
compaction is one of the most critical components17892-4:2004..), consistency limits analysis
in the construction of roads, airfields, (1ISO/TS 17892-12:2004), pH test, Proctor
embankments, and foundations. The durability andcompaction experimentE(N 13286-2.). and CBR
stability of a structure are related to the realizationtests EN 13286-47.).were performed to determine
of proper soil compaction, thus the optimal lime the geotechnical properties of the natural and lime-
amount in this study is also estimated in relation totreated material.

the compaction optima at natural water content inThe optimum CaO content was determined in a
the field. Addltlona”y, there are well defined the series of measurements of the soil Compaction, pH,
minimal requirements for improved and stabilized and changes in plasticity. In order to achieve the
soil in EN 14227-11 EN 14227-11:2006).  soil compaction optima under the given compaction

However, the  choice  of the rate, it is necessary to accomplish the maximum dry
stabilization/modification method is UltlmatEIy an density at the natural water content, assuming that
economical trade-off. extra water is not added. It can be easily evaluated

The objective of this survey is to study the effect of from the Proctor compaction curves for the different
temperature on the optimal CaO content andsoil-lime mixtures. However, it is time consuming
evaluate the long term strength developmentio make all these Proctor curves for many different
California bearing ratio (CBR), in time for a fine- goil-lime mixtures; furthermore, there can be

grained soil from Kangerlussuag, Greenland. mistakes in the measuring process, because of
problems compacting soil properly at very low and
MATERIALS AND METHODS very high water contents. Therefore, a new method

A lime stabilization application was tested to the Of determining the optimum lime content for the
fine-grained soil from Kangerlussuag, Greenland, atcompaction optima under the given compaction
the laboratories of the Arctic Technology Center at&ffort and at the natural water content is introduced.
the Technical University of Denmark (DTU). The same baich is decided to be reused, adding
quicklime (CaO) in portions, mixing it, doing the
Proctor compaction test, remolding, and again
adding a new portion of CaO. The portions are
decided to be small, so that the maximum dry
density is expected to match with the 100% dry
density or close to that.
The pH of soil-ime mixture is evaluated to be
approximately 12.4, the pH of saturated lime water
(Eades et al., 1966). The activity of the clay and
other minerals in the material mainly affects the
plasticity of fine-grained sediments (Bell, 1996). A
previous survey by L. Bjerrum on geotechnical
properties of Norwegian marine clays showed that
the high sensitivity of marine clay is a result of the
leaching of salts (Brown et al., 1998), and thus the
salinity of the soils should be taken into account
as well.
Soil-lime mixtures molded in the large Proctor
compaction molds and raw mixtures in sealed
plastic bags were stored at 1°C and 10°C curing
temperatures for 28-day and 56-day time periods,
respectively. The tests were carried out during the
60°W 50°W 40°W 30°W 20°w curing period after approximately 7, 14, 28 and 56
days. The Proctor tests were performed using a 2.5
Figure 1. Map of Greenland with the capital, Nuuk, kg rammer in the large Proctor mold according to
indicated as well as the field site location at EN 13286-2 point No 7.2EN 13286-2.). The
Kangerlussuag. The map also shows the permafrosProctor compacted elements were afterwards used

distribution in Greenland, sporadic (green), in the California bearing ratio (CBR) test, according
discontinuous (orange) and continuous permafrostto EN 13286-47 EN 13286-47.). pH
(blue), according to the classification of measurements were conducted at the same time to
(Brown et al., 1998). define how much residual CaO has left for
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pozzolanic reactions. The two curing temperaturesThe properties of lime used in the study

were chosen in order to compare the soail
stabilization effectiveness between low and normal
soil temperature conditions.

Raw mixtures were chosen, because it is commo
that mixing and storing of soil-lime is performed
away from the construction field. On the other
hand, the molded samples correspond to the mixing
compacting, and curing in situ.

Physical and chemical properties of soil used in
the study

The geotechnical properties and semi-quantified
mineralogy of the soil used in the study are given in
Table 1 and Table 2, respectively.

Table 1
Geotechnical properties of fine-grained sediments

Marine sediments from
Kangerlussuaq

Soil classification SILT, clayey
Particle size

distribution:

<2um (%) 57

<5um (%) 75

<0.01mm (%) 85

<0.1mm (%) 99.8

Average natural water 24
content (%)

Average natural salinity 10
(%o)

Liquid limit at natural 40.63

n

A/S “Faxe Kalk” quicklime “Proviacal® ST Q" was

used for the soil stabilization. The chemical
composition, reactivity and fineness of this
commercial grade lime material are listed in
Table 3.

’ Table 3
Chemical and physical properties of quicklime
Mean Std.dev.
Chemical composition:
CaQqa 95.0% 1.1%
MgO 0.9% 0.1%
Sio, 1.6% 0.2%
Al,O; 0.25% 0.1%
FeO; 0.25% 0.1%
P,0Os 0.15% 0.02%
TiO, 0.03% 0.01%
MnO 0.04% 0.01%
CO, 1.0% 0.5%
S 0.18% 0.02%
K,O + NgO 0.07% 0.01%
CaQyiy 92.0% 0.7%
Reactivity:
R (reactivity) 20°C/min  3°C/min
Teo-c(time for otaining at 2 min 2 min
temp. 60°C)
Fineness of material:
Material remaining 0% 0%
through 1 mm sieve
Material remaining 10% 2.5%

through 0,09 mm sieve

salinity (%)

Plastic limit at natural 26.50
salinity (%)
Plasticity  index
natural salinity (%)
CBR value at average3.10

at 14.13

natural water content
(%)
v (KN/m3) 1.61
vs (KN/m3) 2.80
pH value 7.4
Table 2
Semi-quantified mineralogy
Marine sediments from
Kangerlussuaq (%)
Quartz 18
Plagioclase (Ca-albite) 36
Amphibole 13
(hornblende)
Pyroxene 9
(clinopyroxene)
Alkali feldspar 17
(microcline)
Chlorite (Clinochlore) 7

RESULTS
Material physical and chemical analysis

The particle size analysis was performed using the
hydrometer method according to ISO/TS 17892-
4:2004 (SO/TS 17892-4:2004...)99.8% of the
material passed through a 0.063mm sieve, and thus
fell in the Silt and Clay fractions. It was estimated,
that 57% of the material is in the clay fraction, i.e.,
the grain size is smaller than 2um. Additionally, a
few gastropod fossils were also present in the soil,
but all of them were removed before the particle
size analysis. In spite of the observed grain size
distribution, the semi-quantitative X-ray
diffractometer (XRD) analysis of the bulk sample
did not indicate a remarkable clay mineral content.
We found mainly silicates (pyroxene, amphibole,
and chlorite), quartz and feldspar minerals
(microcline, Ca-albite). These minerals, e.g., quartz
(mainly consist of Sig) in fine state does react with
quicklime (Bell, 1996).

Soil compaction

The Proctor compaction experiments according to
the previously described method were used for
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determining the optimal lime content at the soil
natural water content in the field, which in average
is 24%. Step by step, the Proctor compaction tes
was done, the water content was measured, and tt
dry density was determined for each of the different
CaO contents, adding CaO in small portions and
reusing the same batch for the next step on the Ca
addition.

The dry densities obtained from all the tests have
been plotted as a function of CaO content (see
Figure 2).

Dry density, g;’cm3

==

2 25

15
Cal, %

05 35

Figure 2. Dry density as a function of CaO content
at 24% water content.

Small CaO steps at low CaO contents (from 0%-

15
Cal, %

2

25 35

Figure 3 pH values as a function of CaO content.

The pH value is notably rising from 0% to 3% CaO
content, after which the increase is slower.
Although, the pH for soil solution with 3% CaO
content is less than 12.4, it can be estimated as the
optimum CaO content, because pH does not
increase much more for a higher CaO content.

Changes in plasticity

The soil plasticity properties were measured for 1%;
2%; and 3% lime-treated soil by routine
experiments according to ISO/TS 17892-IQ/TS
17892-12:200). The consistency limit values from

1.5%), larger CaO steps at higher CaO content@series of determinations can be seen in Table 4.

(1.5%-3.5%) account for differences in horizontal
errorbars.

Reusing the same material batch, adding CaO in

portions, and doing the Proctor compaction testing,
the water content is greatly reduced by water
evaporation during preparation and testing,

especially when there are many measurements an

manipulations with the same batch. This results in
noticeable dissimilarities in the lime-treated soil dry
densities for the same CaO content in vertical

Table 4
Changes in consistency after CaO addition
Plastic Liquid Plasticity
content limit (%) limit (%) index
(%) (%)
- 26.50 40.63 14.13
32.49 52.71 20.22
33.25 46.68 13.43
33.96 43.94 9.98

direction. Therefore, the soil-lime dry densities are
not directly comparable- there are time, reworking,
and evaporation factors. Although, the testing

procedure described has to be improved, the result
presented indicate that the optimal lime amount is

1.2% of CaO for the compaction optima at natural
water content.

pH test

The plastic limit sharply rises on addition of 1%

gaO, after which it remains more or less steady or
fises to a small amount. The liquid limit also rises,
but then it slowly decreases. The plasticity index
drops below 10% on 3% CaO addition, i.e.,
corresponding to the plasticity index for a non-
plastic soil, so higher CaO content would be

illiterate. Therefore, also changes in plasticity

The pH values were determined for all the same tesindicate that the optimal lime content for the soll
samples used in the compaction tests. The soil pHstabilization is 3% CaO content.
was measured in a suspension of soil and KCI

(potassium chloride) of the ratio 1:2.5, determining
the pH value with a special pH meter. The pH

values from a series of determinations as ordinates

against the corresponding CaO as abscissa can
plotted (see Figure 3).

be

Determination of optimal lime content

It was proved that the applied methods for

determining the optimal soil compaction should be
improved in order to get comparable results and to

determine the compaction optima and so also to
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find the optimal lime amount, however, the methodat 1°C. The CBR values from a series of
used indicated that the optimal CaO amount isdeterminations as ordinates against the
1.2%. On the other hand, the optimum lime contentcorresponding time step in days as abscissas are
was assumed to be 3% CaO according to the pH tegilotted in Figure 5.

and changes in plasticity. The plot shows a great increase in the CBR values
In order to evaluate and compare the strength gaifior 3% CaO soil-lime molded sample, while the
in time, the long term measurements were done folCBR value for 1.2% CaO lime-soil molded sample

both 1.2% and 3% CaO content. has increased after 7 days and then the increase has
been small. After 28 days storing at t°=1°C for 3%
Long term measurements CaO soil-lime molded samples the CBR value is

77.00%, while for 1.2% CaO soil-lime molded

samples it is 43.53%. In general, these results
indicate that for 3% CaO content the CBR value
In the first stage of the long term measurementsincrease is greater than for 1.2% CaO content also
1.2% and 3% CaO soil-treated samples were storeat 1°C curing temperature for molded material

at 10°C. The CBR values from this measurementsamples. Raw soil-lime samples showed similar
series is plotted as ordinates against theresults both for 3% CaO content and for 1.2% CaO

Strength development at 10°C curing
temperature

corresponding time step in days in Figure 4. content.
180 . : , , : 80
160+ B 70 : _ i
A0k SRR T b 60 T 1.2%Ca0 molded |
: : : : : — 1.2%Ca0 raiw
20 feree e T 1.5.23’9@.@.0.@9@.@@.. 4 . — T ——3p%Ca0molded |
: — 12%Ca0 raw . 3.0%Ca0 ran
= 100k LT 3:0%Ca0 molded & :
o : ; : F0%Cal raw & 40 , / |
i i i i ; 0 15 % 3 a0
30 40 50 60 Time, days
Time, days

Figure 4 CBR values as a function of time at 10°C Figure 5 CBR vaI_uestas a funtctlon of time at 1°C
curing temperature. curing temperature.

Furthermore, the CBR value after 28 days storing at
t°=1°C for 3% CaO soil-lime raw samples is
'38.22%, while for 1.2% CaO soil-lime raw samples

The CBR value after 14 days storing at t°=10°C for
3% CaO soil-lime molded samples is 126.83%
while for 1.2% CaO soil-lime molded samples it is

; it is 32.80%.
58.49%. After 56 days storing at t°=10°C for 3% ; . oo
CaO soil-lime molded samples the CBR value iSComparmg the CBR values petween t°=1°C and

175.39%, while for 1.2% CaO soil-ime molded t°=10°C curing temperatures, we observe that the

samples it is 64.73%. In general, these resultsStrength Increase is greater at t*=10°C curing

indicate that for 3% CaO content the CBR value €mperatures for the molded material samples, but

increase is greater than for 1.2% CaO content fmfor the raw material samples it is aimost the same.

molded material samples.

Raw soil-lime samples showed similar results bot
for 3% CaO content and for 1.2% CaO content. ItAs it was expected, the pH values decreased in long
can be seen that the CBR value after 7 days storingerm soil-lime reactions for both t°=1°C and
at t°=10°C for 3% CaO soil-lime raw samples is t°=10°C curing temperatures. Our measurements
40.24%, while for 1.2% CaO soil-lime raw samples showed that the pH values after 14 days curing at
it is 35.68%. After 56 days storing at t°=10°C for t°=10°C decreased faster than at t°=1°C. That
3% CaO soil-lime raw samples the CBR value ismeans the pozzolanic reactions are retarded at
36.24%, while for 1.2% CaO soil-lime raw samples t°=1°C, which is in agreement with the long term

th measurements

itis 37.38%. strength development measurements.

Relatively low strength increase for 1.2% CaO soil-
Strength development at 1°C curing lime molded samples after 7 days could be
temperature explained by the fact that the pH values decreased

tJgelow the value of 10.5 at t°=1°C or even below the

In the second stage of the long term measuremenefalue of 10.0 at £°=10°C, which are pH values when

1.2% and 3% CaO soil-treated samples were store
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solubility of silica and alumina are reduced. For 3%
CaO soil-lime molded samples the pH value after 7
days curing is still high enough to maintain
solubility of silica and alumina, and ensure the
pozzolanic reactions to continue and increase the
sample CBR value.

CONCLUSIONS

1. The optimal lime amount was well estimated
with the pH test. A CaO content of 3% was
evaluated as the optimal lime amount for soil
stabilization. The plasticity for 3% soil-CaO
mixture dropped below 10%, a value typical of
non-plastic material. Therefore, these two
methods can be used together for the optimals'
CaO content evaluation.

In this survey the optimal CaO content was also
determined for the compaction optima at the
natural water content in the field. We found that
1.2% of CaO is the optimum lime amount for

the compaction optima at the natural water
content in the field.

2. The CBR values for 1.2% and 3% soil-lime
mixtures in time can be seen in Figure 4 and
Figure 5.

The long term analysis showed that for 3% of
CaO content the CBR value increase is greater
than for 1.2% of CaO content at both 10°C and
1°C curing temperatures; therefore, even if the
compaction optima is not reached for 3% of
CaO content, the strength gain in the soil more
than compensate for the changes in the
compaction optima, and they should not be
regarded as disadvantageous.

The CBR value from 3.10% for natural non-
treated soil is increased to 175.39% for 3%
lime-treated molded sample after 56 day curing
at 10°C temperature and to 77.00% after 28 day
curing at 1°C temperature, while it is increased
to 64.73% for 1.2% lime-treated molded sample
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ABSTRACT

The current situation, when energy rates are increasing constantly and fossil fuel resources are decreasing,
furthermore, energy-efficiency and acoustic standards for buildings become increasingly stringent, using a
traditional insulation material often means having to accept increasingly thick layers of insulation. The
solution to this can be the use of advanced and innovative materials. One of these is silica aerogel. The
purpose of this study was to investigate the impact of silica aerogel granules and silica aerogel blanket on
the thermal and acoustic properties of foam gypsum. To achieve this, seven different specimen types were
prepared. Five specimens of each type were prepared. Summary 35 specimens were tested. The specimen
coefficient of thermal conductivity was determined by applying specially developed equipment and
software. The specimen sound absorption coeffigienwas determined by applying the acoustic tube. The
results obtained from the tests show that there are some advantages and disadvantages of silica aerogel
application. It was discovered that as silica aerogel granules interfere with formation of foam gypsum, a
different production technology should be used. However, experiments need to be continued for new results.
The authors recommend that further research should be carried out with different types of aerogel and
different volumes of aerogel granules. The authors of this study leave the research field open for further
investigations.

Keywords: aerogel granules, aerogel blanket, thermal insulation, thermal conductivity, foam gypsum, sound
absorption.

INTRODUCTION to other thermal insulation and sound absorption
: - . materials.
Gypsum is a significant local resource of Latvia. Its
usage _for Latwa_s national _ economy iS \\\rEoiA S AND METHODS
economically beneficial. Gypsum is the main raw
material for foam gypsum, therefore, the foam The basic materials that were used for preparation
gypsum usage as presented by researchesf the specimens: water (drinking quality), gypsum
(lljins et al., 2009; Skujans et al., 2010), creates(powder), surface active stuff (SAS, liquid), silica
additional outlets for gypsum and extends theaerogel granules (CABOT Nanogel TLD 100,
product assortment of construction industry. particle size 0.2 to 4.0mm, volume density 90 to
The purpose of this study was to investigate thel00 kg/mi, Fig. 1), silica aerogel blanket (ASPEN
impact of silica aerogel granules (adding 5%, 15%AEROGEL SPACELOFT, thickness=5mm, Fig. 2).
and 30% of mould capacity) and silica aerogel
blanket (attached to one side of the specimens) o
the coefficient of thermal conductivity and the
sound absorption coefficiept of foam gypsum.
It was hypothesized that adding silica aerogel &
granules, the coefficient of thermal conductivity B
) of foam gypsum decreases. The hypothesis wa
based on the assumption that silica aerogel granule?
encapsulate in the pore walls of foam gypsum,
thereby slowing the flow of heat, which is due to |,
the wall thermal conductivity (coefficient of [
thermal conductivity of silica aerogel granules is
0.018 W/m.K; coefficient of thermal conductivity

of foam gypsum is 0.109 W/m.K at volume density it ™ v E A i

388.2 kg/). : AT

Previous research (Skujans et al., 2007) on foamFigure 1. Silica aerogel granules “CABOT Nanogel
gypsum showed that foam gypsum could be similar TLD 100"
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The measurements were carried out using
commercially available instruments. All specimens
were dried at ambient air pressure and temperature
(~20°C) for 1 month before testing to drive off free
moaisture. Weight invariability was used as control
of the specimen dryness (specimens were weighed
weekly, but at the fourth week - daily) (lljins et al.,
2009). To gather the data presented in this paper,
the following methods and instruments were used.
The specimen coefficient of thermal conductivity
was determined by applying specially developed
equipment and software (k type wires for surface
temperature measurements, Ahlborn Heat Flow
Plates Type FQ90xxx for heat flow measurements;
as a control device LaserComp FOX 600 Heat flow
meter was used - the guarded hot plate test, for one
correct measurement at each type of specimens).
The sound absorption measurements had been
carried out using the company “Sinus” impedance
tube produced by the industry (device was
calibrated before each measurement). The sound

) . absorption measurements were made in the
The specimens were produced using the dryiemperature ~23°C  (for each measurement
mineralization method (kysuc, 1984) mixing determined).

water, gypsum, surface active stuff and addingrq the materials tested, the following information
silica aerogel granules. Silica aerogel blankets wergi|| pe presented in detail:
attached to one side of the specimens. The graph showing the dependence of the

Al spec%ngn:ci_f\]/ver(_el_based on lthe ratllo of Waterd&:jnd@oeﬁicient of thermal conductivity, on the
gypsum ©.6. The Sllica aerogel granules were addeg, e density p. The coefficient of thermal

'|a-t|120/05,i|?-ci%aaé?gggeolo/;|gir:1}(heetsmvc\)llélrde C:E:g'rga to on conduc_tivity,_ expressed in W/m°K, is defined as the

side of the specimens. In total 35 specimens wer roportionality constant between the rate of h_eat

tested to determine Ithe coefficient of thermal ransfer and '_[he product of temperature gradient
across the solid and the area through which the heat

conductivity  (specimen dimensions  were . . -
. = S ~ _is transferred. The volume density expressed in
thickness=40mm, width=400mm, length=400mm): kg/m?. The graph showing the dependence of the

6 solid gypsum specimens @@, 6 foam gypsum L .
specimens (8), 5 foam gypsum +5%AG, 6 foam g(t)aerzi(t:;/im of sound absorptiory, on the volume

gypsum +15%AG, 6 foam gypsum +30%AG, 2
solid gypsum specimens +P, 4 foam gypsum +P. 93

specimens were tested to determine the soundRESULTS AND DISCUSSION

absorption coefficient (specimen dimensions wereln the following paragraphs, a brief discussion of
thickness=40mm, diameter=39mm): 15 6,B15 -  the trends in the data obtained in the coefficient of
PG, 12 - RG+5%AG, 9 - Ri+15%AG, 9 -  thermal conductivity and coefficient of sound
PG+30%AG, 9- B5+P, 15 — B+P, 9 — P. The absorption tests is presented. The thermal and
volume density for B+P and B+P was calculated acoustic properties are also discussed and compared

Figure 2. Silica aerogel blanket "ASPEN
AEROGEL SPACELOFT".

ion: o each other to show the influence of the type o
by equation t h other to show the infl f the type of
material. Thermal conductivity is very sensitive to
m+m, the microstructure of the material. It is strongly
P :—V v 1) influenced by such factors as mineral composition,
1TV

impurities in the crystal structure, average grain
size, grain orientation, and porosity. The sound
In equation (1)p is the volume density for the absorption coefficient is very sensitive to the
whole specimen (kg/fjy m; and m are the masses volume density, type of surface (smooth or rugged)
(kg) of each layer, Yand \ are the volumes of and porosity (also surface porosityppos, 1989).
each layer. The test specimens for the determinatiorThe different specimens of foam gypsum
of the coefficient of thermal conductivity were composites (with and without silica aerogel
prepared by pouring gypsum (and other compositespranules dispersion) were obtained and tested
into a mold. The specimens for the determination of(Fig. 3., 4., 5., 6., 7.). Fig. 5., 6., 7. indicate that
the sound absorption coefficient were obtained byadding silica aerogel granules to foam gypsum, the
cutting the material to specific sizes (cylinders) andporosity decreases.

then grinding the surface of the materials.
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tendency of the coefficient of thermal conductivity
of foam gypsum is illustrated in Fig. 8 to 9. The
tendency of the coefficient of sound absorption is
illustrated in Fig. 10 to 11.
Fig. 8 indicates that the coefficient of thermal
conductivity of solid gypsum is believable (Otto,
2004). Moreover, Fig. 8 shows that the silica
aerogel blanket reduced the greatest part of the
coefficient of thermal conductivity by itself.
As we can see in Fig. 10 to 11, adding silica aerogel
granules to foam gypsum decreased the coefficient
of sound absorption for the both values (1000Hz
frequency and rated).
Fig. 10 to 11 show that usage of the silica aerogel
Figure 3. Solid gypsum zoomed 100x, where size blanket for foam gypsum did not increase the value
of square 1x1mm. of the coefficient of sound absorption, but it did for
solid gypsum.
The results presented that foam gypsum is a sound
absorption material of class D (EN ISO 11654),
other tested materials are not classified. The data
presented in this study can be used for further
investigations.

2

1
Figure 4. Foam gypsum, zoomed 50x, where size o
of square 1x1mm, where 1 — pores; 2 — gypsum 3
matrix. 1
Figure 6. Foam gypsum +15%AG, zoomed 20X,
where size of square 1x1mm, where 1 — pores; 2 —
silica aerogel granules; 3 - gypsum matrix.
1
2 37
2
Figure 5. Foam gypsum +5%AG, zoomed 50x,
where size of square 1x1mm, where 1 — pores; 2 —
silica aerogel granules. 1

The hypothesis that adding silica aerogel granules

to foam gypsum, the coefficient of thermal Figure 7. Foam gypsum +30%AG, zoomed 20x,
conductivity decreases, did not prove as it was where size of square 1x1mm, where 1 — pores; 2 —
expected and was not supported by the data. The silica aerogel granules; 3 - gypsum matrix.
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Figure 11 Rated sound absorption coefficient depending on volume density.

CONCLUSIONS 3. Addition of the silica aerogel granules decreases

the sound absorption coefficient at the measured

frequency range compared to foam gypsum with
no additives QPGmaxlOOOHZ_‘O-SSa
01P0+30AGmax1000H?0-15)-

4. Attaching of the silica aerogel blanket to one side
of the foam gypsum specimen, did not lead to the
increase of the sound absorption coefficient.

5. Attaching of the silica aerogel blanket to one side

of the solid gypsum specimen leads to the

increase of the sound absorption coefficient

Based on the experimental data presented, the

following conclusions can be summarized:

1. Composite materials, which were made by the
method of dry mineralization described above,
with the concentration of silica aerogel granules
as defined, did not decrease the coefficient of
thermal conductivity Apcmin=0.103 W/m.K,
}\.PG+30AGmir1=O-106 W/mK)

2. The experiments showed that attaching the silica
aerogel blanket to one side of the specimen, the (5cmactoo0r=0.05, 0egepmaxtooorz0.30)

gg(ranfgg:i?é gl;crt:;srg]sal tﬁgtndtijrlcgivclgesmonthethe& _It was observed that silica aerogel gra_mules

influence of the silica’ aerogel blanket on the 5|gn|f|ca_ntly reduce  the amount Of. persistent

thermal conductivity (without blanket foam (Figures 4., 5_., 6., 7.), possibly it increases

N . the volume density. Moreover, the volume

Apomin=0.103 wim.K, with blanket density increase promotes that the coefficient of

Apgpmii=0.054 W/m.K). thermal conductivity increases and the sound
absorption coefficient decreases.

NOMENCLATURE

BG — solid gypsum;

PG — foam gypsum;

PG+5%AG - foam gypsum with silica aerogel granules 5% of mould capacity;
PG+15%AG - foam gypsum with silica aerogel granules 5% of mould capacity;
PG+30%AG - foam gypsum with silica aerogel granules 5% of mould capacity;
BG+P — solid gypsum with silica aerogel blanket;

PG+P — foam gypsum with silica aerogel blanket;

P - silica aerogel blanket (“ASPEN AEROGEL SPACELOFT”, thickness=5mm).
AG - Silica aerogel granules — ,CABOT Nanogel TLD 100*
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ABSTRACT

The research aims to investigate the use of straw—clay material in wall construction, its load bearing and
heat insulation properties. The main objective of this study is to get optimal straw—clay construction
material, which could be used in load bearing external wall constructions of one-storey houses. The
effectiveness of different kinds of straw and clay proportions in construction materials is determined by
compression and thermal conductivity tests. To show the effectiveness of straw—clay material in load bearing
external walls, a specific model of a one—storey house in the finite element analysis program Ansys is
created. As a result of this study it is determined that straw—clay block construction material in right
proportions can be used in one-storey house load bearing external walls with sufficient compressive strength
and thermal resistance.

Key words: straw-clay wall, ecological housing, thermal resistance

INTRODUCTION the Baltic states. Not only straw bales, but also
The use of straw in construction has had a IongStraW_.Clay material useq in wallsis WiFh high
history. Initially, it was used for building shelters potepual. Bullldmg regulatlons fOI’. Iqad bgarlng type
The u.se of étraw in a baled form for wali of this material used in house building still develops

: . .and is noticed worldwide (Goodhew, 2005). The
constructions was pioneered by the early settlers in

America out of a desperate need to protect their/Se of straw—clay material in construction grows

farm animals from winter cold weather and the mainly due to its good insulation, na_tural p_roperties
. ] and economical reasons. Comparing with straw
practice was later extended to build houses for,

humans. That was more than a century ago. Recen ales the straw—clay blocks provide higher fire

: R resistance and smaller deformations.
red!scovery of straw b"?"e construction 'S."'?“ge.'y Straw—clay or straw bale houses are constructed in
derived from the realization that our way of living is

not sustainable if we keep doing thinas as we dOone of three different methods. The first and oldest
P 9 9 method is that of load bearing. The straw bales or

now. Resources _that syppprt our .mate”al'sucblocks of straw—clay material support the roof. The
lifestyle are depleting fast; animal species that are %econd is infill construction. This has been parti-

vital part of our living environment are becoming cularly popular in the revival of straw—clay block

extinct at an alarming rate. Providing safe sheItersOuilding as it has been easier to convince the regu-

ihrﬁsortzlr\?lcaey?n ;:C%%'Egre Zn dpiC;]SIng:n sc?;etu"gzsittlatory authorities that this is a structurally sound
P Y y Y, system. This building type has either a steel or

simple or complex. Construction activity is the b hat i I If . ith
single biggest contributor to global warming. Straw timber structure that is totally seli~supporting wit
' the blocks fitted between the supports to fill in the

is a renewable resource. Compared with timber,gaps (Duan, 2010). The third method is a combi-
which is regenerated typically every 20 to 30 Years, ation of both of the above, and is referred to as

straw is generated once or twice per year. As IOmgstructural infill. The structural infill home has a sub-

aaneerg?:c}i r;ieg %nﬂnriZL?thO%?rz\(l)vu{r?er;]Z:aw;.AI{L!E) tructure to carry the vertical load of the roof and/or
9 y-p ’ yp upper floor joists; however it is not self—supporting.

g:: (\;vsc;rlldh;z Etellcl:orr?]gea':neden?/?ro?m\:\éﬁz' isI,Es\l/Jeen IlitkSAs opposed to infill construction, it has no bracing
P » K&y provide the lateral stability of the structure. This

Eg:{;ir;]g égcg}tzrl:lteldrbo;mtgse sst,hgrbt?lg(ijr; Str;agf[/enzlslateral stability is achieved through the installation
prop 9 'of blocks into the walls (Hodge, 2006).

such as its thermal capacity. In baled form, it keep : :
o . here are a lot of houses built using straw—clay
its integrity reasonably well. Once rendered, straw . o

material, but it is not researched enough to get

is durable and strong. Straw bale building has seen "~ . X
onvincing arguments for usage as a construction

a renaissance in recent years. It is spreading fasﬁmterial. That is why it is necessary to investigate
like a wildfire to every corner of the earth

(Hodge, 2006). this material. The aim of this work is to investigate

Nowadavs there is a areat interest to develo in the laboratory straw—clay material in order to
Y - great Poromote the use of ecologically friendly materials in
construction technologies using straw and clay a

. o ; . ) uilding construction.
ecological material in America, Europe, including
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EXPERIMENTAL INVESTIGATION
Material and mix preparation

Six straw—clay compositions were created and
tested using different clay and cement proportions.
The mix components are summarized in Table 1.
The straw—clay cubes are shown in Fig. 1 and the
straw—clay plate is shown in Fig. 2.

The mix with number 3 was selected as a
compromise variant between strength and density,
which could be used as constructive insulating
material. That is why the plate was made with the
same components and proportions as the third mix
sample. The used barley straws were cut into small
pieces — the length 30 mm to 40 mm, their diameter
1mm to 3mm. lllite type clay was used as a binding Figure 2. Straw—clay plate.

agent in the mix. The clay chemical composition

Fe,0; 6,08%, ALO; 18,40%, TiQ 0,9%, CaO . i

1,12%, MgO 3,22%, Ng 0,07%, KO 4,12%. During the drying process the prepared straw—clay
Clay was mixed with water in order to obtain plastic Samples were weighed and measured with accuracy
consistence (water content 30%). The prepared clay0,1mm. The moisture percentage and shrinkage
paste was mixed with straw pieces in the laboratoryd€formation of the material were determined. The
mixer and then placed in forms. The mix with diagram of straw—clay cube moisture change in time
number 6 was prepared using Portland cementS Shown in Fig. 3.

addition (type CEM 1 42.5 N). All straw—clay test
samples were placed in ZDtemperature, humidity 35%31

50-60%. 2
30% ﬁ
25% %
0\
20% -H\}
|
1A
15% x\l

10%

Moisture

5% |

0% ‘ - ‘
0 20 40 60  pays 80

——Mix 1 Mix 2 — — Mix3
—O—Mix 4 —X—Mix 5 —e— Mix 6
Figure 1. Straw—clay cubes. Figure 3. Moisture percentage change in time.
Table 1
Designed mix compositions in £m
Mix number 1 2 3 4 5 6
Barley straw, kg 80 80 80 80 80 80
Clay, kg 300 400 500 700 800 400
Portland cement, kg — — — — — 75
Water in clay, % 30 30 30 30 30 30
Additional water, kg 50 50 50 50 50 50
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The material density was calculated considering the P P
weight and actual dimensions of the sample. The ‘
density and shrinkage numerical results are \! | \| _
summarized in Table 2. [ —— | ‘ | ||‘_|‘
< E=== w| |||l
Table 2 v 1 [l
Material density and shrinkage results | a . | h .
Mix . Shrinkage of variant 1 variant 2
number Density, kg/n cubesg,J % ) ) o )
1 345 10.0 Figure 4. Cube orientation in compression test.
2 393 10.1
3 470 10.1
4 638 10.2
5 728 10.2
6 487 4.9

The cubes with less density had some straw drop—
outs. After 77 days the cubes with no Portland |
cement component had 10% shrinkage, the others|
with Portland cement component had 5% shrinkage. |

Compression and thermal conductivity tests k

The cubes were tested by the compression test using Figure 5. Compression test.
universal the testing machine Zvick 100 (Fig. 5) till
their deformations became too big or the inner
structure crushed (force determination accuracy
+10N, test speed 1 mm/min). Force—deformation
diagrams were obtained. When straw—clay mix is
put into moulds, straw fiber orientation becomes
parallel to the bottom surface. In the compression
test cube samples were placed with straw fibers
oriented horizontal (variant 1) and for comparison
some cube samples were placed on the edge
(variant 2). The sketch is shown in Fig. 4. The
numerical results including the gained -elastic
modulus from the cube compression test stress—
strain curve are summarized in Table 3.

The obtained results indicate a significant impact of
straw fiber orientation on the compressive strength

- Figure 6. Thermal conductivity test.
and modulus of elasticity. g y

Table 3
Mechanical properties of tested cube samples

Mix Loading Compression Vertical max. Elastic modulus. MPa Moisture,
number variant (Fig. 4) strength, MPa deformations, % ! %
1 2 0.038 1.9 2.500 0.3
2 2 0.094 3.5 5.200 0.5
3 1 0.499 20.0 3.082 2.4
4 1 0.543 16.3 3.235 2.4
2 0.222 3.0 7.500 2.4
1 0.590 17.7 3.880 3.2
2 0.289 4.5 11.850 3.2
6 2 0.118 3.0 5.500 7.1
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Force added perpendicular to straw fibers gives
higher compressive strength, but less modulus of
elasticity and higher maximum deformations.

The mix number 1 and 2 having clay/straw
proportions 3.75:1 and 5:1 correspondingly
indicates low compressive strength. This material
may be used only as heat insulating material.

The plate was tested by the thermal conductivity
test using the device FOX600 (Fig. 6). The sample
was fixed horizontally. During the test the
temperature of the lower surface was %2Gnd
0°C of the upper surface. The heat transmission
coefficient was determined considering constant
heat flow between two sides of the sample. The hea
transmission test was carried out in different
moisture conditions of the straw-clay plate: 43, 12
and 2.5%. The results are summarized in a diagram

(Fig. 7).

Figure 8. Model of one—storey house.

0.25
N4
£
= 0.20 e
£ _—"1 0200
S —
g0 — Figure 9. Straw—clay block.
3 / 0.139
;‘Eo,m The dimensions between the external walls are
= 0/0.084 chosen 9,6m and 5m — according to the necessary
§005 timber element lengths for the roof construction.
L:s ' The height of the walls is 2,5m. In the middle of the
= building there is an internal wall (width 250mm),
§ 0.00 ; ; ; ; which provides total stability. The building stability
0 5 10 15 20 25 30 35 40 45 is increased by the constructed roof construction,
Moisture, % which bases on a specially designed wall-plate
(Fig. 10, Fig. 11).
Figure 7. Thermal conductivity coefficient by The applied normative loads: wind load 0,35kRi/m
various moisture. snow load 1,25kN/rf permanent load on the roof

construction beams 0,265kN7ipermanent load on

The range of moisture between 2% and 5% may bdhe roof ceiling beams 0,376_kN?m Al
considered as the corresponding value for realconstruction self-weights are considered in the

exploitation conditions of straw—clay walls. finite element program. The design values are
calculated according to the European codes
MODEL OF ONE=STOREY HOUSE (Eurocode 0, 1996), considering the given partial

) . safety coefficients and design combinations. For
External and internal walls of this one-storey housegnow 10ad the roof slope effect is considered, for

model (Fig. 8) are made from straw—clay blocks ying |oad the aerodynamic coefficient and
(500x240x250mm). In external walls the blocks are oqefficient, which considers the height of the wall.
placed so that the width of the load bearing wall g4 wajls in the finite element model the effective

would be 500 mm.. , _ width of the load bearing external wall is taken
The block mechanical material properties are takery 46m instead of real 0.5 m in order to consider
from the 3 mix sample and the thermal conductivity irhprecision. ’

coefficient is taken from the plate thermal 1he compression stress in the walls from the worst
conductivity test. The material density is 500 KI/m |oaq combinations is shown in Fig. 12, but vertical

moisture 2,3% (maximum 5%), the ratio between yeformations considering creep from the normative
clay and straw is 1:6. The weight of one block |,4ds is shown in Fig. 13.

(Fig. 9) is 15kg, which is acceptable from the the compressive strength variant 1 (Fig. 4) is

building technology point of view. _ . relative, because the test was stopped due to high
The external wall is rendered with lime 30mm thick \artical deformations. The masonry wall design

on each side. The mpdel of this house is made in th%ompressive strength was calculated using the
finite element analysis program Ansys. European codes (Eurocode 6, 1996).
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Timber beam
100x100(mm), solis S00(mm)

Timber beam

Timber beam 100x150(mm)

100x150(mm)

|1n|

P 7t
6x500(mm)

Plywood
21x500(mm)

Stra
masonry wall

U rebar detail
28, spacing 500(mm)

Figure 10. Straw—clay masonry wall connection
with wall-plate.

Timber beam
100x150(mm)

Angle bracket
100x100x90x2,5

Timber beam

100x150(mm)

Plywood
21x500(mm)

Straw-clay
masonry wall

Figure 11. Rafter connection with wall-plate.

The straw—clay masonry wall construction design

compressive strength can be calculated as

fo= T 7 (1)
where fd— masonry wall design compressive
strength, kN/m;
fk— masonry wall characteristic compressive
strength, kN/m;

7. — work condition coefficient.

f,=K- bej' frr?'3 )

where K — constant, which considers element
compressive strength transformation to masonry
compressive strength;

fb— element normalized average compressive
strength along added loading, kNfm
fm— used mortar compressive strength, kf/m

fo="fe- 717275 ®)
where fk — experimental cube compressive
strength;
¥, — constant, which considers tested element
number;
¥, — constant, which considers cube to block size
effect;
V3 — constant, which considers long term loading
and moisture.

By the made -calculations the masonry wall

relative design compressive strength is more than
73,54kN/mi.  The thermal resistance of this one

story house external wall is calculated according
to the Latvian building standard (LBN 002—-01).

Ugy = 03K (4)

where U,y — overall normative heat transfer

coefficient;
K — temperature factor (dependent on indoor and
outdoor air temperature).

(®)

whereU - overall heat transfer coefficient;
R. — overall thermal resistance value.

For comparison there are calculated two kinds of
straw—clay wall types — one with blocks, other
with monolith filling. The thickness of the
monolith filling is limited to 300mm because of
the slow moisture drying, but the thickness of the
masonry wall is taken from the previous
calculated load bearing straw—clay wall. The
overall heat transfer coefficient of both types is
calculated with 2,3% moisture, density 500kg/m
and rendered lime is 30mm thick on each side. In
the masonry variant the connection between the
blocks is provided by straw—clay mixture (15mm
thick) with thermal conductivity 0,4W/mK. Both
variants — the variant with monolith filling
between the timber elements and variant with
blocks are considered as not homogeneous. The
design value of the straw—clay thermal
conductivity is gained from the experimental
thermal conductivity 0,084W/mK summed with
correction thermal conductivity coefficient
0,03W/mK. The calculated overall heat transfer
coefficient of the masonry wall is 0,261Wiy
which is enough for one story house according to
the Latvian building standard (with 17,67%
reserve).
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O, = 44,341(%}
a m

-44,34kN/m2 -23,87kN/m2 1,72kN/m2

Figure 12. Compression stress distribution in walls, wherg . — maximum compression
stress value.

[ |

-82,574mm -45,819mm -9,164mm

Figure 13. Deformation of walls in y axis direction considering creep, th:{e maximum vertical
deformation value.
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According to the data in Fig. 6 the thermal loading on the wall.

resistance of this masonry wall would be enough One of the straw—clay material biggest
even by 6...7% of moisture. The variant with  disadvantages is the moisture effect on its longevity
monolith filling would provide the required as construction material. That is why it is important
thermal resistance with thickness more than to investigate some ways to reduce the negative
340mm, which is more than recommended due to moisture effect and long time creep deformations.
moisture drying. That is why this variant is not

recommended for using in external walls as the CONCLUSIONS

only heat insulating material. Straw-clay material with the density 500kd/m

RESULTS _(Weight ratio clay/straw 1:6, moi_sture 2-5%) used
in blocks of the masonry wall with 500 mm load—
Physical and mechanical properties of differentbearing thickness plus 30mm rendered lime on each
straw—clay compositions were investigated. It is side of the wall provides thermal resistance enough
established that the material is ndmmogeneous, for an one—storey house according to the Latvian
its properties depend on the straw fiber direction.building standard. The same block material used in
Straw—clay compositions have high drying load—bearing masonry walls of an one—storey house
shrinkage (up to 10%). Portland cement admixturewith overall dimensions 9,6x5x2,5m provides the
in small amounts (75kg in cubic meter) decreasemecessary compressive strength with vertical wall
shrinkage to 5%. Use of specially produced precastieformations 20mm at first and 83mm considering
straw—clay elements (blocks) allow to minimize the creep. The thermal resistance will decrease because
negative effect of shrinkage. The residual moistureof the vertical deformation, that is why it is
content is dependent on the straw-clay materiaimportant to make the masonry wall with straw—
density. Portland cement component does not giveclay blocks, which have moisture less than 5%.
much positive effect on the element compressiveln load bearing walls straw—clay blocks placed with
strength or deformation properties. straw fibers oriented horizontal give bigger vertical
Heat insulating properties of straw—clay deformation, but at the same time bigger
compositions depend on moisture of the material. Incompressive strength. Thus, vertical deformation is
order to provide sufficient heat resistance andthe aspect which limits the usage of straw—clay
durability of straw—clay walls, the material must be blocks in load bearing walls.
in air—dry condition (moisture not more than 5%). Special attention must be paid to protection of
That is the reason why the wall must be protectedstraw—clay material against penetration of water,
against water penetration. appropriate hydro insulation, drainage system and
The compression stress in masonry walls, createdf course roof construction must be provided.
by the worst load combination of this one—storey Modifying straw—clay compositions with special
house model is 44,34 kNfmwhich gives more than mineral or organic admixtures is a way to increase
40,5% reserve. Theoretically masonry walls of this the water resistance and dimensional stability of the
block material could be used for bigger vertical material. This is a task for future investigations.
loading, but the vertical deformations are quite big The obtained results of straw—clay compositions
(20mm and 83mm considering creep) and thereforeallow to conclude: ecologically friendly straw—clay
the loading is limited. Because of the relative big material may be used in wall constructions of single
deformations it is necessary to avoid concentratedstorey buildings and provided investigation in this
load. That is why it is necessary to provide a wall-field must be continued.
plate under the roof construction — it evens out the
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ABSTRACT

The goal of this study was to analyze the moisture content of the oriented strand board (Durélis/Populair and
OSB 3) representing moisture resistant boards for load-bearing applications in humid conditions. The
studied properties are modulus of rupture (MOR), modulus of elasticity (MOE), static hardness, thickness
swelling and absorption of water. The moisture content of specimens was altered by soaking during different
periods of time (6h, 12h, 18h, 24h, 36h) while one series (24h) was dried out in a climate chamber. An
analytical equation was used for approximation of the change of the physical and mechanical properties of
the specimens depending on their moisture content. The sensitivity of the measured data has been studied and
the expanded uncertainties of the computed mean values are presented. The study reveals that although the
boards are moisture resistant, there are some significant differences from the physical and mechanical
properties set by the standard, which are caused by their different manufacturing technologies and
differences in their structure.

Key words: particleboard, modulus of rupture, modulus of elasticity, static hardness, thickness swelling

INTRODUCTION 2663-821). The experiments were made with three
series (the minimum number of specimens in series

Oriented strand board should be moisture resistanis eight). The specimens were cut in different

in accordance with the standard EVS EN 300 Gradalirections from a board: one in the longitudinal

OSB 3. The mechanical properties of OSB direction (lengthwise) of the board and another in

generally surpass those of particleboard but it haghe transversal direction (crosswise).

higher thickness swelling and poorer surface

smoothness. Particleboards are used for cladding Specimen ¥ arans

walls and ceilings indoors or outdoors, as floor | «F E
decking material and wind barrier. This kind of #==8s ks for otical ) D05
material is also used in load bearing structures a: A ﬁ gauge f@is
rigidity material (e.g., OSB 4). The Durélis/Populair : ; , e /

and the OSB 3 panel as wood-based sheets ai | : |
hygroscopic materials and the mechanical and their a)

physical properties are dependent on their moisture
content and surrounding temperature.

The goal of this research was to study the changes
in the modulus of rapture (MOR), modulus of
elasticity (MOE) in bending, static hardness and
thickness swelling at different moisture contents.
The main method is to soak specimens in water for
a certain period of time or to dry them in a climate
chamber; further, to measure the moisture content
and to test them with the universal test machine
INSTRON 3369. After these procedures they are
analyzed.

EXPERIMENTAL PROCEDURE AND

METHOD
The MOR and the MOE in bending are found by
three-point bending using the test machine b)

INSTRON 3369 (Fig. 1). Deflection for calculating
the modulus of elasticity was measured by an
optical gauge (Advanced Video Extensometer

Figure 1. Three-point bending and points of
deflection measurement; a) scheme b) photo
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Figure 2 presents the MOE obtained by the bendingegression functiorgenfit (vx, vy, F) (Kir'yanov,
testing and by the approximation of the load- 2001).
deflection curve with the straight line (Fig. 2).

MEASUREMENT UNCERTAINTIES

400 In general, the result of a measurement is only an
= 30 approximation or an estimate of the value of a
< 300 =l specific quantity subject to the measurement, and
I~ / thus the result is complete only when accompanied
S 20
pad 200 1 / by a quantitative statement of this uncertainty. This
S P is the amount of doubt in a reported result of a
2 / 2 measurement. It is usually described by a parameter
@ 10 / that defines the range within which the true value of
30 the quantity to be measured is estimated to fall
0 : ‘ ‘ : ‘ : : within a given confidence range — usually 95%.
0 1 7 3 4 5 § 7 8 Standard uncertainty can be calculated by the
following formula (Laaneots, Mathiesen, 2006).
Deflection. mm
Figure 2. Dependence of deflection on bending 1 & B
force: 1 — real curve; 2 — approximation line. Svi = 72(& - >§)2
-1 (4)
The MOE was determined by the following formula ) _ X
(see the standard EVS-EN 310:2002) wheren is the amount of spemmené,ls the mean
of the input estimates'" .
— |13(F2 — Fl) 1
m 3 _ n
4bt (a’Z_a:L), Q) X; :Fz Xi. |
where =t . (5)
I, is the length between the supports, (240mm);
b is the width of a specimen, (50+1mm); Cdculation of uncertainty of the measurements is
t is the thickness of a specimen, (12mm); carried out according to the standard EVS-EN 326-
F, and F, are 10% and 40% from the maximum 1:2002.
bending force, respectively; The lower confidence level at the significant level
ay, &, are deflections according to the lodgisF,. 5%
The MOR was calculated by the following formula Y5 = X— t.S,;
(see the standard EVS-EN 310:2002) T (6)
where
t, is the coverage coefficient.
3F a1 "
" 2ot ) The upper limit confidence level at the 5%
whereF ., iS the maximum load, N. significance
Uk = X+ 1S,
Static hardness was determined by the Janka 1 (7)

hardness test on the test machine INSTRON 3369

using 50x50 mm Specimens' RESULTS AND DISCUSSION

The following analytical expression was used to ) _

approximate the experimental data for the The investigated OSBs are manufactured:
investigated parameters depending on their moisturdurelis/Populair, Spano Group NV, Belgium; OSB

content 3, Bolderaja Ltd, Latvija; and Kronopol, Poland,
according to the European Union standard EN 312.
YR=Y, Xef(CX)2 The water absorption of the test specimens of the
_ , _ _ (3) ~investigated materials, depending on the soaking
where Yy is the_ valug of the investigated properties time, is presented in Fig. 3.
(x=0),cis a dimensionless parameter. The absorption of water in the OSB 3 panels is

. noticeably higher than in Durelis/Populair. MOR,
The purpose was to find unknown constants so thajioE and static hardness were approximated by the
the measured properties can be approximated in thgresented logarithm function. The proposed formula

best way. This problem was solved using theapproximated the experimental data satisfactorily.
mathematical programathcad 2001i Professional  Here we present only MOR (see Fig. 4).
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50 The decrease in the values of the studied properties
M Durélis/Populair| o bout t ti is the | t at th
B0SB 3 Bolderajh (a out two times or rr_10re) is the largest at the
s 97 50sB 3 Kronopo M moisture content from air-dry to 40%. For all values
£ 30 n of the calculated properties the dimensionless
g parameterc =~ -2 (in the limits of measurement
o 201 B uncertainty). Thus, so we can determine to a certain
Z 104 | extent the mechanical and physical properties if the
s moisture content is known. We can see that the
0 1T ‘ ‘ MOR and the MOE are considerably higher for
Air-dry 6 12~ 18 24 36 OSB 3 panels than for Durélis/Populair, which are
Soaking time, hours .
cut lengthwise. The values of these parameters are
Figure 3. Moisture content depending on more similar for the specimens cut crosswise.
soaking time
40
- Ey=12,4 g . fmo= 28.8 N/mm
g . =23 E 35 i c=-19
Z 15 . = = 30 ! .
[ PR = . b
5 ‘ e I 3 25+ :
510 . R S 20 \\ ;
= %’ - 5 M t\:
u5 . . n 15 . 3
> 3
g 5 3 10
= e}
8 = °
E 0 ‘ ‘ ‘ O T T T T
0 10 20 30 40 0 10 20 30 40 50
Moisture content, % Moisture content, %
a) b)
Figure 4. Dependence of modulus of rapture on moisture content (lengthwise):
a) Durélis/Populair; b) OSB 3 panel (Bolderaja)
a5 Durélis/Populai %0 W Durélis/Populai
o | I
L 40 urelis/Populair L - I urelis/Popu allr
£ 35 | B T OSB 3 Bolderaja| E D OSB 3 Bolderajal
i— 30 CJOSB 3 Kronopol i— 20 T I 0 0SB 3 Kronopol
= 25+ N B [
S 20+ ’ g 15+ .
5 151 i 510+ ] |
S 10 ; 2
T 54 I l, S 5
(=] o
= 0 T T T T T = O 1 T
Air-dry 6 12 18 24 36 Air-dry 6 12 18 24 36
Soaking time, hours Soaking time, hours
a) b)
Figure 5.Dependence of modulus of rupture on moisture content:
a) lengthwise, b) crosswise
7000 _ _ 4000 — -
NE 6000 1T W Durélis/Populair é MW Durélis/Populair
5 2000 OSB3 Bolderaia 5 3000 | [ OSB 3 Bolderaja
2 (JOSB 3 Kronopo = (JOSB 3 Kronopol
S 4000+ g I
7 B @ 2000+
< 3000+ <
5 . 5
2 2000 2 1000-
=S 1000+ 1 3
o o
= O T T T T T = 0 1 T T
Air-dry 6 12 18 24 36 Airdry 6 12 18 24 36
Soaking time, hours Soaking time, hours
a) b)

Figure 6. Dependence of modulus of elasticity on moisture content:
a) lengthwise, b) crosswise.
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The thickness swelling of OSB 3 panels is more

L0 ® Durélis/Populair than two times larger than that of Durélis/Populair.
£ 60 {7 COSB 3 Bolderaja  The yncertainties of the determined properties are
2 501 - 0 OSB 3 Kronopol lower for Durélis/Populair than for OSB 3 panels.
2 40 | | The results of the study showe that there are some
S [l significant differences from the physical and
g 30 . . .
< mechanical properties set by the standard, which are
§ 201 I caused by different manufacturing technologies and
101 % differences in their structure.
0+ ‘
Air-dry 6 12 18 24 36 CONCLUSIONS
Soaking time, hours
. . The investigated properties are affected by the
Figure 7. Dependence of static hardness on  gpaking time: 12 hours for OSB 3 (moisture content
moisture content. 33%), 24 hours for Durélis/Populair (moisture
16 — - content 27%) or higher. In the case of a higher
s 14 | WDurélis/Populair - moisture content the values of the properties
2 1o { B OSB 3 Bolderaja - decrease significantly (about two times)
g 10 {JOSB 3 Kronopo - particularly, the values MOE, when the specimens
§ 8 — were cut lengthwise from the test board.
g6 - The results of this study showed that the MOR and
2 4 - the MOE were lower for the specimens that were
T2 T H - cut crosswise from the test boards compared with
0 A -~ 1 ‘ ‘ the specimens that were cut lengthwise, at all
Air-dry 6 12 18 24 measured moisture contents.
Soaking time, hours The specimens cut from OSB 3 (Kronopol) panels
Figure 8. Dependence of thickness swelling on  after a soaking time of 24 hours were dried out in a
moisture content. climate chamber and they lost about 41% to 47%

for MOR and MOE, 20% for the static hardness of

Long-term exposure to high levels of moisture thejr values of the investigated properties obtained
causes reduction in the strength and stiffness. at air-dry moisture.

The static hardness of Durélis/Populair panels isthe presented analysis is limited to the data

higher than that of OSB 3 panels but this property ispptained from the above described experiments.
less affected by the moisture content. The thicknesg, logarithmic ~ function is proposed for

swelling was determined in the middle of the gpnroximation of the experimental data.
specimens with the dimensions 50x 50 mm.
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ANNOTATION

This work is devoted for analysis of perforated steel tape, in this case also manufacturing remnant, usage
possibility. There are defined physically-mechanical properties and geometrical characteristics for different
types of tape. The perforated tape samples tension strength is noticed in the amplitude of 168 to 921 MPa,
compressive strength of profiled stands — 350 MPa, but surface hardness in the amplitude of 830 to 3030
MPa. It is proved that tape by its physically — mechanical and esthetical features can be effectively used as a
design element, reinforcing and constructive material in the construction processes. Effective solutions for
use of perforated steel tape are form elements, reinforcing in reinforced concrete constructions and brick
masonry, floor spacers, elements of wall constructions and other construction load-bearing elements.

Key words: perforated steel tape, technological rubbish, reinforced concrete, strength, hardness.

INTRODUCTION Some geometrical characteristics are shown in

Table 1.

Samples of perforated tape with the standard

method were tested on the tension strength. The test
of the tension strength was made with the device

INSTRON 8802.

The experimental results showed that the tension

from perforated S.tEEI tapes, plates and _profil_es. strength depending on type of tape changes are in
Perforated profiles and tapes wusing in thethe interval 168 — 921 MPa.

construction let to reduce metal usage, make faste. o : . .

. . he critical load, tensile extension and tensile
preparation and montage of the construction, reduce P
the amount or necessity of welding works Strength of samples from Table 1 are shown in Fig.

) y ot 9 S 2 and Table 2. Results were obtained using the
However, determined making of perforation visibly

: . . weighted average of the 5 test attempts.
make bigger manufacturing costs that is why theWith Brinels method a test on hardness at 50 and

?;gg(;satlsmug:nén(g)f :f]azi:‘g%tl?r?:le:vzit:f perforatedsoo N big load was made, using a device which
Vapluable usg e of the matergi]als is .one of thea"OWS to make larger load up to 1000 N. In the
g result of the test was achieved material hardness

significant modern tasks of the material science
(Mironovs, Serdjuks, 2003). One of the ways of that was fr(_)m 830 to 3030 MPa. The resu_lts are
matching with the steel mark hardness which are

solution of this task is reiterative manufacturing .
i 2 shown in Table 2.
waste usage. Latvia also has a number of factories,
whose production waste can be re-used for different
targets. Perforated steel tape as waste material after
punching in Latvia is obtained in JSC “Ditton
Driving Chain Factory”(Perforated tape.). Now
as example of successful usage for realization of
building solutions perforated steel tape is shown
(Muponos, Ceparox, Mykremnasena, 2004).

Construction is an area for which fast development,
unstoppable searching of new solutions and
investigating of new technologies are characteristic.
One of the tendencies is usage of light
constructions. Light constructions can be made

THE ROPERTIES AND EXPERIMENTAL
EVALUATION

In the work are researched mechanical and
geometric properties of the perforated steel tape
which is waste of the manufacturing processes.

They differ with the cross-section area, form and  Fig.1 The test of perforated steel tape tension
size of the perforation and with the amount of it. strength.
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Table 1
Different types of perforated steel tape and their geometric properties
£
Type of tape |
LM -1 LM -2 LM -4
Width, mm 80,00 77,50 75,00
Thickness, mm 1,20 1,50 1,80
Cross-sectional
area (Brutto), 96,00 116,25 135,00
mn?
Cross-sectional
area (Netto), 14,60 24,27 12,35 29,27
mmn?
Perme(;elble area, 74 69 67 63
%
Table 2
The mechanical properties of different types of perforated steel tape
Max tensile extension (to Tensile strength,
Type of tape Steel mark, Standard Max load, N collapse), mm N/mnE
LM -1 St 50 ps, AUSS 2284-79 [5.] 13457,63 2,45 921,76
LM -2 St 08 ps, AUSS 503-81 [4.] 14056,56 2,49 579,17
LM -3 St 08 ps, AUSS 503-81 5703,45 8,45 461,82
LM-4 St 08 ps, AUSS 503-81 4944,92 6,21 168,94

Tensile extension depending on load
16000
14000
12000
e | M-1
10000
Z- I || e T M-2
S 8000 ’
-
= 600D M-
4000 _r”’-—_.“-\- e T N4
2000
3 T T T T T 1
a 2 4 ] 8 10
Tensile extension, mm

Fig.2.Load - tensile extension curves for 4 types of perforated steel tapes.
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The achieved results let us to conclude that thethat polymeric overlay adhesion with the steel
viewed different mechanical features of the surface in the given case is not big. It is expediently
perforated tape waste can be equated to these steal first to subject the tape to mechanical cleaning
tape mechanical features which are now used in thérom oil or other dirt and further subject to
realization of different building targets. For chemically — thermal processing, for example,
example, steel tape which is used as different typgphosphoting. In this case the overlay adhesion with
surface load bearing elements strength is in limits ofthe steel tape is higher.
380 — 900 MPaHpmonos , 1991).

USAGE POSSIBILITIES IN THE
ANTI CORROSION EVENTS CONSTRUCTION

As with every metal element, including also steel, Interior and exterior elements

there is disposition to corrode with the time and . . . L
Perforating tape is possible to use in interior and

with it to lose the initial mechanical features and exterior decorative formatting. this let us find
then there is a necessity to make anti-corrosion . ng, L
events interesting and unusual solutions. For example, it is

One of the protection methods is zincing. As possible to make decorative sieve wicker works,

zincing disadvantages we can consider higherpanels (possible usage area — making qf saving
process costs nd possible material rolling by i,[Selements of blast, fireplace and stove). In Figure 4 a
dipping in the bath with zinc fusion sample of blast panel in which the base is sieve

Many samples were overlaid with zinc coat in the from perforated steel tape is shown. Decorative type

density of 30-40 mkm. The hardness measurements achieved overlaying two layers perpendicular one

using the Brinel method on the most of the surfaces§O another performed tape samples with the same

showed relation to the initial values — HB = 1060 — perforation (in the given case on its basics there is

1200 MPa round punching).
100+
>
T
1 lIO
h,um Fig.4. Decorative blast panel from perforated
Fig.3.Micro hardness (HV) dependence on ferrule steel bands.

absorption (h) zinc overlay on steel surface.

In the same way on the basis of perforated elements
For notification of micro hardness an accurateit is possible to make different limiting
measuring device was used [9] that let us to use @onstructions inside and outside (for example, for
load from 3 mN to 2 N. Micro hardness notification borders of balconies and loggias).
relating from the ferrule pressing depth let uswithout the samples mentioned before, from
evaluate the surface hardness and adhesion with theerforated steel tape it is possible to make lightning
base. As we can see in Figure 6, micro hardness igystems with unique light separation (Mironovs,
dipped diapason up to 10 mkm corresponds to theTrulins, 2009), different furniture details, for

zincing galvanic overlay with good adhesion. example, table legs (Kea, 2010), shelf systems,
Whereas rising of micro hardness at bigger dippingand perforated benches.

depth is related with hard steel influence.

As cheaper anti-corrosion way we can mentionBricklaying works

polymeric overlay which is laid with help of thin ) )

disperse powder. For putting thin disperse powder't S possible to use perforated tape for
on the perforated tape surface we used a methoaelnforce_ment of bricks and other mater_lals of brick
with putting it in electronic arealépacmmenxo, ~ Walls (Mironovs, Lapsa, 2006). The reinforcement
2001) sieve which is laid in the brick horizontal joints
After .putting on 30-40 mkm lay, the tape or (Figure 5), for manufacturing it is possible to use
construction with its usage was subjected to thermaldustrial waste at which belong also in this work
heating in the term camera till temperature of overviewed perforated tape and it is considered as a

polymerization of the overlay. But we must notice, pretty rational approach.
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Internal and external finishing works

Perforated tape - Perforated steel band and its products in
plastering works

Riddles made of perforated steel band rolled with a
small thickness, can be successfully used in
plastering works for wall surfaces. For this purpose
elements of the perforated steel band are first
connected by welding in riddles.
Another variant of using perforated steel band in
plastering works — profiles made of perforated steel
band can be used as guide profiles, finishing
Fig.5. Brick wall reinforcement with profiles and corner profiles. Corner profiles provide
perforated tape. a connection between a plaster of two perpendicular
walls, so developing of cracks is prevented.
At first, due to brick wall reinforcement, its load-
bearing ability is rising (due to this that - Using perforated steel band profiles for
reinforcement  delaying longitudinal tension insulation fixing in wall and ceiling constructions
deformation development in the bricks and delaying
vertical cross curve distribution in all height of the
bricks) and secondly, expediently raw material
waste is used.
For this kind of brick reinforcement technologies
establishment also patents are known (Mironovs
Lapsa, 2006).
Reinforcement sieves which are made on the basis
of perforated tape (sieve fragment is shown in
Figure 6) have high functionality, they have high
strength characteristics, the tape sizes are eas
comparative with the brick sizes, whereas the
perforation curves, which constituting about 60 —
70%, ensure good adhesion with brick java.

One of the possible ways for fixing heat insulation
using perforated double-T shaped profile is shown
in Figure 7. In this case into the hollow space of the
double-T profile a heat insulation material has been
put in, from outside this construction has been
'covered with gypsum slabs.

B L Ll 3

Fig.7. Using of perforated profiles in wall
construction solutions..

Fig.6. Reinforcement sieve fragment which is made

of perforated steel tape. Fig.8. Connection of perforated steel band and

gypsum plate with adhesive on gypsum basis.

Perforated tape usage in brick reinforcement
already has achieved good references from builderfRoad-adherence between perforated steel profile
— it is better placed in joint places and easier cut inand gypsum plate is possible get by using quick-
the necessary pieces. hardening adhesives on gypsum basis (Fig. 8)
In addition, worth nothing that perforated waste (Lapsa, Mironovs, 2005). The strength tests of this
tape is up to 3 — 4 times cheaper (0,08EUR/m) tharkind of joins showed that the shear strength of the
special reinforcement (Bi - armature) — 0,28EUR/mjoint is from 0.75 to 1.50 MPa. The main
(Steel reinforcement..). characteristics of this method is its simplicity, high
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productivity, so this method of joining perforated elements (beams). It is also possible to use
steel profiles and gypsum plates is advisable inperforated steel band as a hang up element, as it is
montage of non-responsible building constructionsshown in Figure 11.

(Mironovs, Boyko, Sedjuks, 2006).

The load carrying capacity of the double-T shaped

and U-shaped struts (Li, John, Maricherla, 2006) 0'4 kN (40 kg)

with a joint support was evaluated as centrist-
pressed elements with constant cross-section.

For example, with the folding methods there were
made 2 U-shaped profiles, with the ,wall” height
h=53 mm, these profiles were connected together
by using the spot welding method, thus creating a
double-T shaped perforated profile.

iekares elements no
perforétas lentes

karkass no metala
profiliem

» griestu plaksnes

Fig.11.Perforated steel band in suspended
ceiling constructions

According to DIN 18 168, the load -carrying
capacity of the perforated steel band hang up
element is 0,4 kN.

Fig.9. Perforated struts before pressure
strength test Perforated steel band as a reinforcement element

- Perforated steel band reinforcement for
sewerage tubes

For this purpose spatial spiral-shaped carcasses
have been created, as it is shown in Figure 12. In
the manufacturing process this spatial carcass is
covered with a rubber layer from both sides and
then vulcanization is carried out in special ovens.
Thus, we get tubes that are a safe and resistant
building material, suitable for non-pressure
sewerage networks.
The main physical-mechanical characteristics of the
sewerage tubes made in such way meet the
requirements set up for sewerage tubes (for
Fig.10.Load bearing capacity N of struts, example, water absorption less than 8%)I{Ka
depending on flexibility. (1 — strut with U-shaped  2010).
cross-section; 2 — strut with double-
T cross-section).

As a result the max load bearing capacity of the

struts was gained, when the flexibility of the struts

were) = 75. The yield strength was 350 MPa. The

load bearing capacity depending on the flexibility of

the struts with different cross-section is shown in

Figure 10.

- Perforated steel band in suspended ceiling
constructions

When making suspended ceiling constructions,
there are different ways how to brace the ceiling
plates, for example, we can use strands; use hang up
elements with a special upper part; it is also
possible to fasten the plates directly to the wooden

Fig.12. Spatial spiral-shaped carcass for
manufacturing of tubes.
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- Manufacturing of reinforced rubber

It is rubber that has reinforcement of reim‘orcementBIOCk elements after removing are very clean, there
is no need to clean them. Reinforced-rubber shields

nets, made or perforated steel band elements . - .
Reinforced rubber is used for manufacturing, for also give a possibility to make decorative patterns

example, rugs for vibration smothering. These rugs—. the concrete surface. Strong and safe block
pi€, rug Lo g. The YSelement construction provides repeated usage of the
are used under motors, vibrating-tables, air-pump

and other devices that make noise and vibration. SDIO.Ck elgment, and because of its small weight it is
quick to install.

- Road surfacing with reinforcement from S :
- Spacers for floor and covering concrete works
perforated steel band
One of the most perspective ways how to use
perforated steel band in building constructions is
manufacturing spacers (Lange, Song, 2004) that can
be used in concrete works.
®r'he main tasks of the spacers is to fix reinforcement
in stable position while performing concrete works,
also to provide the necessary thickness of the
concrete layer for anti-corrosion.
Spacers made as concrete prismi&®mnfuenko,
Jlanuayc, 2005), plastic spacers (Chudley, Greeno,
2001) and ,small-bench” type spacers from
reinforcement steel Betomax....) are already
known.
If we compare the spacers mentioned this line
above, the spacers made of perforated steel band
have the following advantages:
1) In comparison with plastic spacers the load
(common weight of reinforcement carcasses
Also motorways are made using reinforcement of and workers) bearing capacity is higher,
perforated steel band. Reinforcement nets are made?) Lower manufacturing costs (using perforated
for this purpose and embedded before asphalt is  steel band which is as a manufacturing waist

A fragment of the decorative pedestrian road with
reinforcement from perforated steel band is shown
in Figure 13. Wide bands of the reinforcement
prevent the birth of cracks as a result of concret
compaction.

Fig.13. Fragment of decorative pedestrian road.

covered. product);
3) Usage of metal working products — thus
Concrete works ecological factors have been taken into
. consideration (Lapsa, Mironovs, 2006).
- Block constructions The physically-mechanical characteristics  of

Perforated materials can be used also in makingoerforated steel band gives a possibility to bend fit,
block constructions (Figure 14). also to weld it, so it is possible to make different
Block elements consist of a frame and reinforced-spacers with a wide range of shapes.

rubber shields. Perforated steel band is used a$-shaped spacers can be made by welding, when
reinforcement for the shields. Reinforcements cantwo L-shaped elements are welded together; another
be made of double-T shape perforated profiles agvay is bending T-shaped spacer from one element
well. The dimensions, thickness of perforated (Figure 15).

profile depend on the size of the block element. TheDouble-T shaped spacers can be with different
gain is that by using reinforced-rubber block Whatnot width (Figure 16, a), or with similar
elements, road adherence between the concrete anghatnots (Figure 16, b). This kind of spacers is
block element is minimized. made of two U-shaped elements

I e )

Fig.15. T-shaped spacers (a — welded from two
L-shaped elements;

Fig.14.Shield block made using reinforced-rubber b — curved from one element).

and perforated profiles.
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b) One of the spacer kinds, which is most easy to be
made and also most stable in its construction is the
U-shaped spacer. U-shaped spacers can be used in
two ways — with their whatnot position to top or to
bottom.

This kind of spacers can be made short, and then it
is suitable for placing reinforcement nets in their
cross-points. They can be made also tall, then
spacers will be more stable, but in this case the
material usage will be larger (Figure 17).

In Figure 18,a a traditional “serpent-shaped” spacer
is shown, widely used for upper and lower
reinforcement nets upheld. This kind of spacers can
be easy made from perforated steel band, by
modulating it in the desirable shape (Figure 18,b).
One more very efficient kind of reinforcement
spacers is round and quadrate shaped spacers,
bended and welded from perforated steel band
(Figure 19).

The shape of the spacers gives high stability, but
perforation wholes give stability for upheld

Fig.17.Support of reinforcement on long U-shaped reinforcement and also a possibility to choose the

spacer (1 — spacer; 2 — reinforcement). direction of upheld strands. _
Quadrate shaped spacers can be made also with

dissimilar height of their sides. In this case it is
possible to place oblong-reinforcement and
crosswise-reinforcement together.

Fig.16.Double-T shaped spacers, weld of two U-
shaped elements (a — with different whatnot width;
b — with similar whatnots).

CONSCLUSIONS

On the basis of the test results and analysis of
possible usage of perforated steel band in civil
engineering, we can conclude that:

1) perforated steel tape have very different
geometry, area of perforation is not less than 60

Fig.18.,Serpent-shaped” spacer (a — traditionally % of the total area;
known ,serpent-shaped” spacer; b — spacer from
perforated steel band). 2) the tensile strength of different types of tape is

noticed in amplitude 168 — 921 MPa, but
hardness 830 — 3030 MPa;

3) the load bearing capacity of double-T shaped
struts is between 0,4-2,6 kN when the
flexibility 2 is 75-220. The maximal pressure
strength is 350 MPa, when the flexibilityg75;

4) the possibilities to use perforated steel band in
civil engineering become wider, if we perform
profiling of the band;

5) Thus, physically-mechanical characteristics of
perforated steel band, also as a manufacturing
waist product, allow using it not only for
decorative interior and exterior purposes, but
also for different kind of constructions.
Reinforcement of brick and stone walls,
masonries; using of armo-rubber shield blocks
and spacers of perforated steel band can be
known as most efficient.

Fig.19.Round (a) and quadrate (b) shape spacers
from perforated steel band.
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ABSTRACT

Numerical analysis is performed in order to investigate deformation behavior and strength of antisymmetric
laminates under tension caused by axial load. It is determined that antisymmetric orientation of external
layers of in-plane balanced laminate can be used to ensure the necessary adaptive warping and strength of
composite under action of tensile stresses. The efficiency of the use of carbon and glass epoxy laminates as
well as wooden laminate (birch plywood) in wind rotor blades is analysed.

Key words: Laminates, Compliance, Stiffness, Force Stress, Couple Stress, Curvature, Strength

INTRODUCTION In general, laminates can be designed to provide the
desired strength and stiffness characteristics
required for specific applications. The material

established for lightweight constructions and specialalnISOtrOpy can be exploited to_induce coupling

applications (Hirano and Todoroki, 2005: Paganobetween deformation modes. The use of fibre

and Soni, 1988)). Because of their high strength andelnforc_ed composite rotor blad_es enables a number
. - ; . of possible passive aerodynamic control options. By
stiffness characteristics, coupled with low weight,

. . . using adaptive wind rotor blades with twist
composite materials are more attractive for ling there i ibili K d d
engineering applications than conventional isotropicCOUp Ing there Is a possibliity to keep good, steady
materials. In_ addition. because of the highly POWer production and smooth out unwanted peaks

. : S . . 9 in loading. The blades may be made wholly or
anisotropic properties of single plies, composite

. S ! . patially from carbon fibre, which is a lighter, but
tmhgt:trrlilcsuig?vr\]’;:gg“ng of the laminate behavior to costlier material with high strength. Aumerical

In multilayered fibre-reinforced composites with andysis is performed to investigate deformation

variable fibre orientations, the directional ex ansionbem\/ior and strength of in-plane  balanced
S ! P antisymmetric laminates under tension caused by
of the unidirectional single layers due to thermal

effects, moisture absorption and chemical shrinkage"]lxIal centrifugal load.

{he laminate thickness. n the case of uneymmetioaP] RESS AND STRAIN RELATIONSHIPS OF
. ' . AYERED STRUCTURE
laminate plates, these residual stresses can causée
different multistable out-of-plane deformations Composite materials can be constructed by bonding
(Brauns and Rocens, 1994; Diaconu and Sekinetogether several structural elements to form an
2003). integral structure. The properties and orientation of
This study focuses on the purposeful adaptation oeach element have to be chosen such that the
the residual stresses dependent on the stackingomposite is able to meet the design requirements
sequence of layered system in order to realise eitheof strength and stiffness. It is also necessary to
laminates with defined multistable deformation know the behavior of the material under various
states or to design adaptive structures. For thesnvironmental conditions, such as exposure to
adjustment of laminate water, low and high temperature.
curvatures to technical requirements, methods ardVithin a layered composite of thicknesh,
developed that can efficiently be applied to find an deformation of one layer is constrained by the other
optimal laminate lay-up dependent on the materialones of different orientations, and hence stresses
properties and loading conditions (Hansel andarise in each layer. In general case, the stresses in
Becker, 2000). Furthermore, failure analysis isthe elementary layers are different and the stress
carried out in order to assess the resulting residuastate of the composite is inhomogeneous. By using
stress state with respect to first-ply failure. a static equivalent system of average force stresses

The use of multilayered laminates with
unidirectional fiber reinforced plies is well
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c; and moment stresseg; acting on a unite determined by using the transformation formula.

] The compliance matrix in (4), (6) and (7) is

volume of the composite material, the constitutive N
relations for the mid-plane strains? and the [S1=[AT"

curvaturesk; in matrix notations are given by

X3
x
ﬁ _|e1B]||s (1) \ T ’
L N -
) -
. ®) X X
where a,B,8 are compliances of layered hy ~ 1

composite; superscript T denotes transposition T'r —
operation. Xy/ ! !
The force stresses and moment stresses in layered
composite are calculated by averaging

Figure 1. Multilayer model of antisymmetric
o laminated composite structure.
I e (9}
o= IdoX3, (2) STRENGTH ANALYSIS OF DESIGNED
~h/2 LAMINATE

Predicting the failure of structural components is
= [a®xd 3 usually accomplished by comparing the stresses to

M= ,[Gi X0 . (3) the material strength limits. A number of failure
-h/2 criteria have been proposed, however, the main
issue is whether there is any interaction between the

The stresses{” in thekth elementary layer in the modes of failure. Experimental observations for
fiber-reinforced materials show interactions
between the failure modes. For example, shear
determined by using the layer stiffnesty in the  fajlure is expected to occur more easily if, in

local coordinate system {x'} and stress addition to the shear stress, there is also a normal

transformation matrix (Tsai and Hahn 1980). tensile stress. The most frequently used failure

In the general case, the compliance matrices in (1fr?teria ta(;dng gcgount ?f this eff(ect Iare' polynomia)l
are represented in terms of composite stiffness: criteria advised by Ma meister Malmeister, 1965
P P and Tsai and Wu (Tsai and Wu, 1971). This

_ i criterion is easy to apply because it does not
o= S+SBCBS; “) distinguish between different failure modes. On the
B =-SBC; 5) other hand, it takes into account the interaction
' between the in-plane stresses in different directions.
A more general form of the failure criterion for
6=C (6) orthotropic materials, i.e., materials with two
. mutually perpendicular planes of symmetry in
with mechanical properties, under plane stress state is
expressed as

h/2

coordinate of compositgx, } (i = 1,2, 3) can be

C=[D-BSB]*. 7)
o e ol I ( Jinth f(oj) =Fip11+ Foro0 +2F 101 +
The stresses in the elementary layers (Fig. 1) in the 2 2 2
coordinates of compositf; } can be determined by *Fii0i + +F o000 + 4F 121812 + 9)

usng the layer stiffnessA; in the local coordinate *2F 112811020 + +4F 111811012 +

system {x/} and stress transformation matrix. The TAF 2192012 =1

§t|ffnes§ co.mponents in (4)~(7) are evaluated byThe coefficients in the stress function (9) are the
integrations:

components of tensors; and Fyy. They are
hi2 determined by means of the strength tenByg,,
B, = | A9, %, X2 dxs. 8 wherea = 0, 1111; 3 = 0, 22,22; vy =0, 12,12.

L4 § B J-A,ﬁ % )é] K ®) The index 0 denotes that the given stress component

-h/2 : ) .

is absent; the bar over the index is employed to

, 1K) indicate a compressive component. Using the

In (8) the stiffness matriA; ™ of the elementary  gyength values obtained experimentally, the

layer in the coordinate system{x;} can be coefficients are represented in the following form:
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sequence. The lamination parameters can be

- Ropo — Rit0o R0 — Rozz0 determined in the following way
e B e—
I%.lOORT:Q() R)ZZOR@m hi2
F1111:;i F2222=;i \4{ ABD} ~ J-COQP{]" 8 xg}dxs; (11)
Ri100R1p0 Ro220R 50 (10) hi2
Fi.—F 1
2F1120= 11—722 + Fiaaat Fogop = RZ10m ; h/2
El Vo(agoy = ISinz‘P{l 25, o (12)
4Fpp=—"7—. -h/2
RmzRo(fz
hi2
The axes 1 and 2 of the strength envelope  \ynpp; = jcosﬁkp{l X3 >§}dx3; (13)
(ellipsoid) are set in the plane defined &y~oc»; _h/2
and axis 3 is parallel to the axis of shear stresses h/2
o12. The components of the tensor of the strength  \j ;) = Isin4(p{l X, x§}dx3. (14)
suface, k; andF,,, express the displacement of the 2

centre of the ellipsoid along the axes 1 and 2,

respectively. The angle of rotation of the ellipsoid |, general case, lamination parameters and material
relative to axis 1 is a function of the componentnariants (Tsai and Pagano, 1968) can be used for
Fii22 ] o _ _ determination of the mentioned above stiffness
The mentioned criterion defines an envelope IN characteristicsy;, B; andD;. Two parameter/;
stress space: if the stress state lies outside of thigry \/,, after normalizing were used to determine
envelope, then failure is predicted. The failure optimum design.

mechanism is not specifically identified, although By using the lamination parameter diagram (Fig. 2),
inspection of the relative magnitudes of the terms inj; g possible to determine the region of allowable
(9) gives an indication of the likely contribution of compinations of lamination parameters. For a

the modes. laminate of total thicknes#, where the volume
fraction of layers with &; orientation angles is;,

RESULTS AND ANALYSIS normalized lamination parameters are given as

Considering laminates with fixed total thickness,

the objective function could be the effective elastic — Via N

or strain characteristic, while constraints are @ V1= — - = zVi COS2g; ; (15)

imposed on other properties. The layer orientation i=1

design problem involves design of a laminate with a

single orientation angle and the laminate can also be _  V,, N

more complex, providing additional layers with Vy=—-—= zVi CosAp; , (16)

fixed orientations. In practice, fibre-reinforced h i=1

composite laminates for conventional stiff rotor

blades incorporate a combination of unidirectional whereN is the number of differentatgroups.

plies to support radial loads and provide sufficient The values of the lamination parameters are always
bending stiffness, and 45° plies to restrict shear andounded, i.e.~ 1< (V;,V;) <1. For a laminate with
torsion. Representing the pertinent characteristic agne orientation angle the two parameters are related
a function of undetermined face layer orientation g5

angle t¢ and determining the optimum can be Voo A2_1 (17)
solved as optimisation problem. s/

Graphical procedure can be used for the design of ) L

laminates with prescribed in-plane properties (Miki, Y&lues ~of all possible combinations of the
1983). The procedure is suitable for in-plane lamination para_lmeters are, therefore, Ioc_ated along
balanced angle-ply laminates made up of stacks o€ Poundary line ABC (Fig. 2). The points A B
layers with different orientation anglese+ In anij C correspond to laminates with 0°, +45, and
additon to the balanced angle-ply groups, 90_ orientation anglgs, respectively. Any point
unidirectional layers with principal material axis INSide the boundary line corresponds to laminates

aligned with the axes of the laminate, i.e. 0° and"ith two or more fiber orientation. ,

90°, can be included in the stacking sequence. Composite laminates for rotor blades incorporate a
For a in-plane balanced composite laminates elasti€ombination of unidirectional plies to support radial
characteristics of the laminate can be determined byentrifugal loads and provide sufficient bending
using lamination parameters that contain all thestlffness, and 45° plies to restrict shear and torsion.

relevant information associated with the stackingUSing graphical procedure and representing the
needed characteristic as a function of undetermined
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external layer orientation angte the optimisation
problem is solved. The procedure is suitable for in-
plane balanced angle-ply laminates made up of
stacks of layers with different orientation anglgs +
The analysed laminates consist of 9 layers that form
an in-plane balanced antisymmetric system with
stacking sequence] 45, —45, 90, 0, 90, —45, 45, —
¢]. In the lamination parameter diagram (Fig. 2) the
point L corresponds to the orientation of external
layerse = 0° but the point N tap = 9C¢°. The point

M belongs to the laminate configuration with=
+25° when laminates indicate the maximum
warping under action of axial load.

In Figures 3, 4 and 5 the curvature of the laminates
determined by using relationship (1) and strength
function determined according to (9) is shown. The
warping of wooden laminate is greater in
comparison with carbon epoxy and glass epoxy
laminate, but in all cases there are allowable
intervals, where the curvature changes from zero
until maximum, but the stress level is allowable,
i.e., f(oj)<1l.

Figure 2. Design area for in-plane lamination
parameters: ABC — defined stacks of layers;
LMN — analysed laminates.
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Figure 3. Curvature (1) and strength function (2) vs. external layer orientation.
for carbon epoxy laminate.
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Figure 4.Curvature (1) and strength function (2) vs. external layer orientation
for E-glass epoxy laminate.

16

2N
N =
| L] AN

N —d N\
il / AN

Curvature 1/m,
Strength function

0 10 20 30 40 50 60

External layer orientation, deg

Figure 5. Curvature (1) and strength function (2) vs. external layer orientation
for birch plywood.

Table 1
Strength and economical characteristics of laminates
Laminate Carbon/epoxy Glass/epoxy Plywood
Average stresses at ultimate, 270 80 45
MPa
Price, USD/rA 46 700 22000 33
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CONCLUSIONS

Antisymmetric orientation of external layers of
in-plane balanced laminate can be used to ensure
the necessary adaptive warping and strength of
the laminate under action of axial load.

The use of stretching-twisting coupling can be
applied to provide a control mechanism of rotor
blades which does not have any parts moving
relative to each other, and which is therefore
maintenance-free.

For in - plane balanced laminates with anti-
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MODELING OF FIBER BRIDGING BEHAVIOUR IN SFRC

Ulvis Skadins, Janis Brauns
Latvia University of Agriculture, Department of Structural Engineering
ulvis.skadins@llu.lv

ABSTRACT

By adding fibers to concrete mix the objective is to bridge discrete cracks providing for some control to the
fracture process and increase the fracture energy. Fibers become active mainly when cracking starts and
deformation of the fiber occurs. The pulley approach by Aveston and Kelly can be used to describe the
bridging phenomena of a fiber crossing a cracked surface, where the bond-slip of the fiber is equal to the
crack opening displacement. As the fiber is able to damage a part of the matrix, the bridging phenomena of a
fiber crossing a cracked surface could be described by using the pulley that is attached to the matrix via a
spring. In the modified model the crack opening is greater than the fiber slip. The displacement for which the
fiber becomes effectively involved in the tension carrying mechanism is effective length which depends on the
material parameters obtained from fiber pullout tests for varying angle and fiber types.

Keywords: effective crack width, fiber displacement, orientation angle, pullout test

INTRODUCTION Nevertheless, the nature of the stress transferring

) ) process at different fiber displacements needs to be
The low tensile strength of concrete is due to thegygied. Is the effectiveness of fibers constant

propagation of internal micro_cracks. The te_nsile during the whole crack opening process? A
strength of concrete could be improved by suitably,ymerical model, based on experimental data, needs
arranged and closely spaced wire reinforcement. B\to pe developed, which will take into account the
adding fibers to concrete mix the objective is 10 concrete strength, type of fiber, orientation angle
bridge discrete cracks prowdujg for some control t0 50 crack width. Part of this paper is allotted to
the fracture process and increase the fracturgepresent the pullout tests performed to analyze the
energy. For quasi-brittle materials, such as concretejyfiuence of the fiber type and orientation on the
loaded in tension tht_a behaviour beyond the p?al‘bridging process and to obtain the necessary
load can be described by the crack openingmaterial parameters for the numerical model.
displacementvw)) depending on the applied lodel) (

(Fig. 1). Bridging models

To understand the bridging process in a FRC
element, let us look at a small piece of concrete
with a single arbitrary orientated steel fiber (see
Figure 2). There is a micro crack in the matrix due
to tensile stresses applied. The anchorage of the
fiber is sufficient in both sides of the crack. The
fiber has negligible reaction force until the bond-
slip in the fiber-matrix interface has yet to be
developedy = 0).

Figure 1. Crack opening for concrete (1), fibers (2) 4 f'im
and SFRC (3). o

As the principal benefits of the fibers are effective
after concrete cracking, it is important to investigate

the bridging phenomena in SFRC. There is a . Microcrack Flbre e

considerable residual strength of SFRC structures

because the fibers guarantee a certain level of stresFigure 2. Bridging model at the beginning of crack
transfer between the faces of the crack. formation.
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When the crack widthw) increases, the fiber In the modified model the crack opening is greater
becomes active and deformation of the fiber occursthan the fiber slip. The displacement for which the
The pulley approach (Aveston and Kelly, 1973) canfiber becomes effectively involved in the tension
be used to describe the bridging phenomena of a&arrying mechanism is the effective lengihy
fiber crossing a cracked surface, with the which depends on the material parameters obtained
assumption that the matrix at the exit point of thefrom the fiber pullout tests for varying andgleand
fiber is rigid. The model is shown in Figure 3. In fiber type (Brauns and Skadins, 2010;
this case the bond-slip of the fib&won the side of Fantilli et al., 2008).

the shorter embedment is equal to the crack openindhe proposed model is based on the following basic
displacementd = w). assumptions.

The force,F;, which can be taken by a single fiber
is equal to zero when the crack width< wes and

w > lemp Otherwise it can be found by the equation

(D:

Fi=nd b(lemb - W)- (1)

The effective lengthve, is determined at half of the
maximum pullout force:

W,

€

s =W at F /2 2

f max ’

The effective length or crack width at a certain
orientation angle can be found by the equation (3):

Wy (0) = K, + K, tand . (3

The fiber bond strength fér= 0° is described by

Figure 3. Bridging model based on pulley approach the equation (4):

by Aveston and Kelly, 1973. E

f max
As the fiber-matrix interface has a negligible tensile k m ., @
strength, the fiber is able to damage a part of the

matrix. In this case, the bridging phenomena of aynere in equations (1) to (4)

fiber crossing a cracked surface could be describeq _ crack width or fiber displacement in pullout
by using the pulley that is attached to the matrix viaegt:

a spring (see Figure 4). Ft.max— Maximum single fiber pullout force;
K1, K>, — material parameters obtained from pullout
tests;

0 — fiber orientation angle;

1, — fiber bond strength;

di — fiber diameter;

lemp— fiber embedment length.

Pullout test

Short fibers act as a bridging mechanism over the
crack. The behavior of fibers at the crack can be
simulated by the single fiber pullout test (Figure 5).
As the fiber orientation in FRC elements is random,
the pullout test was performed for fibers with
different orientation angles.

Specimen data

The tests were performed for four different types of
fibers and four orientation angles. The fibers were

Figure 4. Modified bridging model — pulley concreted in small prisms with the dimensions of
attached to matrix via springs. 40x40%60 mm.
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Effective crack width

As it was mentioned before, the fibers become
active after cracking. Nevertheless, not all of the
fibers, crossing the developed crack, are effective at
the very beginning of crack formation. From the test
results it can be seen, that the fibers, which are
more inclined, reach their maximal pullout force at
a greater displacement (slip). That means that they
will be involved in the bridging process when the
crack is wide enough or when the width of the crack
W = W It is assumed that the effective crack width

The embedment length was 25 mm. The loosed par@W?ff) can be found from_the force-slip curves at the
of the fibers was straightened. There were thregP@INt Fr.ma2 (sge equation (2)): For more inclined
specimens for each type and angle — all together 4gbers th_e effective crack width is larger. .

pieces. Concrete with very fine grains was used As the fibers at the angle of 90 degrees will have no

The mean concrete strength was 55.1 MPa with th&ffect in stress bridging, the tangent function is used
variation coefficient of 0.016. to describe the relationship between the effective
Four different types of fibers were used, smoothcrack width and the fiber orientation angle. The

(S), hooked (H), crimped (C) and flat ended (FE)_agreement between the experimental results and
The fiber diameter was 0.75 mm and length ~_theoretical function for each type of fibers is shown

Figure 5. Pullout test as simulation of bridging
process in cracked SFRC structure

50 mm. The yield strength of the fiber steel was N Figure 7.
1100 MPa. . . .
Critical value of the orientation angle
Test setup The fiber amount in concrete is one of the most

The tests were performed under closed |ooped'mportant factors for post cracking behavior of a
conditions by controlling the position of the structure. There are several conditions that make a

machine head and using the test speed 1 mm pdfPer effective if fulfilled: _
minute. S9 type force transducer (max. load 50 kN) ~ ®  The fibers must be in the tension zone.

and three LVTD's (HBM WETAL/2mm) were ~ * They must be anchored enough (in both
used to record the data for force-displacement sides of the crack).
curves. The test setup is shown in Figure 6. e The orientation of fibers cannot be parallel

or close to parallel to the crack surface.
e The crack must be wide enough.

The SFRC structure design according to the crack
width limit state requires ensuring comparatively
small cracks in humid environment (0.3 mm).
Although cracks can be wider in dry conditions and
in the design of the ultimate limit state, they should
be restricted to 3.5 mn{RILEM TC 162-TDF,
2003).
If the crack width is limited, then a certain portion
of fibers, crossing the crack, will not be involved in
the bridging process, for their orientation anglis
too big. The anglé.;; determining the boundary for
the effective fibers can be found by the
equation (5).

0o = arctarEWl; Klj (5)

2

At a certain crack widthw) only those fibers can be
taken into account, which are inclined less than the
critical angle Q).

The results of the equation (5) for different types of
fibers and crack widths are given in Table 1.

Figure 6. Pullout test setup.
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Figure 7.Effective crack width depending on fiber orientation angle.
A — experimental data==— — theoretical curve.

Table 1
Critical angle depending on crack width

Critical anglef.; (°) for crack

Fiber type widthw (mm)
0.5 1.0 2.0 3.5
Smooth 17 32 51 65
Hooked-ended 19 35 54 68
Crimped-round 2 18 42 60
Flat-ended 2 20 46 64
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ABSTRACT

During hardening of concrete, different chemical and physical processes occur. As a result, shrinkage of
concrete develops causing cracking of construction elements. In order to reduce shrinkage, a variety of
methods are used beginning from curing of concrete to using different shrinkage reducing admixtures. One
possibility to reduce shrinkage is to add different types of fibres to concrete. The aim of this study was to
explore the shrinkage of fibre reinforced concrete depending on the added types of fibre with different

volume fractures. Altogether five series of experiments were carried out. Two series were carried out with

steel fibre reinforced concrete with volume fractures of 0.32% ( 25 kg/m ) and 0.51% (4)) kgtintwo

series with concrete reinforced by synthetic fibres with volume fractures of 0.44% (%) kqtr0.77% (7

kg/nT). One series of tests was performed with normal concrete. The shrinkage of the specimens was
determined according to the standard ASTM C490. Steel fibre reinforced concrete with a volume fracture of

0.51% and concrete with synthetic fibres with a volume fracture of 0.77% displayed the smallest shrinkage.
For concrete consisting less fibres, differences in shrinking were smaller. However, concrete without fibres

showed the largest shrinkage.

Key words: concrete shrinkage, fibre reinforced concrete, steel fibres, synthetic fibres

INTRODUCTION dioxide in the air.

Hardened cement paste undergoes high drying
shrinkage, whereas concrete shows significantly
less shrinkage due to the restraint provided by more
rigid aggregate particles. The restraint provided by
aggregate particles to the shrinkage of concrete is
well understood, and corresponding theoretical

Shrinkage of concrete can be divided into two models have been successfull developed
distinct stages: early and late age shrinkage. Th?NeviIIe 2003) y P

ﬁgﬂ?’s S\:/?]%?] It?]eczgrzrc:?(:tg igelt?i(:] azn:jhit;rrt?:] 2:1c)lntroduction of different types of fibres also leads to
9 9 Yeduction in the shrinkage of the cementations
harden. Later ages, or long term, refers to concrete

matrix (lllston, 2001). Fibre-reinforced concrete is

T s ot 2001 e CUTenty Used n a wide range of applcatons,

9 9 P “including bridges, industrial floors, walls and
drying, autogenous, thermal and carbonation. In

: : structural slabs (Banthia, 1999). Fibres suited to
case of drying shrinkage concrete loses water to th?einforcing composites have been produced from

environment and undergoes a volumetric change,

Earlv age drvina shrinkage can be eliminated b steel, glass and organic polymers. Different fibres
Yy ag ying 9 . Y affect the properties of concrete differently. Adding
proper handling and curing techniques to prevent

! C2 ; of synthetic fibres prevents cracking caused by
moisture loss and to provide time for the material to lasti hrink d plasti . d ai
strengthen. plastic shrinkage and plastic setting, and gives

Autogenous shrinkage is defined as a concretetensne strength in the initial phase of hardening.

volume change occurring without moisture transferAdding of steel fibres gives to concrete higher
ANng 9 flexural tensile strength, higher cracking resistance,
to the environment. It is merely the result of the

internal chemical and structural reactions of higher impact resistance and higher resistance to

concrete components. Thermal shrinkage refers tc\)/olume shrinkage. Adding of fibres sufficiently

volume chanaes that occur when  concrete MProves the post-cracking process of the concrete
9 . ) (Banthia, 1999). In this study the shrinkage of fibre
undergoes temperature fluctuations. It is often

referred to as thermal expansion, which is therelnforced concrete, depending on the added types

. i of fibre with different volume fractures, was

portion resulting when the temperature of concrete. ' ) i

L . —investigated. Two types of fibres were used: steel

is rising. Carbonation occurs when cement paste in_ . ) . '
! . crimped fibres and synthetic textured fibres. Later

hardened concrete reacts with moisture and carborn : . :

age shrinkage was investigated as well.

Drying shrinkage is probably the most deleterious
property of portland cement concrete (Yazici,
2007). Shrinkage generally leads to cracking in
concrete structures and further influences the
service life of structures.
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EXPERIMENTAL PROCEDURE AND (length 50 mm, diameter of cross-section 1 mm)
METHOD and synthetic textured fibers BARCHIP (length 50
m, cross-section 0.6%.3 mm).
he volume fractions of the fibers were chosen to
correspond to fractures used in industrial floors.
‘Specimens were prepared for five series of
xperiments. One series contained 12 specimens.
he first and the second series were cast with steel
fibres with a volume fraction of 0.32% and 0.51%,
respectively. The third and the fourth series of

Measurements of the shrinkage of specimens wer
carried out according to the standard ASTM C490.
According to the recommendation of the standard
the measurements of specimens were<7B85285)
mm. The cross-section of the specimens was relate
to the length of fibres, allowing them to take a
random position in the mortar.

A special mold was designed and manUfaCturedspecimens were cast with synthetic fibres with a

from pl_ast|c for casting specimens. Gagge StUdSvqume fraction of 0.44% and 0.77%, respectively.
were fixed to each end of a specimen for

measurement of length change. Each mold wa The fifth series was prepared from plain concrete as

equipped by the end plate to hold the gauge studishe reference.

properly in place during the setting period. The RESULTS AND DISCUSSION

gauge length of the specimens was 250 mm, which

was measured between the bottoms of the gaugés this study was carried out within a Master’s

studs. course, the duration of the shrinkage measurements

The measuring equipment (Figure 1) was designedvas limited to 60 days. During this time the

and manufactured for determining the length ultimate shrinkage of concrete is 80% (Holt, 2001).

change of the specimens. The well-known equation (1) (Neville, 2003) can
not be used for prediction of short term shrinkage of

Side plat Dial gauge concrete, as is the case also in this study.

AN
-t s, 1
S(t)_ t +35 SuIt ( )
where (t) is shrinkage after days from the end of
7-day moist curing;
Syt is ultimate shrinkage;
tis time in days from the end of moist curing.

Although the prediction of development of
shrinkage by the above equation is subject to
considerable variability, the equation can be used to
estimate the ultimate shrinkage of a wide range of
Figure 1. Equipment for measuring the length the moist.—cured concretes. It can be seen that one
change of the specimens. half of qumate shrinkage is expected to occur after
35-day drying. For steam-cured concrete, the value

The length change was measured by the digital diaPf 35 in the denominator is replaced by 55, and the
gauge Mitutoyo ID-C112B with an accuracy of Ume tis calculated at 1-3 days from the end of
0.001 mm. steam curing.
All test specimens were manufactured from!n the case of short term measurement the
industrial concrete class C25/30. The water/cemengXPerimental data can be approximated by the
ratio was 0.65. The mix details of concrete arefollowing analytical equation
presented in Table 1. The unit weight of concrete .
was 2330 kg/rh s(t) = In(1+t°), @)

weret is the number of days,

Table 1 c is the dimensionless parameter.

End plat Bast plate

Mix details !

The purpose was to find the unknown constants so
Material Quantity that the measured displacements(t) are
Cement CEM Il A-T 425 R 344.5 kgfm approximated in the best way. This problem was
Sand 1124.0 kg/m solved using the mathematical prograviathcad
Gravel, 4-12 mm 482.7 kg/m 2001i Professionafregression functiorgenfit (vx,
Gravel, 8-16 mm 394.0 kg/m vy, F) (Kir'yanov, 2001).
Water 172.1l Test specimens from plain concrete were prepared

for reference as the etalon. The results of the
Two types of fibres were used for preparing the testmeasurements and the approximation curve are
specimens: steel crimped fibres TABIX 1/50 presented in Figure 2.

114



3 International Conference CIVIL ENGINEERING 11 Proceedings
I MATERIALS AND STRUCTURES

The specimens with a fibre content of 0.32% did
not practically reveal changes in shrinkage
compared to the shrinkage of plain concrete (the
difference is 1.3% at 60 days); however, the
shrinkage of specimens with a fibre content of
0.51% was 13.8% lower at the same age. Higher
fibre content weakens the mix and hence results in
lower shrinkage (Neville, 2003).

[*)] [e]
o o
o o

Shrikage microstrain
D
o
o

200 Two series of experiments were carried out with
specimens containing synthetic textured fibres with
0 a volume fraction of 0.44% and 0.77%,
0 20 40 60 80 100 respectively. The experimental data and the curve
Age, days of approximation are shown in Figure 4. It is

evident from the graphs, that the shrinkage of
Figure 2. Experimental data and the curve of  specimens with a fibre content of 0.77% was 7.8%
approximation of specimens cast from plain  |ower at 60 days compared to the shrinkage of plain
concrete. concrete. However, the shrinkage of specimens with

a fibre content of 0.44% was 11% higher.
Two series of experiments were carried out with To verify the use of the proposed equation (2) for
specimens with a steel fibre content of 0.32% andapproximation of the experimental data, the data
0.51% per volume, respectively. The experimentalpresented in (Bolander, 2004) were approximated
data and the curve of approximation for these seriesising this equation. The data of two series of
are shown in Figure 3. experiments were approximated: the data of the
The graphs presented in Figure 3 allow concludingshrinkage of plane concrete and the data of the
that increasing the amount of fibres reduces theshrinkage of concrete with 2% steel crimped fibres

shrinkage of concrete. per volume.
a) 800 a) 800
c
£ ‘®
S 600 £ 600
17 o
o 3]
L s
€ 400 g 400
(] (@]
o) IS
IS X
2 =
c 200
5 200 n
C 0
0 20 40 60 80
Age, day Aae, day
b) 800 b) 800
c = X
S 600 S 600 X
= X %)
o o
G Q
E 400 E 400
) o)
2 Il
= £
£ 200 < 200 X
5 n
0 0
0 20 40 60 80 0 20 40 60 80
Aae, day Age, day:
Figure 3. Experimental data and the curve of Figure 4. Experimental data and the curve of
approximation of specimens containing steel approximation of specimens containing synthetic
crimped fibres 0.32% (a) and 0.51% (b). textured fibres 0.44% (a) and 0.77% (b).
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Measurement of shrinkage was carried out duringand basing on literature data, it can be supposed that
up to 500 days. The results of approximation areat least half of ultimate shrinkage occurs during the
presented in Figure 5 and in Table 2. first 35-40 days, and ultimate shrinkage can be
measured 18 months after the preparation of
Table 2 specimens.

Data of shrinkage a) 1000
Test specimens Shrikage, microstrain
P 20 days| 40days 60 days I=
Plain concrete 518 638 708 g 750
Steel fibers 0.32% 511 630 699 @ X
Steel fibers 0.51% 446 549 610 o
Synth. fibers 0.449 576 709 786 S 500
Synth. fibers 0.779 477 588 653 %
Plain concrete X
(Bolander, 2004) 390 481 533 (',E) 250 X
Steel fibers 2%
(Bolander, 2004) 314 387 429
It is evident that the analytical equation 0 0 100 200 300 400 500
approximated the experimental data satisfactorily Age. day

also for long term measurements beginning from
the 200th day. The highest mismatch occurred 750
approximately between 50 and 160 days. There Y=
no confirmation for the statement (Holt, 2001) that
80% of ultimate concrete shrinkage occurs during
the first 60 days. According to the measurement .
results (Bolander, 2004), only 65% of ultimate
shrinkage occurred during the first 60 days.

traim

500

micros

250

Shrikage

CONCLUSIONS

The experimental study showed that fibres with a 0
small volume fracture did not affect significantly 0 100 200 300 400 500

the shrinkage of concrete. Age. day

In the case of synthetic fibres shrinkage was slightly

larger. Specimens with a higher volume fracture  Figure 5. Experimental data and the curve of
displayed smaller shrinkage compared to plain approximation of specimens of plane concrete (a)
concrete in all cases. and with a steel fibre content of 2% (b).

The presented analytical expression proposed for

short term experiments approximated the measured his analysis was limited to the data obtained from

data satisfactorily, and can be used, with certainthe literature and from the experiments described
reliability, for prediction of shrinkage in long term aphove.

experiments. According to the results of this study
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DEVELOPMENT OF A METHOD FOR MEASURING DESTRUCTION ENERGY
AND GENERATED HEAT AT FATIGUE OF CONCRETE

R. Tepfers, G.O. Sjostrom, J. I. Svensson, G. Herrmann
Chalmers University of Technology, Department of Civil and Environmental Engineering
Structural Engineering, Concrete Structures
ralejs.tepfers@chalmers.se

ABSTRACT

In fatigue of concrete, if the loads are not uniformly repeated and the dynamic load levels change, every
particular load will contribute with certain portion to the fatigue deterioration of the concrete. For
estimation of this destruction of concrete the Palmgren-Miner partial damage hypothesis has been used, but
has turned out to give contradictory results. As the Palmgren-Miner hypothesis is not generally applicable to
fatigue of concrete attempts have been made with volumetric, ultrasonic and acoustic emission measurements
to interpret the damage accumulation in concrete. However, no acceptable relation between the measured
values and the fatigue deterioration of concrete caused by different loads has been found. The present paper
investigates a method for another parameter, which might be important for the deterioration process to be
understood, when concrete is loaded by varying dynamic loads. The parameter is the energy absorbed by the
concrete and is represented by the work in a form of load times of the deformation for each cycle of load. At
each un-loading certain energy is regained, but not all. The load deformation relationship shows a hysteresis
and the area within the hysteresis loop represents the absorbed energy used up in the material causing micro
cracks, crushing material, redistributing stress and rising temperature due to internal friction. This research
investigates methods to determine the energy for the fatigue destruction of concrete and for the rise of
temperature within the concrete specimen. Different types of plates and Teflon layers are tested to avoid
friction between cylinder ends and loading platens. An insulating material layer with thermocouples around
the concrete cylinder is used for heat loss measurements. The paper presents the tests done and discusses
problems with the measuring methods. A result is obtained which does not exclude the hypothesis that the
destruction energy for concrete in compression is the same whether it is a static or dynamic fatigue failure.

Key words: Concrete, fatigue, absorbed energy, destruction energy, heat energy, measuring methods

INT RODUCTION In codes the Palmgren-Miner sum for concrete has
During 1970-ies the first concrete oil production been altered down to 0.2 for reasqn_of safety.
fAs the Palmgren-Miner hypothesis is not generally

platforms in North Sea were planned and erected. Ia licable to fatigue of concrete attempts have been
was concluded that the platforms were loaded by PP 9 P

: . : . “’made with volumetric, ultrasonic and acoustic
different waves up to 30m in height. These varying _ . . . he d
waves caused fatigue to the structure. The influenc gmission measurements to interpret the damage
of changina repeated loads on con.crete Was noeflccumulatmn in concrete. However, no acceptable

9ing rep elation between the measured values and the

mves_ugated at that time. . fatigue deterioration of concrete caused by different
In fatigue of concrete, if the loads are not uniformly loads has been found

rzeggtﬁsr allgg dthvt\-:'/i|:j)é2?\g’]ilgdfea?/v:§]vi|:rf£gngoer’ti(;\:]er;fhe present paper investigates a method for another
P P parameter, which might be important for the

to the fatigue deterioration of the concrete. Fordeterioration process to be understood, when

estimation of this destruction of concrete the concrete is loaded by varving dvnamic loads. The
Palmgren-Miner, Palmgren (1924), Miner (1945), is th y ybg byd by th :
artial damage hypothesis has been used for Steeﬁ)arameter Is the energy absorbed by the concrete
P and is represented by the work in a form of load

but for concrete has turned out to give contradictorytimes of the deformation for each cycle of load. At

results. . ) ! .
. . each un-loading certain energy is regained, but not

;rv?](ZnPalmgren—Mlner rule states that failure oceurs, The. load deformation_ rglationship sho_ws a
hysteresis and the area within the hysteresis loop

| represents the absorbed energy by the concrete used
up in the material causing micro cracks, crushing

2n/iN=1 (1)  material, redistributing stresses and  rising

i=1 temperature due to internal friction.

wheren; is the number of applied load cycles of This research investigates the methods to determine

typei, ; the energy for the fatigue destruction of concrete

N; is the pertinent fatigue life. and for the rise of temperature within the concrete
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specimen. It is necessary to avoid friction betweenThe hysteresis loops represent the absorbed energy,
the loading platens and the concrete cylinders endvhich consist of destruction and the heat energy.
surfaces to enable representative measurements of

concrete deformations during loading cycles. Energy balance

Further the amount of energy used for temperatureEner balance of the in fatique tested concrete
rise in the specimen and heat exchange with the gy 9

loading machine plus losses to the surroundingsSpeC'men
have to be determined. Different types of plates and

Teflon layers are tested to avoid friction between AW = 4E + 4Q; ..(2)
the cylinder ends and loading platens. An insulating  Where

mineral wool layer with thermocouples around the AW is absorbed energy from loading machine
concrete cylinder is wused for heat loss AE is generated heat from internal friction
measurements from the concrete cylinder side  4Qis destruction energy

surfaces. A wood fiber layer with thermocouples is

used for heat exchange measurements between tlénergy absorption measuring method

cylinder end surfaces with two Teflon layers and .
the loading steel platens of the machine. The energy supplied to and absorbed by the

These types of measurements are difficult toconcrete cylinder is measured according to Fig. 2

perform especially at a fast load pulsating frequencyalnd Fig. 3.
of 2 Hz measuring at several levels of strain. The

paper presents the tests done and discusse ¢ A
problems with the measuring methods, which kN
unfortunately did not work satisfactory and have to

be improved further. A result is obtained which £ max

does not exclude the hypothesis that the destructiol ,qi'/}
energy for concrete in compression is the same L;, [ et
whether it is a static or dynamic fatigue failure. Fmin : —

Ay iLA Ay ! .

Pradoiall - Fl .

METHODS inininil You €
Hypothesis Figure 2. Load F - straine diagram showing
It can be assumed that for concrete static failure a: bs_o;bleg A2 frf:,:g_y .measurement sequence.

well as fatigue failure the same amount of
destruction energy is required. At static failure all
supplied energy is used to destroy the concrete (
very slight rise of temperature is possible). At f
fatigue failure of the concrete specimen the supplieqﬁq
and absorbed energy generates internal friction hea
and destruction of concrete. The idea with the testd"

he longitudinal strain gauges on opposite sides of
e concrete cylinder were used for the registration
straine. The energy driven into the cylinder by
e loading machine is calculated from the
easurements according to formula (3).

is to measure the heat energy and to separate it from, _ ESA e H: 3
the destruction energy. The performed tests have &, Wg—”en,er Nm or J @)
pilot character, because the necessary measurin F—_Ioadl\?y

methods have to be developed.
The supplied energy is represented by the areas Al,
A2 etc. under the load-deformation curve as it is
shown in Fig. 1.

Ae ;= incremented compressive strain %o
H = height of cylindem

. The strain measurements were incrementedsin
iN 3 according to Fig.3 and the existing increments
P max between the maximum and minimum load levels
were used to register the measured load-
deformation surfaces.
The strain gauge dummy is placed close to the
= cylinder surface under the insulating layer to have
the same temperature as the strain gauges
registering the vertical strain Fig. 4. It compensates
for temperature changes.
The cylinders are loaded by sinusoidal load pulses
€ with the frequency of 2 Hz. The recovery of
concrete after each load cycle is connected with the
applied rate of loading.

Figure 1. By the pulsating load machine supplied
energy shown in load P — strailiagram.
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Teee N=Y N=2 _—
MPa. —7 — Tecc Friction reduction between concrete cylinder
y // ends and loading platens
3 / az// : To be able to measure the absorbed energy it is
/ é / necessary that the concrete cylinder is not restricted
)/ o in transverse expansion by the loading platens, Fig.
YAY 24 . 5, because otherwise it is not possible to determine
— Cuce
correctly the absorbed energy by the concrete
cylinder.
The layers between the concrete cylinder end
e surfaces and loading platens should be without
dS S € %o friction hindering concrete expansion. Tests were
44 44 B Ey =0.025 Yoo performed for this reasonUneven changing shear
stresses at the end surfaces will generate
Figure 3.The principle for registration afe uncontrolled heat and have to be avoided.
values from stress-strain relation. Frequency is
constant.

Figure 5. Fluctuating shear stressgscaused by
friction, which also generate heat under load cycles.

Figure 4. Strain gauges) in longitudinal direction
ard g1 in transverse direction on concrete cylinders t—

ard dummy for strain gauges.

0

WY

7

A part of the absorbed energy, which is measured
is that which gives micro cracking and blocked &
deformations within the concrete. The blocked
deformations have a time dependent recovery. This '7® 0
means that when taking the measurements with i —— @ 7
constant rate of loading the measured absorbei B
energy will belong to just this certain rate of Jv——’ﬂ—L '
loading.

The measured absorbed energy is defined by the
areas under the stress-strain relationship according
to Fig. 1 and 2. In the measurements the strain is
incremented according to Fig. 3 The arrangement of strain gauges for measuring
The strain increments were chosen to be @@2&  transverse expansion and longitudinal compressive
on- and un-loading and this instead of load Strainis shownin Fig. 6.

increments which due to a slight vibration in the Different layers consisting of wood fiber plates also
machine caused a contact between the incrementegit in a form of a grid were tested. Long laboratory
load levels to make the system to believe that theexperience showed that wood fiber plates could be
top load level was reached and caused the system #ésed instead of making a smooth layer on tested
change the registration direction. The absorbedconcrete objects surface exposed to compression.
energy was registered Continuous|y and at Specimeﬂ—he best result was obtained with 2 |ayerS of Teflon
failure the complete absorbed energy was in thesheet between concrete and wood fiber plate giving
computer. uniform transverse deformation along the cylinder.

At the static tests obtained cylinder strengthvias ~ The measured transverse expansion for 2 layers of
used to determine the minimuno,™" and  Teflon sheet between concrete cylinder and wood

maximum o...™ load levels at pulsation tests. The fiber plate against loading platens of the machine
relation R =o."owe"™; was chosen to be 0.20. are shown in Fig. 7. Two layers of Teflon sheet give

777 7 &7

Figure 6. Arrangement of strain gauges T @
longitudinal direction and TTGin transverse
direction on concrete cylinders.
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uniform expansion of the cylinder under load and whole height of the cylinder. Double Teflon layers
should enable the determination of the suppliedwere chosen for tests.
energy in absolute value.

Heat exchange of the concrete cylinder with

Height Tlm"ﬂ Double Teflon layers (b:S) and (b:6) surroundings
16| - It is necessary to separate from the absorbed energy,
8091 the heat developed by internal concrete friction
%09 2 , during the load cycles. This requires measurements
%03 of heat exchange with the surroundings and with the

loading machine and also the heat stored by
concrete. An insulating material layer (mineral

wool) with thermocouples around the concrete
cylinder is used for the heat loss measurements
1504 5 from the concrete cylinder side surfaces and a wood
fiber plate with thermocouples is used for the heat
exchange measurements from cylinder ends. The
1004 ¢ cylinder ends have 2 layers of Teflon, then wood
fiber plate and then loading steel platens of the
machine, Fig. 9 and 10.

200 &

017

wis

2049 TCITieE
005 010 015 020 € 005 010 015 0.20 € + o, ’

cylinder expansion strain under load with two 70mm mineral
Teflon layers between cylinder and wood fiber  wool
plates against steel platens. TTG are strain gauges
in transverse direction.
Tests (b:5) and (b:6).

o
/_/
> 4 I
Figure 7. Along the height measured transverse  Concrete ] 4 » IG:mi
L —1

JAVAVAVAVS

Section A — A

[1+1 Teflon
1 10mm hard wood fiber plate
{ 28mm steel platen

Figure 9. Thermocouples, TG:(location), attached
on insulating layers.

A computer calculation program was prepared to
register the heat exchange through the insulating
jacket layer and the end insulating layers. During
the test continuous heat flow from concrete cylinder
was accumulated in the computer memory.

TEST PROGRAM

The test program is shown in Table 1. The used
load frequency was 2Hz and Ro2" o / 6™ oo =
. . - 0.20. The number of load cycles; Mt failure in
Figure 8. With two Teflon layers to reduce friction, Table 1 has been calculated with equation (4) Aas-

the concrete CV”T‘der completely disintegrates at Jacobsen (1970) and Tepfers-Kutti (1979), Tepfers
compressive failure. Vertical cracks show up. (1980 a, b) '

The concrete cylinders with two Teflon layers for | _ max
L . e 0gl10N=(1- /T /{(0.685 (1-R)}.(4
friction reduction disintegrated completely at wﬁere'N (3 -0 e/ Tocd /{( ( B-(4)
failure, Fig. 8 They did not form the usual friction N, calculated number of load cycles at failure.
caused conical concrete peaces at the ends of thenax / f.. maximum pulsating stress related to
. . . cce ccc
failed concrete cylinder. T_he tens_lle <_:racks, due tOgatic concrete compressive strength.
exceeding ultimate tensile strain in transverse

direction of the cylind cal along the R0 we! 0" = 0,20,
irection of the cylinaer, were vertical along the Gmmocc minimum pulsating stress.
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months, when the concrete strength was stable.
The mean compressive cube strength determined on
6 cubes was 40.1 MPa and cylinder strength on 3
cylinders was 30.1 MPa at time of fatigue testing.

H The fatigue testing machine was Losenhausen 1000
kN servo pulsating machine with all sinus formed
load pulses controlled.

max

Jeec

feee
1,0

e
J\\"‘*-...__ o
0.8 TR
L E—
06
05
0,2
log N

10 20 30 40 S50 60

Figure 11. Wohler or SN-relation of the

Figure 10.Concrete cylinder with insulating layers Performed fatigue tests. Line according to equation
and wood fiber plates at cylinder ends with (4), Aas-Jacobsen (1970) and Tepfers-Kutti (1979).

thermocouples.
P The number of load cycles N at fatigue failures

Table 1 loads of the specimens in the test program, Table 1,

Test program of concrete cylinder fatigue tests with &€ shown in Wohler diagram Fig. 11 and put in
number of load cycles at failure;N relation to the fatigue line represented by eq. (4).
calculated with eq. (4) The test results situated relative to this line shows

normal agreement.

TestNO  oeed™ Mece N log N
C 6 7 0.90 67 1.8248 RESULTS AND DISCUSSION
C:8. 9 0.85 546 2 7372 Determination of static failure energy
C: 10,11 0.80 4463 3.6496 The measured static failure energies determined
) according to eq. (3) on 3 cylinders was Test C:3 240
C:12,13 0.75 36475 4.5620 J; Test C:4 280 J and Test C:5 240 J with mean
C:14,15 0.70 298194 54745 value 253 J are shown in Fig. 12.

From the same batch of concrete 21 cylinders w
(height 300mm and diameter 150mm) and 12 cube:;pp M1
(side 150mm) were produced. 10 cylinders were
tested in fatigue and three to determine static
compressive strength. The rest was used for frictior 3
influence measurements and also in reserve.

CONCRETE 20

Composition of concrete was: cement 245 Kg/m '

water 196 kg/m, sand 1175 kg/fhand crushed '® . 7

granite stone 694 kg/finFor fresh concrete slump //

was 40mm, air content 1.0% and density 2365 ; Qeec/feee
6 0. 10

kg/m®. The specimens were after remolding stored 02 0.4 0.
under water for 5 days followed by 3 days under ) L
wet feltings and then in laboratory at temperature Fi9ure 12.Absorbed static failure energy W at

20° centigrade and RH 50% until the tests after 7 different related stress levels of concrete cylinders.
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As the curve of the measured absorbed energy WMeasured heat energy
close to the failure load is asymptotic, the values

obtained are uncertain. The development of heat energy in principle is

shown in Fig. 15.

At the beginning of the measurements the
temperature differences over the insulating layer are
The measuring system for supplied and absorbedery small which makes the results very uncertain
energy unfortunately did not work as expected. Thecausing curves not starting at 0;0 point. The stored
absorbed energy measurements based on stragnergy in the concrete cylinder and heat exchange
increments were registered unsatisfactory due towith the loading machine platens dominates in the
overflow in the computer system. Therefore, the beginning phase, but the through insulating mineral
results based on load increments of Bergquistwool measurement layer transmitted energy rose
(1984) are used in the evaluation instead, where thisvhen temperature difference between the cylinder
did not happen. The absorbed energy follows aand air in the room increased.

straight line after a staring zone and is shown in Fig.

Measured absorbed energy

13. Bergquist did not measure the heat energy, SO & 4Energy E [kJ ]
separation of destruction energy and heat energyigp  Failure
from his results is not possible.
140 £ Totally absorbed heat energy E
w ]
/ 10 Stored heat energy
10° -
‘ /.-/ 601
10° ; / 20 ) Transmitted ?git-gy']ﬁ" 1
/ Line  0ud™fice £  — ' t[h]
10° 1 0.90 z & 6 &8 W 2
2 0.85
3 3 0.80 Figure 15.Relation in principle between stored
Wr Z7® 4 0.75 : :
ZaS 5 0.70 heat energy and transmitted energy as function of
w0 22 : time t is shown.
10 10 10° 10* 10° 10° N

Figure 13.Absorbed energy W up to fatigue failure The thermocouples arranged in the wood fiber plate
related to numbers of load cycles N. Bergquist  at cylinder ends however became destroyed by load
(1984). pulses. The Teflon polymer layers experienced
internal temperature increase due to pulsating load,
Average absorbed energy per load cycle at differentand most likely did not function satisfactory.
stress levels is shown in Fig. 14, according toTherefore energy exchange between the cylinder
Bergquist (1984). It increases slightly with and loading platens went unfortunately out of
increasing the maximum pulsating stress level as itcontrol.
can be expected. The concrete cube strength of the
present tests was 40.1 MPa and cylinder strengtitCOMPARISON BETWEEN SUPPLIED AND
30.1 MPa, while those of Bergquist (1984) 47.3 ABSORBED ENERGY

MPa respective 35.9 MPa. L . : .
P Taking into considerations the shortcomings of the

+ W/Loadcycle measurements a try to compare the absorbeq energy
| ¥ and the energy in the form of heat and deterioration
404 1] of concrete is done in the following.

It can be stated that temperature increase of the
concrete cylinders was more for higher stress levels
and could reach up to 1@entigrade and resulted in

0

stored energy.

The transmitted energy was low due to the
24 thickness of the cylinder side surface insulating

layer for transmission energy measurements and

due to this fact became uncertain, especially in the
. beginning phase of loadings, when the temperature
070  oFs ot 085 890 g [ difference over the insulating layer was small.
Improvements have to be done in placing

Figure 14.Average absorbed energy per load cycle thermocouples to avoid air slots between concrete
at different related stress levels including and the insulating layer and also to better control
destruction and heat energy, Bergquist (1984). surface heat resistance. Room temperature
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development has also to be followed in detail. As these are not very precise the destruction energy
The energy transmission trough the concretecould not be determined with the necessary
cylinder ends to machine loading platens could notprecision to confirm the hypothesis that the
be determined, due to destruction of the measuringlestruction energy is the same for static and fatigue
equipment by load pulses. It was therefore assumetlypes of concrete failures. But the hypothesis cannot
to be the same as through side surfaces. Thée excluded either.

measuring technique has to be improved.

Measurements for some specimens became¢ w.t (3}

however possible to use.

Fig. 16 shows heat energy measured for specimel

C:14 compared with absorbed energy measured b' : )

Bergquist (1984). At the beginning the 10 /

measurements, when registering smaller quantities .

suffer from un-precision. In later phase an approacl , /

is observed between the absorbed energy and th® / £

measured heat energy consisting of the in the max |

concrete cylinder stored and from concrete surface: | ' / (%%= 0.75)

transmitted energy. The distance between thesa0 s

energies is the destruction energy. However the (%'L“L“: x)

concrete in Bergquists tests was 19% stronger tha|w, / cee .

in the present tests and makes this distance wider. 7 e ¢ o 0 o N

W.E[J] = a4 . .
95&2%70 == Figurel?. C(_)mpanson between absorbed energy W
feec / (J), Bergquist (1984), with to these tests somewhat

108 adapted concrete strength level, and developed heat
energy E (J), test C:12, as function of load cycles N
Failure until fatigue failure.

As these tests, with these methods were performed
for the first time a lot of complications turned up.
To obtain better results repetition of the tests should

£
A
!
|
|

10 .
/w N be done with the necessary improvements in the
- measuring technique. However, the improvements
107 . — . . N could not be done due to certain reasons and in
10 10 0 10 0 present paper are presented what the results became
to be.

Figure1l6. Comparison between absorbed energy W
J) Bergqui_st (1_984) and developed heat energy E CONCLUSIONS
(J) until fatigue failure of cylinder C:14.

1. About friction between concrete cylinder and
In Fig. 17 a try is done to adapt the absorbed energgteel loading platens
measurements performed by Bergquist (1984) to thdJnder static tests it is possible to avoid friction
concrete strength in present tests. The concretdetween concrete cylinder ends and steel loading
compressive static cylinder strengthe.f in platens with two Teflon layers.
Bergquists tests was 19% higher and thereforeUnder pulsating load with frequency 2 Hz however
comparison is done for Bergquists tests with histhe Teflon layers are deteriorated due to internal
Occe™ e = 0.70 adapted for present test C:12 with heat development in the polymer.
G Mfeee = 0.75 approaching somewhat the 2. Temperature increase
relative stress levels. It can be seen in Fig. 17 thaffemperature increase was more for higher stress
the heat energy curve approaches the from machintevels and could reach up to °1€entigrade in the
load absorbed energy line according to Berquistconcrete cylinder.
(1984) to a distance, which is of the size of the The transmitted energy was low due to thickness of
static destruction energy level 0.30 kJ. the insulating layer for measurements and relatively
It can be stated that measured absorbed energy arminall temperature gradient especially at the
the measured developed heat energy are in regioheginning of the tests, which made the results
100 kJ, while the destruction energy being theuncertain for transmission energy measurements.
difference of absorbed and heat energies, is onlymprovements have to be done in placing
about 0.3 kJ, as it was determined in static tests Figthermocouples to avoid air slots between concrete
12. The destruction energy is a small numberand the insulating layer and also to determine
obtained as the difference of two very big numbers.surface heat resistances.
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Thermocouples placements possible to sustain thelifference between absorbed and heat energies,
pressure between the concrete cylinder end surfacemight equal to that in the static tests 0.3 kJ.

and loading steel platens of the machine have to b&he destruction energy in fatigue obviously is a

developed. small number obtained as the difference of two very
Room temperature development has to be followed.big numbers. As these were not very precise, the
3. Developed heat energy and destruction energy destruction energy could not be determined with the
Both from the loading machine transmitted and bynecessary precision to confirm the hypothesis that
the concrete cylinder absorbed energy andthe destruction energy is the same for static and
developed heat energy, which is stored in concretdatigue types of concrete failures.

cylinder or transmitted to surroundings, is in region

100 kJ, while the destruction energy, being the
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ENHANCED IMPACT ABSORPTION PROPERTIES OF PLYWOQOD
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sanita.zike@rtu.lv, kaspars.kalnins@sigmanet.lv

ABSTRACT

Impact response of plywood laminate composites with imbedded glass and flax fibre fabrics utilising
different adhesives were both experimentally produced and studied. Moreover the impact energy absorption
of wood products as veneer, three and seven plies plywood and particle board were estimated. Therefore,
laminate composites were subjected to drop-weight tests with initial energy of 150J and striker with diameter
20 mm in order to determine the impact force, energy absorption and deflection rate.

The experimental results approved poor impact absorption properties for both single veneer ply and particle
board, the impact resistance was significantly higher in plywood products. In combination with
thermoplastic polymer and textile fabrics the absorbed energy of laminates was considerably enhanced. The
highest specific absorbed energy values have been observed for plywood laminate produced by polyethylene
adhesive and incorporating the glass fibre fabrics. During the drop-weight impact tests all samples were
punctured, showing local damage in the upper ply and much more extensive at the bottom ply. The damage
extent was smaller in composite laminates reinforced with the fibre fabrics.

Keywords: drop-weight impact, bio-composite, veneer, flax fabric, plywood, laminates

INTRODUCTION and OSB panels (Gardner, 2011). In general, the
rgest increases in strength can be obtained with
e lower grades of wood due to a larger difference
in relative tension/compression strength values,
which can be remedied by adding FRP tension
reinforcement (Dagher et al., 1996).

mplementation of glass fibre as reinforcement in

Plywood panels may be considered as the higheslt
performance wood products frequently utilised by
building and transportation industry as in concrete
formwork systems, floors, walls and roofs in
vehicles, container floors etc. Plywood production

may be considered of particular interest because o : .
RP composites is more common whereas carbon

?gsegreit;litngoirrﬁz(()agg%:enrgarl':]lgceha%fic;\ll(:)?gpgrrt(i)epseirgetﬁ eflbre_ usage has not been found economlca_l in terms
directions of three mutually perpendicular axes pf stiffness enhgncement. Thus FRP materials allow
showing the highest load carrying performance inmcreaseq ut_|I|ty of - low-quality .V\.IOOd n
fibre direction taken as longitudinal. Therefore construction; improved struct_ural efflplency and
manufacturing of plywood made of veneer Sheet’sred_uced sFructuraI membe_r size requirements and

) . i A ..~ ~“weight; to improve the serviceability; and to reduce
with varying fibre direction allows homogenising

the strength properties of wood. It also significantly the costs in some applications (Raftery, 2011; Pirvu

enhances the bending stiffness of the Iaminateet al,, 2004).

) ; . Glass fibre fabrics are extensively used in polymer
structure, but still the strength properties in . . :
oo g ; : based laminate composites used in aerospace,
transverse direction are limited like poor impact

. transportation and marine industry especially for
resistance (Forest Products Laboratory, 2010). vehicle body production due to the highly specific

The performance of wood and wood products can chanical properties. Polymer matrix  based

be improved incorporating it with other materials as . .
' ) composites based on thermo set polymers with glass
fibre reinforced polymer (FRP) layers. The FRP fibre reinforcement are brittle and subjected to

Iaygrs can be usgd as outer Iaygrs of wood par'e'gxtensive delamination while the impact response
acting as protective and decorative coat endunngCan be enhanced by implementation thermoplastic

the Stress from mt_ernal load abuse, d_amage frorT?'natrix and three dimensional textiles (Shyr and
road debris, cracking caused by varying weather,

conditions. Therefore, FRP/plywood composite Pan, 2003, Zike et al.,2011; Reyes and

combines the structural properties of plywood _ Sharma, 2010).
durabilty, bending strength and  stifiness, Moreover, glass fibres are the class of synthetic

dimensional stability and workability — with the fibres involving large energy sources in production
:cpbng-vlvearing fand dwleather-proolf Surf?:.:eh Ofl agg\?iror?rrrfentgﬁrglr):)bléﬁ:sy Clp)ar%ﬁ.otegogilert?\e zis?gg;
iberglass-reinforced-plastic overlay, which also . O .

provi%es added pstrength ;’nd stiffness Ncrease of waste in disposals and high energy

(www.apawood.org) Incorporation of FRP layers consumption is becoming more intensified.
-ap -0rg).Jncorp L ey Consequently legislation has been set by the
has been found useful in combination with glulam
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European Directive005/64/ECdevoted to decrease MATERIALS AND METHODS
the environmental impact of vehicle waste;
introducing recyclable materials in vehicle
production thus implementation of natural products Experimentally made laminated composites
from renewable and biodegradable sources.consisted of single veneer or three plies plywood as
Therefore, instead of synthetic fibre fabrics naturalouter layers and GF/flax fabrics as inner layers. The
fibre  textiles could be used providing fabrics used in this study were made of woven
biodegradability, low cost - natural fibres as flax plain-wave structure and non-woven or stitched
and hemp fibres are up to 40% cheaper tharfibre fabrics (Fig.1). Commercially available non-
standard glass fibres, nonabrasive nature, lowwoven stitched glass fibre fabrics made of four
energy consumption, high specific properties, lowlayers with fibre stacking 45/90/45/0flax fibre
density, etc. fabrics of two layers with stacking 0/90and GF
Main drawbacks are considered to be low thermalmat fabrics were used. Flax fabrics were prepared in
stability, low resistance to moisture and seasonathe Institute of Textile Material Technologies and
quality variations even between individual plants in Design of the Riga Technical University (RTU) by
the same cultivation (Ashori, 2008). Maris Manins.

Commonly used adhesives are phenol- and ureamn the experimental production of laminated
based formaldehyde resins which are toxic andcomposites two types of adhesives as traditionally
sensitive to the external moisture. Therefore,utilized phenol-formaldehyde and high density
replacing the existing adhesives with non-toxic, polyethylene (HDPE) films and sheets representing
water resistant and good adhesion promotingclass of thermoplastic polymers were employed.
materials may be considered beneficial (ForestMoreover, once used HDPE film was employed
Products Laboratory, 2010). being utilized for outdoor environmental exposure
Formaldehyde is a toxic gas that can react withduring the period of one year with thickness 80 um.
proteins of the body to cause irritation and, in someComposites with incorporated fabrics were made
cases, inflammation of membranes of eyes, noseintroducing HDPE sheets with thickness 1 mm.

and throat. However, formaldehyde is efficiently Furthermore, the birch veneer plies, phenol-
consumed in the curing reaction, and the highlyformaldehyde adhesive and also three and seven
durable phenol-formaldehyde, resorcinol- layer plywood which has been investigated in the
formaldehyde, and phenol-resorcinol-formaldehydepresent study was generously granted from the
polymers do not chemically break down in service company A/S “Latvijas finieris”.

to release toxic gas. However, some emission of

uncured components is observed in service life of

products (Forest Products Laboratory, 2010).

Additionally, manufacturing could be significantly

enhanced and more efficient if instead of spreading

glue between veneers, adhesive layer compatible

with whole plywood lamination process could be a) b)

used.

The walls and roofs in transport vehicles, also

container floors can be subjected to the damage

from road debris, tool drop and other small object

impact under low velocity.

Thus, this research was focused on the development

of plywood laminates with increased impact energy c) d)

absorption capacity. In plywood laminates

thermoplastic ~ polymers as  high  density  Figyure 1. Fabrics implemented in this study:

polyethylene (HDPE) and fibre fabrics made of g) stitched GF; b) GF mat; c) non-woven flax fibres;
glass and flax were incorporated. HDPE is preferred d) woven plain-wave flax fibres.

because the melting temperature is in range of 130-

14?:C| compatible with plywood processing | gminate manufacturing process

technology.

Furthem?gre, the impact properties as energy_Experimental production of laminated compos_|t_es
absorption, specific energy, impact load and involved _stackmg of separate_z sheets m_a|nta|r_1|ng
damage extent were compared between compositéeneer plies as outer layers with overall dimensions
laminates introducing woven and non-woven 62 x 62 cm (Fig.1). Between veneer layers plies of
fabrics made of flax and glass fibre (GF) textiles, thickness 1.4 mm each, HDPE and flax/glass fibre
additionally laminates without textiles where fabrics were incorporated. The processing of
experimentally produced to evaluate the influencel@minates was performed on laboratory equipment
on adhesive type bonding between plywood plies. of the RTU, Institute of Materials and Structures —

Materials
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handmade hot press (Fig.2). The laminates werebserved. The larger the area under the load-
hold for 10 minutes at the temperature of 450 deflection curve the higher the level of energy is
without pressure to ensure melting of thermoplasticabsorbed by the material (Shyr and Pan, 2003; Zike
adhesive and for 10 minutes under the pressure oft al.,2011; Reyes and Sharma, 2010).
2bar. As the next step the composites were cooledmpact properties between different laminate
down at the room temperature under pressure t@onfigurations were examined, thus the
avoid twisting or warping of the laminate specimens experimental part can be sectioned in several parts:
due to the thermal expansion and creep of separatenpact resistance of different all-wood products;
layers. The obtained laminates were cut intocomposite laminates with incorporated GF/flax
specimens with dimensions of 10 x 10 cm fabrics and damage evaluation of different
according to the impact testing specimens after drop-weight impact tests.
standard (ISO 6603-2).

Impact properties of all-wood products

Impact testing Therefore, first of all the impact response to free-

For the impact tests a drop tower INSTRON falling object impact of different wood products as
Dynatup 9250HV has been utilised. During the testveneer, particle board, three and seven plies
impact the machine was equipped with a plywood based on phenol-formaldehyde and HDPE
hemispherical punch with a diameter of 20 mm. film adhesive was compared (Fig.3). The best
Specimens with dimensions 00 x 100 mm were impact resistance was shown by laboratory
fixed in pneumatic clamping system with inner ring manufactured plywood consisting of seven plies
diameter of 76.2 mm. with reused HDPE film. The absorbed energy of
similar plywood made with phenol-formaldehyde
adhesive was approximately twice lower and the
impact force one and a half times lower. The worst
impact resistance was observed by single veneer
and particle board. Even the mass and thickness of
the particle board was twice larger than that of the
seven plies plywood, the absorbed energy was
about twice lower (Table 1).

8 T T T

—&— particle board —— veneer L 100
plywood 7 (PE) plywood 3 (phenol)
—&— plywood 7 (phenol)
Figure 2 Experimental production of laminated — 80
composites. =
p = Leo 3
& 44 o
The impact velocity was set to 3.4 n_1/s, height § 6000000000 |, g
approximately 0.6 m and weight 26 kg in order to = OOoO e
provide the resultant  potential impact 2+ - ghbpEnoo00ooET-
energy of 150 J. ‘ 20
RESULTS AND DISCUSSION

0 10 20 30
The impact response of any materials can be Deflection (mm)
described by the amount of force and energy it can

absorb. A typical impact response curve obtained in  Figure 3. Impact force and absorbed energy of
the tests may be subdivided in three following parts: different wood products.

ascending, peak force and descending part. The

ascending part is related to the bending stiffness oAs the thicknesses of the tested specimens was
material capability to resist the impact force in different, specific absorbed impact energy was
flexure. Maximum force shows the force needed tointroduced showing the absorbed energy per unit
induce composite damage through the materiaweight. The highest specific energy was calculated
fracture and delamination. The descending partfor experimentally fabricated plywood with HDPE
depends on the material properties: brittle materialsadhesive and the lowest for single veneer and
will show very sharp drop of load, laminated particle board. Therefore, production of plywood
composites show gradual decrease because aind implementation of HDPE adhesive significantly
delamination growth, in sandwich structured increases the efficiency of impact resistance of
composites the load reached maximum peak canvood products. The effect of adhesive could be
stay constant for a longer period if the resistance ofxplained by quite different properties between
the core material is sufficient, thus plateau can bethermoplastic and thermo set polymers or HDPE
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and phenol-formaldehyde, respectively. HDPE is acompare woven and non-woven GF fabrics
well-known thermoplastic material, because of thelaminate specimens made with single veneer and 3-
inherent molecular structure the thermoplastic ply plywood at the top plates. (Fig.5) An adhesive
polymers are more plastic and show higherHDPE sheet was used to bond GF fabrics to the
toughness than thermo sets. The influence ofouter layers of veneer and plywood. However, the
adhesive toughness on overall performance on theover plate of 3 plies plywood was made of phenol-
composite impact properties in transverse directionformaldehyde glue. The relation between the fabric
is clearly evident by their higher performance. type and impact response was more pronounced by
(Forest Products Laboratory, 2010). laminates with outer layers made of single veneer
Moreover, it can be observed that the impactply. Laminate with woven GF fabric showed 2.5
response was highly dependent on the number ofimes lower impact force and twice lower absorbed
plies, for example, single veneer absorbs aroundenergy. Meanwhile the laminate made of 3-ply
0.25J, three plies plywood four times more — 1J andblywood in outer layers and woven GF fabrics
seven plies plywood 4J, what is 16 times moreshowed 1.5 times lower impact force and 1.7 times

comparing to single veneer ply (Fig. 3). lower impact energy absorption capacity. Therefore,
larger enhancement was achieved employing less

Impact properties of wood/GF & flax products impact resisting sheets in outer layers.
Implementation of fabric materials between veneer .
layers was expected to improve the plywood impact | veneer/PE/GF1L | 120
absorption properties more radically. In Fig.4 the —A— veneer/PE/GF2 .
impact response of composites made of different 87 —=— plywood 3/PE/GF1 =100
fabrics with phenol-formaldehyde adhesive was 1 —® plywood 3/ PE/GF2 s
represented. The acquired results were comparedi 6+ -804
Wi_th 3-ply plywood assuming the fabr_ics as the 2 | QOOOOOOOOG_.-6O g
third ply (Fig.3). Therefore, incorporation of GF § 4 o9 | <
mat increased the impact force around 1.5 times3 | Lag S
whereas non-woven flax and glass fibre fabrics | & AAAH-Z AAAA ot
increased the ultimate force values about 2 and 3.5 ) -20
times. 1/ 8¢ i

. . . . . . . 0 5 10 15 20 25 30

—o— with stitched GF fabric —#— with GF mat | 54 Deflection (mm)

44 with flax fabric with Al foil
Figure 5. Impact force and absorbed energy of
laminates with different GF fabrics and outer layers

Moreover, both GF composites made with 3-ply
plywood in outer layers showed higher impact
resistance (Fig.5) than 7-ply plywood made of
phenol-formaldehyde (Fig.2). The impact force was
increased 1.1-1.5 times and energy absorption 1.5-
; 2.5 times. Although laminates with GF fabrics
. . e introduced between 3-ply plywood were heavier,
o 5 1 1 20 2 30 B the specific absorbed energy was still higher of GF
Deflection (mm) - . . . .
composites. Comparing the specimens with single
veneer layers as cover sides no significant changes
in specific energy absorption have been observed
(Table 1).
dn addition, by comparing the results with 7-ply
plywood made with HDPE film adhesive (Fig.3) it

Load (kN)

Figure 4. Impact force and absorbed energy of
laminates with incorporated fabrics.

The energy absorption in composites increase

more rapidly than the impact force, therefore,h b b d th | : ith 3-p|
introduction of non-woven flax and GF fabrics can &S Deen observe that only composites with 3-ply

dissipate the impact energy 3.5 and 4.5 times mor@lywood at the outer layer with stitched GF fabric
comparing with 3-ply plywood specimens in the middle layer shows higher impact properties
Laminated composite with stitched GF fabric (Fi9:5). Therefore, 7-ply plywood absorbs 53%

L - _1(80J) from the initial energy 150J, whereas 3-ply
ZE%%% su:;]Igr Iw:g ctlstsrentgi;megrogljoevrvtgars ?Nserghrt)lyplywood with incorporated stitched GF fabric 67%
consequently, the specific absorbed energy was 1%82‘:5)f||t m?y b.e assun?ed that'; mcorpor(l’;\tlon gf
times higher than laminates with stitched GF fabric. lim also In outer layers between plywoo

Furthermore, correlation study has been done toOI'e.S COUI_d add|t|0nally_ Increase the impact
resistance in transverse direction.
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3,0 ————————— Lower performance was observed by composites
made of 3-ply plywood and woven plain-wave

T
w
4]

2,54 —=— non-woven flax |30 fabrics (Fig.5) showing 1.5 and 1.3 times lower
& —A—woven flax impact force and absorbed energy rate comparing to
2,04 without flax fabric 25 composites with stitched GF fabric.
YYA

Additionally two types of flax fabrics incorporated
between veneer layers bonded with HDPE adhesive
were examined under the impact tests (Fig. 6). The
drop-weight impact results showed the best
performance of the laminate with non-woven fabric
composed of two flax fabric layers. Therefore, non-

e U woven flax fabric being twice heavier than the
0 5 10 15 20 25 30 35 40 woven one showed about 1.5 times higher impact
Deflection (mm) force and absorbed energy values. While two

veneer sheets bonded with HDPE film show

Figure 6. Comparison between composites made ofapproximately 2-3 times lower impact force and
different flax fabrics bonded between veneer sheetsabsorbed energy values. In spite of enhancement
with HDPE adhesive. composites made with flax fabrics showed lower

energy dissipatig capacity comparing to GF fabrics.

T
N
o

1,54

5
() ABiauzg

Load (kN)

1,04

T
[any
o

0,54/

T
(6]

i) ) k) 1)

Figure 7. Speciments after the drop-weight impact tests: top (a) and bottom (b) of veneer; top (c) and bottom
(d) of 7 plies plywood; top (e) and bottom (f) of particle board; top (g) and bottom (h) of HDPE; top (i) and
bottom (j) of composite with GF fabric; top (k) and bottom (I) of composite with flax fabric.

Table 1
Specific energy of specimens subjected to drop-weight impact
Specimen Thickness, Impact Absorbed Mass, g Specific
mm force, KN  energy, J ! energy, J/g
HDPE 1 1.3 18 9.7 1.86
Veneer 1.5 0.22 15 8 0.19
3-ply (phenol) plywood 4 1 12 27 0.45
7-ply (phenol) plywood 9 4 45 64 0.86
7-ply (PE) plywood 10 4 45 62 1.26
Particle board 16 3 23 111 0.21
Veneer/PE/GF/PE/veneer 4 2/3.8 30/ 60 43/50 0.7/1.22
3-ply plywood /PE/GF/PE/ 3-ply plywood 9 5&6 60 & 100 76.5/85  0.78/1.17
Veneer/PE/flax/PE/veneer 5 1.75/2.4  22/37.5  42/50  0.52/0.75
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The specific absorbed energy by flax fabrics CONCLUSIONS

composites was within 0.5-0.75, whereas GF fabricspjfferent wood products have been subjected to
composites within 0.7-1.22 J/g (Table 1). drop-weight impact tests from which the lower
By graphical inspection of the tested specimens th@mpact resistance has been observed by particle
damage in all specimens was more pronounced ifhoard and single veneer whereas the highest energy
wood f|br_e direction. (Fig.7) In the case of plywood absorption capacity of 7-ply plywood with HDPE
and particle board the upper layer was damagedjim adhesive. Such laminate can dissipate twice
locally taking a circular form of striker head (Fig. higher impact energy than 7-ply plywood based on
7c,e) more extensive d_amage was observed at thﬁhenol-formaldehyde adhesive. Laboratory
bottom layer also showing some pulled out middle ymanufactured samples incorporating glass and flax
plies (fig.7b,d,f). The amount of damage at the fapric have been tested to asses the benefit of textile
bottom of plywood samples could exceed the reinforcement. It has been proved that the largest
damage area at the specimen upper surface up @mount of initial impact energy can be absorbed by
four times. Less extensive damage was observed IBlywood laminate with stitched GF fabric. The
laminates with integrated HDPE film with both GF hjghest specific absorbed energy values among the
and flax fabrics (Fig.7j,l). The particle board due t0 gt specimens have been obtained for plywood
drop-weight impaqt has disintegrated thus showingyade of HDPE adhesive film and by incorporating
the most extensive damage among the teste&r faprics. It was outlined that the GF shows more
samples (Fig. 7f). In plywood specimens fibre gignificant enhancement of transverse impact
breakage, delamination between plies and CraC'ﬁoroperties compared to flax fabric textiles
growth has been observed both perpendicular anghtegrated in plywood laminate. Moreover, once
paralel to wood fibres. A plastic deformation of jncorporating the textile fabrics a considerable
HDPE sheets may be noted explaning the betteraqyction of damage propagation and laminates ply
(plf_rf();mir)‘ce of plywood laminayed with HDPE fajlyre has been observed under the impact load.

ig. 7g,h).
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INFLUENCE OF TECHNOLOGICAL AND STRUCTURE PROPERTIES ON
SHAPE OF ASYMMETRIC PLYWOOD SHEET
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Riga Technical University, Department of Structural Engineering
janis.sliseris@gmail.com

ABSTRACT

The paper presents a numerical study of the technological process and plywood structure (veneer
arrangement and thickness) influence on the shape of the sheet. The technological process after the gluing
process, including the conditioning of the sheet in various moisture-temperature conditions is numerically
modeled. Technological treatment- conditioning produces the stress-deformation field in the sheet. The
behavior of wood material produce the stress-deformation field change in time. The standard linear solid
model constitutive model of material is used in the analysis. The coupled moisture- temperature- stress
analysis is done by using the Finite element method. The moisture- temperature conditions on the boundary
of the sheet is defined by polynomial equations. The rational moisture-temperature conditioning parameters
and plywood structure are proposed that provide the necessary shape of the sheet and its stability in time.

Key words: Technological process, plywood structure, standard linear solid model, stress-deformation field

INTRODUCTION mechanical loading or moisture-temperature
loadings (Sliseris, Rocens 2011, Goremikins,

Rational structures with minimal material Roens 2010, Goremikins, Serdjuks 2010, Brauns,

c_onsumption and weight is one Of. the main re_searcrhocens 2008). In very few works the temperature-
fields in today's structural engineering science. moisture diffusion problem in modified wood

Wood resources could be rationally used (W'thl(plywood) is solved. In the literature there is not

small amount of sawdust and other less uSefuany work dealing with the moisture-temperature-

moatﬁlr;a;lst)o tl)};en}?aktm% \?Jg;v;%%ezr;gﬁf.bﬁil:;nve;i stress problem in plywood sheets with asymmetrical
Pop Py 9 85 giructure. This problem is numerically studied in

load bearing elements or covering elements. Froqhis work
the structural engineering point of view more '

effective it is to use curved plywood shells than flat NUMMERICAL METHOD OF MOISTURE-

sheets because of better cross section Characteristiﬁ.-EM PERATURE-STRESS ANALYSIS
second moment of area. The main obstacle for using

curved shells is its difficult and expensive Moisture analysis

manufacturing. It could be significantly simplified The moisture analysis is done by using one

by making the sheet with special asymmemcaldimensional moisture transfer model. It is assumed

structure and curved using veneer orthotropic : P )
moisture expansion properties. The curvature iSthat moisture distribution through the thickness of

techniques and than conditioning in special y

moisture-  temperature  conditions  (Sliseris, by the Fiks law (Liping 2005, Olek, Weres 2007):

Rocns 2010). The sheet with asymmetrical 5,y 5 (_ om

structure is more sensitive to moisture-temperature—:—( —j
: : oot ot oz\ oz

change and structure imperfections (Sliseris,

Roaéns 2010). The special moisture-temperature —a<z<a 1)

conditioning has to be projected for the sheet to t>0

obtain the necessary shape. In many works the h . di ionl

moisture diffusion problem is analyzed, for exampleW ere m- moisture content (dimensionless), z-

(Olek, Weres 2007). The coupled moisture- coordinate, on axis perpendicularly to the sheet

température diffusion problem is considered in surface, t- time, D- moisture diffusion coefficient

. - . 2

Tgagnzy ngi %ggag}d;,gEg%e;ggé)Papathanasmu(mT)' that is calculated by the following equation

There are many works where the moisture-stres§wook, Woo, Chang etc 2008):

problem is solved in small, idealized wood samples

(Fortino, Mirianon, Torat_ti 2009, Jonsson 200_5)._ D = 5.76exb1.45m — 5280 @)

In many works composite structures are optimized T

including wood structures that are affected by
where T- temperature (K).
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The moisture diffusion coefficient depends on Using the mentioned constitutive equation in each
temperature T, therefore, the moisture diffusiontime step the stress distribution curves that are

process depends on temperature diffusion. obtained by the Finite element analysis are
The following initial and boundary conditions are corrected. The stress values are corrected in
used in the analysis: particular points (in this case there are used 19
points) through the thickness of the sheet. Assumed

mzt=0)=m, that there is no shear deformation through the

om (3) thickness of the sheet and deformation values

—— =k,(m-my)z=1a,t >0

ot through the thickness of the sheet could be

approximated by linear equation. The stress-strain
where ki, —surface moisture emission coefficient.  values are corrected in the direction of the main

deformations  without interactions to other
Temperature analysis directions. In addition two equations are used- the

T ¢ vsis is d b ing the classi Lotal internal force and moment should be zero,
emperature analysis 1S done Dy using the classiCal, o ., se there is no external moment of force. The

Fourier law : final system of equation is the following:
oT
p(mdmT)—-=v(mT¥T) (4)

where p—density of plywood ( kg/m3),
c(m’-r)_speleIC heat Of pIyWOOd /’{(m,'l')_heat ...........................

diffusivity coefficient, V —Nabla operator (partial P
derivative with respect to coordinate). Njg —

o oe
+019= NgH1g al +Eég
t
The following initial and boundary conditions are
used in simulation: a
fadZ— 0
Tlzt=0)=T, -a
5
_a(mT) = hT Ty, )z= at > 0 ®) a (7)
ot [o-zdz=0
where h- surface temperature emission coefficient (-a
: s W The system of equation (7) is used to correct the
for plywood assumed it to beh=2 m2K values of stress and deformations. The

displacements, curvatures are obtained using the
small deformation theory (Zienkiewicz, Taylor
2000). The rheological coefficients are dependent
on temperature and moisture. It is assumed that only
Stress analysis rheological coefficients in tangential direction of
wood depend on temperature and moisture. The

(Fortino, Mirianon, Toratti 2000
T, — Surrounding temperature (K).

Typical plane stress shell element is used : X ;
(Zienkiewicz, Taylor 2000). In the stress analysis relat|onsh|ps.are the following (Ugolev 1971)
the results from moisture and temperature analysié""hen stress is under 85% of strength of wood):
are used to calculate moisture caused stress (Ranta-

Maunus 2003, Brauns, Rocens 2004). The total time Hr0T ¥ 223515-700m-... ©)

is divided in small time steps and in each step the 22 7T + 28.58mT + 570(m? + 0.07<T 2

calculated stress value is corrected according to thi E T )=574- 926n-...

standard linear solid model that consists of elastic 2 ) )
spring in series of dashpot that is parallel to other 3-7€T —9mT —546(m* + 0.002€T

spring elements. The constitutive equation is N T ¥ 2947-1236n-... (10)
defined by the standard linear solid model, thatq1 36T +3.17mT +138(m?2 — 0.0006T 2

could be used for solving technological problems of

wood (Ugolev 1971, Rocens 1979): RESULTS OF MOISTURE-TEMPERATURE-
”%TJ' = nH %Jr E. ©) STRESS ANALYSIS

In the numerical analysis a sheet with total
thickness 20 mm was simulated. The total thickness
where n- relaxation time (min), o —stress of the layers that are orientated in longitudinal and
component (MPa) ¢ — deformation component, H- shear direction are;hh;, respectively. The initial
instantaneous Joungs modulus (MPa), E- long terninoisture content of the wood is 6% and final
Joungs modulus (Mpa). moisture content 12%.
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Three different temperature conditioning regimesthe stress- deformation state of the plywood sheet
(TCR) are simulated. In each TCR there arewas analysed. In Figure 3 the main curvature of the

different air temperature change relationships withsheet depending on time for three temperature

respect to time. These relationships are shown irconditions is shown. The linear model indicates that

Fig. 4. there was used the linear relationship between stress
Before stress analysis moisture-temperatureand strain instead of rheological equations (6). It

diffusion in the sheet transversal direction wascan be figured out that in this range of parameters
simulated. The surface of temperature and moisturaised in the numerical experiment the difference in

distribution in time through the thickness of the linear and nonlinear analysis is approximately 25%.

sheet is shown in Figure 1 and Figure 2. The results for various TCR changes are in range
The obtained moisture and temperature distributionof 5%.

curves were used in stress analysis. In all three TCR

Figure 1. Temperature distribution through the thickness of the sheet in time in 1. TCR.

R I
R LI
01

0mg .

Iloisture content

Tirne t, hours 0 00 Distance z, m

Figure 2. Moisture content distribution through the thickness of the sheet in time in 1. TCR.
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Figure 3. Curvature of the sheet depending on time for various TCR (see Fig. 4.).
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Figure 4. Temperature conditioning regimes (TCR).

In other numerical experiments the curvature of
the sheet change in time for various ratios of
shear and longitudinal layer thickness were
analyzed. The obtained results are shown in
Figure 5. It could be seen that in this range of
ratios the curvature is increasing when the ratio is

increasing. Although there the ratio when the
maximal curvature is obtained is between 5..7,
depending on veneer properties and TCR and
moisture regimes. In case if there are very large
ratios then the shape stability is significantly
decreased.
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Figure 5. Curvature dependence of the structure of the sheet (ratio of shear and longitudinal
layers thickness).

CONCLUSIONS The results show that rational ratio of thickness of
longitudinal and shear layers vary from 5..7 that
gives maximal curvature of the sheet and provides
shape stability in a long period of time.

The influence of temperature conditioning regime
and structure of asymmetrical with respect to mid

surface plywood sheet are obtained by solving theThe wood rheological properties inclusion in the

_?_?]léplsedmmggﬂrgti?r?;{%tﬁif'Strrgsi‘:‘n%rogjfergt's theanalysis change the results in the rage of 20..25%
P g reg compared to the linear analysis.

) X .
fmallshape of the sheet in the range of 5 %. Theln future the proposed model that takes into account
maximal curvature of the sheet in the shortest time

could be obtained by using the linear temperaturerhemoglcal properties of plywood with experiments

N ) . . : and other models should be verified.
conditioning regime with total time approximately
20..30 hours.
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ABSTRACT

The need for structural health assessment of old buildings can emerge in order to assure or extend their
service life. In renovating buildings it is essential to assess the condition of timber structures. Often there are
situations where the wood structures need to be evaluated on site and visual assessment is confined. At this
point the non-destructive methods can be used for evaluation. This research uses ultrasonic, resistance
drilling and pilodyn methods for the assessment of timber samples taken from currently existing buildings of
different ages. As bending being the most important loading mode and modulus of elasticity is a good
indicator of strength in timber structures the results of non-destructive methods were compared with them.
Individual arguments like ultrasound velocity, moisture content, drilling resistance and relative hardness
used in the regression analysis did not give a correlation above average in prediction of the bending strength
and modulus of elasticity of wood found in the standardized bending test. The correlation between the density
of timber and the readings of the resistograph was the strongest, especially damaged by fungi and beetles.
Thereby, when the age of wood increased, the strength of it decreased. The correlation between the readings
of the resistograph and timber internal stresses was weak, meaning that the resistance of wood does not
change significantly while loaded with longitudinal forces.

Key words: bending strength, modulus of elasticity, density, moisture content, acoustic measurement,
resistance drilling, pilodyn

INTRODUCTION intrusion behaviour);

e electrical (correlation between electrical
resistance and moisture, correlation
between electrical resistance and fungal
decay);

e acoustic (sound velocity, sound reflection,
sound attenuation);

In renovating buildings it is essential to assess the
condition of timber structures. Historic timber
structures must be preserved, in order to maintain
their original structural purpose as much as
possible, therewhile taking into account the safety
aspect for the habitants of the building. Therefore, .
an accurate condition assessment is needed to thermal (heat radiation); o _
evaluate the serviceability of timber structures. The electromagnetic waves (visible light,
most accurate way of determining the mechanical IR/NIR radiation, X-ray, neutron radiation,
properties of timber is destructive methods, the ~ Synchrotron radiation). .

most relevant results of which are given by The aim of this work was to investigate the non-
compression, tension and bending tests. But for thélestructive methods, the possibilities of using
sake of preserving the historical value of buildings, Ultrasound, pilodyn and resistograph measurements
the aforementioned methods are not an option. to investigate the relationships of the physical-
Going further: although the importance of visual Mechanical properties of timber. The comparable
assessment of structure elements is highly decisivecharacteristics are the den_S|ty and moisture content,
the results can be very subjective and dependent oRecause they have essential roles in the strength of
the observers’ experiences and skills. And oftenWood.

there are situations on site where visual assessment

is constrained, since the timber structural membeMNONDESTRUCTIVE METHODS AND

has one or many sides covered and/or its geometry ESTING

does not enable the inspection. Therefore, a neeg)yrasound velocity method

for other methods to gain reliable results based on )

scientific research is grounded. At this point non- In the assessment of the properties of wood, sound
destructive methods can be used for assessing th@d ultrasound have been used rather widely. In
condition of wood structures. general terms sound means an elastic wave that
There are several non-destructive methods that cafPreads in materials and its behaviour in various
be used in the assessment and determination of th@aterials is different. For that reason we can give

quality and properties of timber (Niemz, 2009): the acoustic properties for materials (Kettunen,
e mechanical (drilling resistance, hardness 2006). If the distance of the wave transit is known,
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we can measure the time and therefore calculate ththem slower (Kotlinova et al.,, 2008). Ultrasound
speed. This is how the technical properties of avelocity is influenced by the width of annual rings
material can be measured. Consequently, theonly in radial direction, due to the macroscopic
correlation between the speed of sound and astructure of wood, proportion of early and latewood
certain property of the material such as stiffness carand cell orientation in the growth ring (Drdacky and
be made (Lempriere, 2002). Kloiber, 2006).

The longitudinal measuring method of sound speedKotlinova et al. (2008) got the following results in
is the most widely used. In the assessment of theneasuring ultrasound velocity in wood members: in
properties of a material the unit of speed of sound ighe longitudinal direction the velocity ranged from
a common parameter. In the evaluation of the3500 to 6500 m/s and 1000-2500 m/s across the
properties of timber the usage of the ultrasoundgrain. The ultrasound velocity decreases with
method is far-spread in sawmills, where theincreasing the moisture content (Drdacky and
longitudinal measuring method has been used tKloiber, 2006). The velocity decreases dramatically
sort lumber into classes of strength. with the moisture content up to the fibre saturation
As there is a need to assess wood structures on sifint, and thereafter the variation is very small
an obstacle occurs, because in most cases both en(Bucur, 2006). It is also notable here that the
of a member are covered and the measuremennoisture content over the fibre saturation point
cannot be conducted. The measurement can only bmeasured in the longitudinal direction does not have
done when placing the transducers parallel on oneny significant effect on the ultrasound velocity
side or across facing each other. But the latter wayMachado et al., 2009).

of measuring is not always possible, because of th®©verall, the direct longitudinal measurement is
inaccessibility of both sides. This kind of measuring fairly reliable method in the assessment of the
method also gives us only the local parameters oftrength of wood. However, according to the report
wood assessing the local properties. of Machado et al. (2009) it is essential to note that
The main advantage of using ultrasound is that thean indirect measurement can give rather good
bar will be undamaged and it can be used further +esults in determining the properties of stiffness and
no deformations or destructions occur. Tests can bstrength of wood. Furthermore, the results seem to
made on the same member repeatedly without anyndicate that as the distance (10 to 40 cm) between
substantial variation in the results (Bucur, 2006). the transducers becomes larger the influence of
There have been several investigations conducted ideeper wood layers in the velocity of wave
that field. Ultrasound wave propagation is directly propagation increases. Therefore, in a situation
related to the elastic properties of the materialwhere the wood structure is mostly covered and
through where it propagates. If the material isonly one or two sides are accessible, it is possible to
damaged, its stiffness decreases. The wave speed évaluate the strength of the member by the indirect
a function of the square root of material stiffness. measuring method. For wood the most favourable
Lower speed or longer propagation times arefrequency range is between 20 kHz and 500 kHz
generally indicative of worse conditions of wood. It because of the high attenuation of ultrasonic waves
is assumed that the ultrasound pulse velocity can bin wood at higher frequencies (ASTM 494-89,
an index of the quality of wood as it can detect 1989; Tanasoiu et al., 2002).

defects like cracks, knots, decay and deviation on

grain orientation. In spite of the inhomogeneous Resistance drilling method

nature and anisotropy of wood, it is possible to
correlate the efficiency of wave propagation with
physical and mechanical wood properties (Drdacky
and Kloiber, 2006).

The density and modulus of elasticity (MOE) of a

Resistance drilling (Resistograph) enables the
inspection of timber through the depth of the
member. Measurements are dependent on material
resistance to drilling with the diameter of 1.5 to 3.0
mm. The resistograph has an electric motor and is

material strongly affect the acoustic properties Ofbatter ~operated. which is very valuable for using in
wood. Bucur and Chivers (1991) stated that velocity, . y-op ’ . y ) '9
historic timber constructions. The drills are flexible

decreases with increased density. Thus the . :
propagation of sound varies in differgnt species ofand their length depends on type of the resistograph

timber. But in other investigations the results havefar?]i Igitr]ulj?cc:?rr?ers(il‘:,\tzt:ggvc?riﬁ%nal.’isoor?a)'hical the
shown that velocity increases for larger densityto S onpout ut characterise h? herg registan,ce or
values (Haines et al., 1996). On the contrary, P b 9

Mishiro (1996) found in his research that velocity density and bottoms vice versa. Thus, the internal
. defects and damage of the timber member can be
was not affected by density.

. . - . detected.
As wood is an anisotropic material, the speed OfDiﬁ‘erent roperties like hardness, density, strength
sound varies in different directions due to the cell prop : Y, 9

classes, residual cross-section and also
structure (Kettunen, 2006). Trans_,verse Waves arg jeterioration and natural defects can be
scattered at every cell wall. More impacts of Waves | o ined with the analysis of the resistograph

on wood cells in the transversal direction make
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graphs. Also the width of the annual rings andindirect measurements the distance was 0.1 to 0.6 m
structure can be measured. The aforementione@nd for the direct measurements up to 1.5 m (Tico
strength indicators can be used to calculate residudlser Manual, 2008).

strength properties of the timber structure based or87 logs and beams dated from buildings with
Eurocode 5 (Pilt, 2009). various uses were used for the present research. 124
According to the report of Kasal and Anthony members with dimensions of 50x50x1005—
(2004) the relationship of resistance drilling to the 1100 mm were sawn out from the gathered. The
density of the wooden member is variable, rangingchosen dimensions were based on the standard EN
between = 0.21-0.69. 408:2005, which means that the length of the
The main disadvantage is the locality of inspection.member for the bending test should be at least 19
In order to get a total overview of the member times the height of the cross-section. The specimens
condition a numerous amount of drilling tests havewere graded into strength classes according to the
to be made. But that is often limited for the sake of Nordic standard of INSTA 142. Three strength
keeping the material authenticity. Another issue classes were defined according to this standard:
involves the drilling needle, because of the smallJC18, C18 and C24.

diameter of the drill, it can bend easily during the First of all a series of measurements witi1€0
process of drilling into the element. Thus we canUltrasound Instrumentwith 50 mm 54 kHz

receive inaccurate readings. transducers were made with the number of 92
members.

Pilodyn method Four different variants of measurements were
conducted:

As the resistograph enables the examination
through the cross-sectional area, pilodyn gives only
superficial results of the element. The mode of
operation consists in the penetration of a tongue in
the wood element by means of dynamic impact. The
result of this method is penetration depth. The
diameter of the tongue is of 2.5 mm and maximum
penetration is of 40 mm (Kotlinova et al., 2008).

The density is well related to the hardness of wood
(Bonamini, 1995; Kasal and Antony 2004).
Superficial values of density can be predicted with
this kind of portable method. The results got by
Gorlacher (1987) demonstrated good correlation
between the penetration depth and density. Also the
extent estimation of damaged areas of the wooden
member is shown by the penetration depth of the
needle to the inner layers, deeper penetration refers
to a more damaged timber.

Hereby, it should be also mentioned that the
moisture content and the penetration directions have
effect on the results. The penetration depth is highel
in radial direction than in tangential direction. In 1T LU
tangential direction the needle has to penetrate B e =7
through different earlywood and latewood layers,

but in radial direction the penetration happensonly ¢ =~ - L,
in one part of the annual ring.

When operating with this device it is very important 1! 1! | | |

to hold it perpendicular to the element and another D —: R
issue is the vibration evoked by the needle strike, { { | | !

which can result in misleading estimates.

1) Five times with a spacing of 200 mm on
the tangential surface at random early
wood positions by using the indirect
method (hereafter this characteristic is
marked by “A”);

2) Three times with a spacing of 600 mm on
the tangential surface at random early
wood positions by using the indirect
method (hereafter this characteristic is
marked by “B”);

3) One time between the end surfaces in the
longitudinal  direction (hereafter this
characteristic is marked by “C");

4) Five times in the radial direction by
random selection in the direct method
(hereafter this characteristic is marked by
“D").

Figure 1. Schematic drawings of measurement
METHODOLOGY methods applied with an ultrasound device: A -

The objective of the experiment was to measure the indirect measuring; B - indirect measuring; C -
ultrasound velocity in wood members with certain longitudinal direct measuring; D - transversal direct
distances between ultrasound transducers and on measuring.

two main sections—the end and tangential surfaces.

The distances were chosen according to theThe principle of this device is that it sends an
suggestions of the manual of the testing device forultrasound wave into the member by the transmitter
the maximum and minimal parameters. For theProbe and is picked up by the receiver probe with
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the time of flight recorded in microseconds and alsoone correlation was between the maximum loading
calculates the velocity when the length is entered. and bending strength, as this is a distinctive feature
The bending strengths of the test pieces wereduring the test causing the maximum bending
determined by an Instron 3369 device and based ostrength with maximum force. That is why only the
the standard EN 408:200Bere it should be noted bending strength is taken into account hereafter.
that the force was set in the radial direction with

younger annual rings facing upwards. With this Table 1
experiment the modulus of elasticity in addition to Characteristics of the statistical indicators
the bending strength was stored.

After the destructive tests a resistance drilling was Max.

made using the resistograph Sibtech DmP thatMainindicators bending \\~r \ip, MC,  Density,
measures the resistance minimally at every 0.1 mm./ Characteristics St;ﬁggth* % kg/m?

If the resistance of wood is relatively low the

interval of the recording data is even ten times Mean 4298  10156.3 8.85  443.12
longer. The drilling was made in the same direction

as in loading force in the bending tests. There were ~ Median 43.36 103708 895 43448

done 5 drilling holes with the distance of 10...15 cm standard error  13.87 23215 176  54.01
from each other and the spots were designated
randomly free from knots and gaps.The superficial
hardness was measured with Pilodyn 6J after micro maximum 80.12 171156 11.41 596.53
drilling.
The moisture content (MC) and the density of theThe relationship between the maximum bending

specimens were found according to standardizedstren th and modulus of elasticity is remarkabl
tests. In addition the resistance of wood with the 9 Y Y

resistograph was measured under differentfStrong (r=0.72), which proves the latter to be an

! o -~ important argument in assessment of wood
compression loads. All data processing II']CIUdmgstructures. There is also a strong relationship

diagrams, correlation and regression analysis Was iween the densit d dul f elasticit
conducted by MS Excel and R software. _ o y and moguis of elastcity

(r=0.8), which is about 0.3 higher than between the
density and maximum bending strength. The results
RESULTS AND DISCUSSION verify the well-known fact that stiffness is a more
The characteristics determined by the experimentglobal property than bending strength and thus more
are shown in Table 1. The variation of the values ofdependent on density. Thus density can also be a
the indicators of density, bending strength andgood estimator of wood strength. In analysing the
modulus of elasticity were relatively symmetrical, relationships between the ultrasound measurements
thus revealing that the variation by the main and other characteristics the general relationship is
physical-mechanical indicators of the specimenreliably linear and the results of the longitudinal
were regular. measurements characterise the most important
To describe the linear relationship between thestrength and stiffness properties of wood
individual characters of wood by the correlation moderately well (in case of bending strength r=0.42
coefficient Table 2 is presented here. The one-to-and modulus of elasticity r=0.61).

Minimum 9.06 6317.2 5.34 329.61

Table 2
Correlation matrix of characteristics of specimens

LA, B, C, D, Max. Max. bending MC, Density,
Characterlstlcsmls m/s m/s m/s force, N strength, MPa MOE, MPa% kg/m3
A, m/s 1
B, m/s 0.63 1
C, m/s 0.15 027 1
D, m/s 032 0.05 -012 1
Max. force, N 0.09 0.24 0.42 -0.29 1
Max. bending
strength, MPa 0.12 0.25 042 -0.25 1.00 1
Modulusof 411 031 061 -0.38 072 0.72 1
elasticity, MPa
Moisture 0.23 -0.04 009 [0.78 0.35 0.31 030 1
content, %
Density, kg/m? -0.09 0.07 0.40 -0.31 0.50 0.51 0.80 0.16 1

Notes: figures marked grey indicate a moderate relationshig(br:’r <0.7); figures marked dark grey indicate a strong
relationship {r| >0.7).
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According to the results of the indirect
measurements (A and B) a moderate linear
relationship to the modulus of elasticity occurs, the
relationships with other characteristics are weak,
except with each other, which was moderate
(r=0.63). In investigating the relationships between
the strength and ultrasound velocities Arriaga et al.
(2006) found that a weak correlation between them
was due to local defects having more influence on
the strength than the general quality of the
specimens. In that way the acquired results within
this research are grounded.

A negative correlation occurs between the moisture
content and ultrasound velocity (Bucur, 2006;
Oliveira et al., 2005). In analysing the mentioned
results within this paper the overall negative
correlation is true, especially on the results of the
transversal method (D), where there is a strong
negative correlation (r=-0.78). As the measuring
distances become bigger the moisture content also
has a decreasing effect.

The correlations between the results of the density
and the resistograph were found to be moderate and
strong and statistically significant (p-valu@.05) in

all groups shown in Table 3. The strongest value
was obtained among the group of specimens with
fungal and beetle damage. Higher correlations can
be explained by the low number on specimen within Figure 3. Relationship between resistance drilling
these groups. Fig. 2 illustrates a moderate, but and internal stresses.

statistically insignificant correlation (r = 0,340; p =

0,071) between the bending strength and the time of

harvesting. However, it can be concluded, that the

strength of wood decreases with increased age of

wood. The significant variety of bending strength

within the same age can be explained by the variety

of damage, knots and location (sap- and

heartwood) of specimens sawn out from the

material. According to Fig. 3 the internal stress

increases with decreasing resistance of wood under

compression force. However, due to the low value

of the coefficient of determination the internal stress

has a weak influence on the resistance of wood. The

relationships between the results of Pilodyn and . . . ,
physical-mechanical properties were moderately Figure 4. Relationship between penetration depth
strong (see Fig. 4 to 5). by Pilodyn and bending strength.

Figure 2. Relationship between bending strength
and harvesting time.

Table 3
Results ofegression analysis of resistograph and density

Coefficient of Coefficient of p-value Nimber of

Groups of specimens correlation deterrr;ination specimens
r r

All specimens 0,665 0,442 <0,001 124
Specimens in strength class of C24 0,568 0,322 <0,001 46
Specimens with knots of <250rim 0,805 0,649 <0,001 18
Specimens with knots of <1/4 and knot clusters of <1/30,614 0,378 <0,001 77
Specimens without cracks and fungal damage 0,733 0,537 <0,001 61
Specimens with fungal and beetle damage 0,850 0,722 <0,001 28
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properties were longitudinal (C) and indirect
measurements with a distance of 600 mm (B)
within the literature as well as in this study.
The possibilities of using resistance drilling and
needle penetration in prediction of the density of
wooden members are remarkable. In spite of the
low number of specimen the resistograph showed
strong relationship within the group of fungi and
beetle damage. In comparison of the
aforementioned methods both described density
with the same accuracy within the total number of
Figure 5. Relationship between penetration depth specimen.
by Pilodyn and density. There can be found mixed results about the
influence of the age on the mechanical properties of
The results concerning the relationship between thavood from literature. This study showed moderate,
density and penetration depth obtained in this studybut statistically insignificant correlation between the

confirm the findings ofGérlacher (1987). time of harvesting and bending strength.
The correlation of the drill resistance to the
CONCLUSIONS compressive force of the wooden members is

L . . S negatively weak. Thus, it can be concluded that the
The main aim was to investigate the possibilities of g y '

. : . resistance of wood does not change significantly
applying some non-destructive measurements i hile loaded with longitudinal forces.

assessment of the physical-mechanical properties he assessment of the strength of individual

wood. For achieving this purpose series Ofmembers by the aforementioned methods can

mlfraassl:)rj:(;erllrt'lsstruvr\;ee:r?twit?lo%i kllj-|szm?rantshc-iélljcégrs always be somewhat imprecise, because of the
' imperfection of the results of measuring on site.

resistograph Sibtech DmP and Pilodyn devices to

SR > “Also, it is essential to note that it is not always
assess some.characterlstlcs in the wqoden .Spec'meBOSsible to measure ultrasound velocities in the
The analysis of ultrasound with different

. longitudinal direction.Therefore, it is essential to
measurement techniques showed that the shorter th g '

d dist th local th luation f €ontinue with the investigation in this field and to
Measured distance, the more focal the evajualion 108y oy for stronger relationships between indirect
the wooden member. It turned out that the best

: . . -~ ~and direct measuring methods.
arguments in prediction of the physical-mechanical 9
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ABSTRACT

Usually typical steel towers are mainly subject to wind loads. In the case of sightseeing towers with lattice
steel structure core and low natural frequency of the structure human and structure interaction could play a
role in the tower design. This paper analyses the response of the tower structure to excitation caused by a
human movement to assure safe exploitation and acceptable human comfort levels during the exploitation.
There are adopted different levels of the structure and human behavior synchronization and its effect on the
structure. This phenomenon (synchronization) should be taken into account because people respond
naturally to a structure oscillation when the structure has a frequency close to people natural movement
frequency. In this paper there are possible mode shapes of the existing 34m high steel core sightseeing tower
structure analyzed. The paper gives recommendations of the maximum number of people allowed on the
existing structure to ensure safe tower exploitation. The dynamic performance is established through finite
element modeling of the tower structure.

Key words: frequency, mode shapes, sightseeing tower, steel tower, synchronization

INTRODUCTION performed studies about phenomenon of
synchronous lateral excitation.
Lattice steel structures are remarkably flexible, low It is noted that humans are much more sensitive to
in damping and light in weight. Traditionally for lateral vibration than vertical one. Even if
such type of structures dynamic analyses arehorizontal vibration is only 2-3 millimeters lateral
performed and dynamic parameters such agmotion affects balance and pedestrians tend to walk
fundamental frequencies, mode shapes and dampingith their feet further apart which increases the
ratios are found to evaluate wind induced vibrationslateral force imparted by individuals. In order to
and effects on the structure. Even most advancednaintain balance, pedestrians tend to synchronize
and comprehensive codes concentrate mainly orheir footsteps with the motion of the structure. This
these issues, including the Eurocodes. instinctive behavior ensures that dynamic forces are
In case of the steel lattice sightseeing towers withapplied at the resonant frequency of the structure
low natural frequency of the structure human andand increase the motion even more. As the motion
structure interaction could play a role in the towerincreases also the synchronization between
design. Human walking induces dynamic and timepedestrians increases. It will not go infinitely but
varying forces. These forces have components ireaches a steady state by people stopping when
vertical, lateral and longitudinal directions. The motion becomes too uncomfortable (Fujino et al.
lateral forces are a consequence of the sideway993). It is presumed that the same processes will
oscillation of the gravity centre of a human’s body take place on sightseeing towers. Wind forces will
while stepping alternatively with the right or left promote initiation of the lateral motion and because
foot forwards (Franck, 2009). of adaptive nature of the human beings the lateral
The published data on dynamics loads quote thavibration will have a self exited nature until some
pedestrian vertical and longitudinal walking on point.
stationary pavements fundamental frequency is 2.(Expected lattice sightseeing tower vibrations
Hz for normal walk, 1.7 Hz for slow walk and 2.3 require limitation to meet the human comfort
for fast walk. Horizontal fundamental frequency is criteria. The limit values for acceleration in the
1.0 Hz for normal walk, 0.85 Hz for slow walk and international codes are directly linked to pedestrian
1.15 for fast walk (Bachman, 1987). In a case of thecomfort. International standards and sources in
tower structure there is an interest in the horizontalliterature propose different acceleration limit values
and longitudinal component of the pacing for different reasons but most of these values
frequency. Recently, there has been a growingcoincide within a certain bandwidth.
tendency to construct light weight foot bridges. Due Guideline (Heinemeyer, 2009) recommended
to the experienced problems in some of thesebandwidths for different comfort levels are
structures with lateral vibrations there have beenpresented in Table 1.
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Table 1
Acceleration limits
Degree of comfort Lateral acceleration
limit Aimit
Maximum <0.1 m/$
Medium 0.1-0.3m/8
Minimum 0.3-0.8 m/%
Unacceptable >0.8 m/$

discomfort

MATERIALS AND METHODS

The present study focuses on the identification
whether the particular structure - sightseeing steel
lattice tower is at the risk of the harmonic human
induced excitation in resonance with natural
frequency of the structure. The study looks at the
allowable static live load bandwidth to meet the
acceleration limits and takes into account possible
human and structure synchronization. There are
possible mode shapes and corresponding
fundamental frequencies of the existing steel core
sightseeing tower analyzed. The studied steel core
sightseeing tower is located in Dzintari, Jurmala
city, Latvia. It is open for public since the 15th of
May 2010. The total height of the tower is 36.48m.
All elements — the inner and outer core, platforms,
and stairs are made of steel except the wooden ) ) ] ) ) )
cladding on the facades of the steel cores. The Figure 1. Sightseeing tower in Dzintari.
structural configuration of the tower and its picture
is provided in Figure 1. and Figure 2.

The structure consists of a braced inner core with
dimensions 1500x1500mm made of tubes with the
cross section 200x200x8 and the outer core with
dimensions 4240x4240mm made of tubes with the
cross section 140x140x5. The outer core does not
have any vertical bracing as this was requested by
the architectural concept. The inner and outer cores
are connected only with steel stairs.

Since the tower was opened for public there have
been complaints about tower excessive vibration.
The human perception of vibration is very sensitive
and the reaction is substantially psychological.
Therefore it should be analyzed whether these
vibrations are realistic or just perceived by the
human visual stimuli. The literature (Heinemeyer,

2009) provides a recommendation Whenever pig re 2 Plan of the sightseeing tower in Dzintari
fundamental frequencies are close to a critical range

(from the point of view of the pedestrian excitation) The fundamental frequency and mode shapes of the

to use a more precise numerical model, becausgirctyral system can be determined by solving

hand formulas and simplified methods are not,ngqamped free vibration equation (1) (MacLeod I.,
enough for assessment of fundamental frequenC|eszoo5):

The finite element software is widely spread and

accepted as a more precise numerical model. To Kg=M ¢ Q? (1)
evaluate the degree of vibration there were _ )

fundamental frequencies and critical mode shapedvhere K — stiffness matrix;

of the existing tower established using three M —mass matrix;

dimensional finite element models created by ® — corresponding eigenvector matrix;

structural analysis software STRAP 12.5. () — eigenvalue matrix.
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Figure 4. Mode shapes,
where 1), 2) first and second mode shape and vibration directions accordingly;
3) third mode shape vibration direction.

In literature (Heinemeyer, 2009) it can be found that
the critical interval of 0,5Hgfi<1,2Hz for the
lateral vibrations and critical range for longitudinal
ones is 0,5Hgfi<1,2Hz, where f; is natural
frequency of the structure.In the tower case the
longitudinal component corresponds to the tower
torsional mode. The critical range of natural
frequencies is based on empirical pedestrians on the
flat surface. In this paper it is assumed that similar
range will be present for the pedestrian movement
on the stairs. But more careful investigation is
required as this matter has not been found in
literature.

To evaluate acceleration of the tower there is
adapted a recommended method in literature
(Heinemeyer, 2009) and adjusted to suite the tower
case. If harmonic load {sin (2tf.t)) is applied to a
damped single degree of freedom system, the
response of the system would be:

X(t) = —— FOZ“Z”ZM —__sinedg-g) D
J(F2 = 122+ 482871,

where ky — amplitude of the lateral load, N;
) M — system mass, kg;
Figure 3. FE model of the tower. f — system natural frequency, Hz;

. . _fo—load frequency, Hz;
For extraction of eigenvalues the structural analysis: _ iy ctural damping ratio:

software uses the subspace iteration technique. Th

created finite element (FE) model is presented in 244,
Figure 3. and the first three critical mode shapes for ¢ = arcta T7_g2
the structure are presented in Figure 4. o/,

There is a necessity to evaluate the influence of theFrom the results obtained by Arup Partnership in
static sightseers’ mass on the tower naturalthe experiment with a shaking table (Newland,

frequency because natural_ frequencies of th_ 003) and given by Dallard, 2001 and Fitzpatrick,
structure decrease due to a live load and could shi 001 amplitude of the lateral load is taken as

into the critical frequency range or could leave it.
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percentage of the vertical live load and dependingAccording to the recommendations of the Eurocode
on the lateral amplitude of the tower vibration (3). It (Eurocode, 2005) the damping raftidfor the steel

is observed that the fundamental component of thdattice tower with ordinary bolts is 0.05.

lateral force increases with the platform amplitude Displacement of the tower tip can be found from
but remains insensitive to the lateral frequency ofequation (5):

the structure:

H, = 02A+ 4 @ Y =xto ©)
where H, — lateral force/vertical force, %; where y(t) —vector of the movement of concentrated
A — tower vibration amplitude, mm. mass;

x(t) — response of the system;
Let us model a lattice tower as a cantilever with oned — vector of modal displacement at the tip of the
degree of freedom and apply amplitude of thecantilever.
horizontal load at the cantilever tip. The equivalent
mass applied at the cantilever tip from the towerThen human comfort criteria — acceleration at the
mass and pedestrian live load uniformly distributedtip of the tower for the first translational mode
over the height of tower can be obtained by takingshape can be found from equation (7):
approximately one fourth of the total mass of the
beam at the free end (Thompson, 2007). Then by " (t) =— Fo sin(27zft—%) (7)

approximate methods such as the Rayleigh's &
method or the Dunkerley’'s formula approximate
equivalent mass of cantilever is found applying
formula:

where ki — amplitude of the lateral load, N;
M — system mass, kg;

f — system natural frequency, Hz;

33m, @) & — structural damping ratio.

14C

where my — uniformly distributed mass, kg.

RESULTS AND DISCUSSION

The determined natural frequencies of the
To analyze the effect on the structure from thesightseeing tower for the first two mode shapes
pedestrian synchronization there is considered thewere just outside the critical frequency range of
first translational mode shape. There is analyzed0.5Hxf;<1.2Hz and equal to 1.26Hz and 1.3Hz for
one of the critical directions of the tower vibration. translational mode shapes.
Applied horizontal live load component is taken as For the torsional mode shape the tower is already in
a half of the total equivalent horizontal force taking the critical range of 1.25H#,<2.3Hz. This means
into account the degree of the synchronizationthat the sightseers’ live load should be taken into
effect.In this paper it is assumed that the sightseersaccount for the tower natural frequency
steam is up and down the same. There isdetermination. In Figure 5 the natural frequency
considered only lateral force component influencedependence on the additional sightseers’ live load is
on the tower vibration. presented.
The loading created by pedestrians’ is much more
complex in the sightseeing towers than in the case
of the bridges. Not only transverse loading should
be considered but also longitudinal loading.
Horizontal and vertical load component value
should be determined as well for pedestrian
movement on stairs. This issue will be addressed in
a separate study, but for now the Eurocode
approach is wused for the tower Vvibration
calculations.
During the synchronization process pedestrians adopt
the same pacing frequency as natural frequency of
the tower. The response of the system (1) becomes:

F . T

X(t) = ——2—sin@2aft - = )
® 87z2M§f 2 ( 2)

where Fy — amplitude of the lateral load, N;

M — system mass, kg; , .
f — system natural frequency, Hz: Figure 5. Calculated natural frequencies of the

£ — structural damping ratio tower as a function of the applied live load.
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The chart shows that thasitors’ movement up and In  this study the range of sightseers’
down the tower may induce vibration combined in synchronisation has be taken from 15% to 30%.
torsional and translational directions. When the live Initiated acceleration from this phenomenon is
load increases torsional vibration gets less frequenpresented in Figure 6.

and leaves critical range when the live load isDuring sightseers’ synchronization with the
around 1.7Hz, which is a significant amount of structure their step frequency matches to the tower

people on the tower. natural frequency. The calculated resonance
It should be mentioned that the accidental situationmaximum acceleration is presented in Figure 6. and
- intentional tower swaying was not analysed. shows thatthe medium comfort level for tower

“Fujino et al. (1993) estimated from the video visitors is when the sightseers’ stream does not
recordings of crowd movement that some 20% orexceed 0.75kN/f It corresponds to 180 sightseers

more of pedestrians on the bridge were walking inwith mean weight of 75kg.

synchronism with the bridge's lateral vibration When higher live load and degree of

which had a frequency of about 0.9Hz and synchronization is presented the acceleration
amplitude of 10mm” (Newland, 2003). increases to unacceptable level. If 15% of
A similar process of tower sightseers’ synchronization occurs the allowable live load will

synchronization is assumed to happen, because it i®e almost 2kN/mtill unacceptable level is reached

natural for humans to compensate additional laterain comparison with synchronization level of 30%

movement of their centre of gravity by swaying when unacceptable level will be reached with
with the structure displacement. The initial 1,2kN/nf live load.

amplitude of 10mm is 1/3350 of the sightseeing

tower deflection and can be easily initiated by wind CONCLUSIONS

forces. According to analytical calculations of the existing

34m high steel lattice sightseeing tower dynamic
performance is susceptible to the human induced
vibrations. It is concluded that for steel lattice tower
type structures with natural frequencies close to the
lateral pacing frequency it is important to take into

account the potential live load in the tower modal
mass calculations. The existing sightseeing tower in
Dzintari has critical natural frequency for the

torsional mode shape. Therefore, even a relatively
light live load induces tower vibrations created by
the sightseers’ pacing force longitudinal

component. More increase of live load adds
transversional vibrations created by the sightseers’
pacing force horizontal component and depends on
the degree of sightseers’ synchronization. There is
a necessity for further research to evaluate the
degree of human synchronization effect during the
tower type structure exploitation. The

recommended maximum allowable live load to

meet medium degree of the comfort level for the
tower visitors is 135kN in respect to tower

transversional vibrations. In this study there have
not the resonance accelerations for the torsional
vibration mode been calculated which could further

Figure 6. Maximum resonance acceleration. limit the maximum live load.
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ABSTRACT

History and the current situation of implementation of Eurocode in Latvia is analyzed. Short information
regarding collaboration with Deutsches Institut fir Bautechnik (German Institute of Construction
Technology) and about the results of the Twinning project LV/2005-IB/EC/01 financed by the European
Transition facilities funds is given. On examples of application of Eurocode 0 and Eurocode 6 some essential
differences are analyzed which have to be considered by the responsible Technical committees for
standardization when discussing the values of Nationally determined parameters (NDP).

Key words: Implementation of Eurocode, partial factors, verification of Eurocode and Latvian Building
codes and SNiP

INTRODUCTION The first step was already taken by adopting LNB
Despite of the difficult economic situation in 214-03 “Geotechnics. Pile foundations and. sub
P base” and by adoption of amendments to LNB 207-

Latvia, the implementation of Eurocode standards/ .. ; . .
according to the Recommendations 2003/887/EEC;225 SZ?chhl\rl]g %.Og_c:)nls‘t‘rgsitlgirr\];oclljirrlrc]i:ttcl)cl)ggsy?nd sub

of the EU Commission form December the" st According to the first phase of the National

Izrgmof)ezgr:?aﬁ?oer?m?én-r?:r L;é\gg?zgﬂos\gjse E;\lc‘igor:(';"(ljlmplementation plan, amendments were made to the
b pthe Cabinet gf Ministers in Julvy. 2008 (DecF;ee Latvian Building codes, by which the transition
y Y period of structural design of relevant structures
No0.455 from July the 29 2008). Having regard of . . e :
o started. During this transition period dual approach
European Harmonization trends, as well as the fact g .
is on place - it is allowed for structural designers to

that for Latvia it would be not easy or even apply either approved in the end of the nineties of

Il\rInaF'zi(())isallFlguiTgindel\‘\/’iloglaltti(s)nOswgtearlr?dL;t]\(/jiZpsehnoduelgtthe last century LBNs or apply the Eurocode
g Reg y ' standards. Referring to steel structures the new

be interested in the development of harmonlzedBuilding codes should replace the former Soviet

ZSO irtrr;sté\g/jgs: doifn fﬁézggggafdﬁgggﬁcagga’ Suc%NiP codes. At the end of the transition period the
P ' Eurocode system as the only method should be used
for the structural design of buildings and bridges in
PROGRESS IN IMPLEMENTATION Latvia. The amendments for the following Latvian
Transition period Building codes LBN 203-97; LBN 205-97; LBN

. . 206-99, LBN 207-01 and LBN 214-03 were
It_was planned, that till the end_of 2009 there will be announced at the end of 2007 and beginning of
withdrawn or amended Latvian Building codes 08

(LBN), which regulate the procedure of structural

design and are based on the principles taken fro T

the former Soviet SNiP system, Wherewitth:urrent situation

construction design in Latvia will be allowed only Currently all Eurocode basic standards have been
according to the requirements of Eurocodeadapted as Latvian National standards. 26 of them
standards. It is a serious task not only for the statere translated in Latvian. To 16 Eurocodes Latvian
governmental institutions — the Building department National annexes are elaborated. For other
of the Ministry of Economics and the Latvian Eurocode standards Latvian Building codes
standardization system in the person of theprescribe to use the recommended values of
Technical Committee for Standardization LVS/STK Nationally determined parameters.

30 “Construction” as well as for the structural Due to emergency with the state budget and lack of
designers and both universities — the Riga Technicafinancing on September the"3(009 the Decree of
University and the Latvia University of Agriculture the Cabinet of Ministers No.455 was amended and
that are training civil engineers and structural some activities of implementation were reduced.
designers. Nevertheless, in October of 2010 the subcommittee
The transition to application of the Eurocode of the “Eurocodes” was established at the LVS/TC
standard system in Latvia is effected in two phases30 “Construction”. The main tasks for this
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subcommittee are drafting of National annexes toExamples

the Eurocode standards as well as revision of . )
Latvian texts of some translated earlier EurocodeACC.Ordlng to formula (6.10) of EN 1990'2:.[002 the
design value of the effect of actions is to be

standards. determined by the expression for the load
combination for permanent and accompanying
variable situations:

Problems

the National Annexes to EN 1993 “Design of steel ol

structures” and EN 1997 group of standards

“Geotechnical design”. If the recommended values fgr, are taken from
Eurocode 7 standards are general and in numerougble Al.1, e.g.:y,=0,7 (for non storage areas)
cases allow application of national design andand the recommended values fog and 79 from
testing methods. The national annexes to the abovesble A1.2(A), NOTE 2y5=135; 75=15
standards shall be drafted in parallel with the The equation reads:
amendments to the Latvian Building codes LNB

207-01 and LNB 214-03 that shall remain in force g _ - .
with slight amendments after implementation of the & _E{§ B+ ]5Q<1+§]'5 0 Q'} @)
Eurocode standards. It means that the Geotechnical .

Eurocode (EN 1997) shall be used together with the

National Annex and the above mentioned LBN.

The problem with Eurocode 3 and Eurocode 9 is in
consideration that there are not acting LatvianSince the design value of the effect of actions must
Building codes on design of steel and aluminabe less than or equal to the design value of the
structures. There are still former Soviet SNiPs inresistance which is the characteristic value of the
use parallel to the relevant Eurocode standards. Dugesistance divided by the partial factor for material
to lack of financing the planned LBN 204 “Design ;

of steel structures” is not elaborated. propertiesy’y

Serious problems shall be encountered preparingE = E/Gj'qj"'?/ol'qd"'yoj .%iQ(i}
=

Verification

R,

Es<Rq ; R, =—
COMPARISON OF LBN AND EUROCODE Im
APPROACH the verification equation can be expressed as
Transition from the national building codes LBN to R,
the Eurocode will cause no conceptual problems in —d — 7_
Latvia as both are based on the limit state methOd\'/vhere' M

The difference is in more detailed partial factors . .
method and reference period of loads. In LBN Ey - design value of the effect of actions such as

system and in SNiP system being used in the formefniérnal force, moment or a vector representing

Soviet Union the reference period is 5 or 10 yearsseveral internal forces or moments;

but in the Eurocode — 50 years. Ry - design valu_e (_)f the corresponding resistance_.
Therefore, the nationally determined parameterstk - characteristic value of the corresponding
(NDP) shall be adjusted. For the determination of"€SiStance.

NDP EU Member States may consider their existing .

design practice and design rules in order to maintairf:ccording to EN 1996-1-1:

their traditional level of safety. The factory,, is taken from the table in paragraph

Latvia as a Member State has the advantage that the 4, 5 o EN 1996-1-1 (the lowest value js;, = 1.5
partial safety factor system for the design of

structures was already in use since many years bfor material A and class 1, the highest oneyig; =
using SNiPs during the Soviet occupation time and3.0 for material C and class 5)

inherited after in LBNSs. The verification equation then reads:
The disadvantage, however, is that the existing R,

LBN system is not exactly fitting to the Eurocode E; <———— (2)

partial factor system what makes the adoption of the 15->3

LBN system to the new one somewhat difficult. In

the following there are given some essential According to LBN or SNiP 2.01.07-85, paragraphs
differences which have to be considered in thel.10 to 1.13 there are verification equations for four
process of adaption of Eurocodes when discussingases.

the values of NDPs at the responsible technicaBasic combination - load combination for
committees. permanent and accompanying variable situations
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combination and safety factors of EN 1990 for

In the following tables the recommended partial
3
actions are compared with the Latvian code.

E= E{'/’G D Vei G D) S Vi Qu

> i>1
¥s =1,0 for permanent loads; Table 1
Yo, = 0,9 (0,95) for continuous (transient) National choice Design values of actions
imposed loads. Latvian code/former Soviet EN 1990
code SNiP 2.01.07-85 Recommended
If only one life load is acting: (Table 1) values
Permanent actions
Dead load Vs Dead load 1,35
E=E '/’GZVG,] 'Gk,j +'//Q,1'7Q,1'Q<1 (4) Metal (steel) 1,05
i1 Concrete, masonry, 1,1
¥ = 1,0 for permanent loads; wood etc.
WYao1= 1,0 for imposed loads. Layers, pre 1,2
' fabricated
In case of additional load combination when three Layers, madeon 1,3
and more imposed loads will be considered: site
Accompanying Variable actions
Life load Vs Lifeload 1,5
E=E ‘//GZ]’G,I' ‘G +DQ,] Voi Qi (5) incl.
> i>1 SQO;V,
- . wind etc.
Vs = 1,0 for permangnt loads; - < 2.0 KN/m? 13
¥ o= 1,0 for the first imposed load; > 2.0 KN/m? 12
o, = 0,8 for the second load; Snow loads 14
¥q,;= 0,6 for all other loads. Return period 10
years
In case of specific load combination: Wind load 1,4
Return period 5 (1,6)
years
E=E l//GDG,j ‘G +ZVQ,] Yoi " Qi (6)
=1 i>1
¥ =1,0 for permanent loads; = E{ZV@,;’ G +7Q,1'Qk1+z7q J 'WO,iQK,i}
j>1 i>1

¥ o1~ 0,95 (0,8) for continuous (transient)
imposed loads.
Table 2

The verification equation is based on SNiP [I-22-81 Basic load combination factors for permanent and
table 14,7, = 2,0: accompanying variable situation according to EN

1990 (Table A1.1)

R, Action w0
Ey < 20 ) Imposed loads in buildings 0,7
’ Snow loads on buildings (see EN 0,7(-0,5)
R, in SNiP corresponds 18, in Eurocode O. 1991-1-3)
Wind loads on buildings (see EN 0.6

Recommendations for partial factors in National 1991-1-4) . .
annex to LVS EN 1990 Temperature (non-fire) in buildings 06
(see EN 1991-1-5) '

For comparison of safety levels both sides of the ]
verification equation, loads and actions as well asThe table is not complete (excerpt).

the resistance, have to be considered. )

The Eurocode en 1990 for actions distinguishesComparison of both methods

only between permanent actions: dead loads angne given situation is to design the same building
variable actions: life loads. The Latvian Building \ith the same loads (LBN 003 /LBN 004) by using
code (SNiP) sets also different partial factors for|y54s according to SNiP and EC 0.

different materials and the way of production: on gor 5 qualitative comparison the expressions for
site or prefabricated. only one life load (< 2,0 kN/m2? for LBN) are
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chosen: available and that the return period for snow loads
is 10 years instead of 50 years in the Eurocode

E=E 27/6,1' q(] +¥ou 'Q<,1 (4) de5|gn_ a_lnd for wind loads 5 years instead of also 50
= years it is proposed to take the recommended values

for  and y from EC 0 and EC 6 for the National

with = and = 1,3 according to LBN .
Ve 1 Vo g Annex of Latvia.

(SNiP).
E 1 13 INTERNATIONAL COOPERATION
= : + 1 4a
5 ,Z;' G‘“’ Qk’l (4a) A serious step in implementation of Eurocodes was
an(; the Twinning project LV/2005-IB/EC/01 financed

by the European Transition facilities funds. The

Project was put into effect in June 2006 and carried
}(1"") out by one of the leading European applied research

institutions — Deutsches Institut fir Bautechnik

B = E{z 135G, +15-Q,,

j>1

according to EN 1990. (German Institute of Construction Technology).
By comparison of expression (7) with (2) the The project included training of Latvian experts by
resistance is for LBN (SNiP): the leading German experts, preparation of
methodical booklets and drafting of the first

R, national annexes to the Eurocode standards.
Ri=—2<E> 11:G,+13-Q, The next step was training of the Latvian structural
20 j>1 designers by the Latvian experts trained by the
for EN 1990. German experts. Next practical trainings built on
lectures prepared by the Latvian experts for Latvian

information about results of this Project is available
on www.em.gov.lv — Darlibas jomas —
Bavniegba — Nodefgi — Eirokodeksa standartu
ievieSana.

} structural  designers took place. Detailed

__R |
530 E{z 95 G+ 15 Qa

or for LBN (SNiP)

R.> E{z 22.G, | + 2,6-Qk,1} CONCLUSIONS
= Despite of the difficult economic situation in

Latvia, the implementation of Eurocode standards

according to the Latvian Eurocode National

} h Implementation plan and the Recommendations
wit

for EC 1990.

Re> E{z 203G, | + 225-Q,,

j>1

2003/887/EEC of the EU Commission form
December the 1% of 2003 with some delay is
¥y = 1.5. proceeding.
A serious step in implementation of Eurocodes was
That means that even for this simple case and foa%;1e Twinning project I‘.\.//ZOOS.'l.B/EC/Ol financed
y the European Transition facilities funds.

the same loads it is not possible to state in gener he Latvian Buildi q f structural desi d
that the one or the other verification is safer or more_ € _-atvian building codes of structural design (a.“
NiP) are not exactly fitting to the Eurocode partial

or less economic because the result depends on t ¢ ¢ hat K th dofi f th
ratio of life load and dead load. For this purpose the actor system what maxeés ihe adoption of ihe
Eurocode somewhat difficult in sense of designation

design has to be performed in any case. ) :
Taking into account that in the case of SNiP themc NDP and elaboration of National annexes.

basic information on the statistical evaluation is not
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ABSTRACT

Great deals of researches on steel beams in steel framed structures have indicated that a steel beam can have
a substantial fire resistance in catenary action at large deformation. However, few researches are available
for investigating the behaviour of cold-formed steel purlin in fire. A 3D finite element model incorporating
both geometric and material non-linearity is created to investigate the behaviour of cold-formed Z-shaped
steel purlin in fire. It has been shown that due to the thinness of the material and degradation of the material
properties at elevated temperature, the profile buckles locally under restrained thermal expansion in early
stage. In the large deformation, tensile forces developed in steel purlins to resist the transversely applied
load. The steel purlin can survive in fire via catenary action. Comparing to one-span purlin, two-span
purlins have less in-web-plane deformation due to the capability of mid-support but with larger out-of-web-
plane deformation due to the sudden lateral-torsional buckling. The earlier inelastic buckling at two end
supports in one-span purlin actually helps reduce the compressive forces developed due to restrained
thermal expansion. However, the maximum axial tension forces developed at the supports are the same for
both one-span and two-span purlins.

Key words: cold-formed steel, Z-shaped purlin, structural fire design, catenary action, FE modelling

INTRODUCTION fire. The model has been used to understand the
failure mechanism of the purlin and further to
investigate the effect of the number of spans on the
behaviour of the purlin.

Traditionally, the resistance of steel beam in fire is
calculated according to flexural bending behaviour
with small deflection and without considering the
effects_of e_nd a>§|al restraints. This practice of FINITE ELEMENT MODELLING
evaluating fire resistance of the beam is based on
standard fire tests on a simply supported individualGeometry
beam. In real structure, the surrounding member

restrain the beam both axially and rotationally. With this research is composed of a Z-shaped purlin and
the presence of axial constraints, the beam will P ped p

behave in catenary action at large deflection stagea sandwich panel. The sandwich panel is connected

7 . - “fo the top flange of the purlin with a roof screw at
The catenary action is a load carrying mechanism anel crest. The purlin is bolted to U-shaped steel

where the bending moment capacity of the beam iSSonsoles which are in turn welded to the supportin
negligible but the beam will still be able to resist the ' bp 9

applied transversal load with the tension force?i@ﬁ;sér;hissggﬁ;ueﬂigfsti'(ljstﬁfeSsindvg';&'pli:ngs
developed in the beam via further deflection even Y PP g

with reduced material strength (Usmari e.t.al., 2001,are show_n in Fig. 1. The dimensions of Z-shaped
Yin and Wang, 2004, Wong, 2005, Wang and Yin, §tee_| purlin and U-shaped steel console are shown
2006). If large deflection is acceptable in practice,In Fig. 2.

the fire protection might be unnecessary or reduced.

Cold-formed steel purlins have been widely used in

industrial buildings to act both as a secondary beam

to support the roof sheeting and as the bracing

member to stabilize the main frame structure.

Currently, few researches have been available on

the investigation of the behaviour of cold-formed

steel purlin in fire. In this paper, a 3D finite element

model incorporating both geometric and material

non-linearities is created to investigate the

behaviour of cold-formed Z-shaped steel purlin in  Figure 1.Crest-fixed sandwich-purlin systems.

SThe roof construction with a lightweight purlin in
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. have been transformed to true stress and true strain
Furlin curves. The reduction factors for yield strength at
elevated temperature are taken from EN 1993-1-2
<—‘ Annex E and reduction factors for modulus of
= — elasticity are taken from the main text of EN 1993-
' ' 1-2. It is assumed that the material properties of the
console steel are not affected by the increasing of
71 temperature. The steel grade of the steel console is
S355. Thermal elongation of steel at high
temperature is defined as stated in EN 1993-1-2.
Figure 2. Dimensions of purlin and steel console. pensity of steel is 7850 kgfmand modulus of

elasticity is 210 000 N/mfn
The thickness of purlin is 2 mm and the span length ] _

of the purlin is 6 mThe distance between the screw
connectors is 333 mm.

Three FE models have been created according to
the number of span and heating conditions as shown
in Table 1. Model 1Span is the model for one span
purlin exposed to fire; Model 2Span2Heat is the
model for two-span purlin and both spans exposed
to fire; and Model2SpanlHeat is the model for
two-span purlin but with only one span exposed to
fire.

=1

200

25

200

100 48
ﬂo

=,

Table 1
FE models
Models Heating Span no. I‘/
span . , : ,
1Span 1 R Figure 3.FE-modelling of single span purlin.

2Span2Heat 2 WJ#JJ@—L%L Loading and boundary conditions

2SpaniHeat 1 ‘;,;”@“‘““ sdidivid The two-step analysis is carried out, in which the
mechanical loading (0.73 kNfinwas applied first

(step 1) and then the temperatures were increased

according to the nominal fire curve (step 2). It is

Fig. 3 shows the FE model of a single spanassumed that in the models, the temperatures are

sandwich purlin system. The model is composed ofuniform in steel purlin and steel sheeting. In FE

steel purlin, steel console and steel sheeting, whichmodels two steel consoles are clamped along the

is used to simulate the inner plate of the sandwichwelded edges, and along span length the symmetric

panel. Commercial FE software, ABAQUS/Explicit boundary conditions are defined for steel sheeting

(2009), is used as an analysis tool. The quasi-stati¢Fig.3). Two types of outputs are required from FE

analysis procedure was adopted. Thin shellmodels, i.e., the displacements of the given nodes of

elements with reduced integration S4R are used tdhe cross-section at mid span, and the reaction

model purlin, steel sheeting and steel consolesforces at the fixed edges of the steel consoles

Three dimensional connector elements with 2 nodegFig.4).

(CONN3D2) are used to simulate the connections

between the sheeting and purlin, and between the

purlin and steel consoles. The connection-type of

the connector elements according to ABAQUS is a

BEAM, which provides a rigid beam connection

between two connected nodes, and imposes

kinematic constraints. The general contacts have

been defined among the contact surfaces in the

whole FE models.

FE meshes

Material properties

The steel grades of steel purlin and steel sheeting
are both S350GD+Z. The stress-strain curves at
elevated temperatures without strain hardening
given in EN 1993-1-2 (2005) have been used and Figure 4. Output details in FE model.
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Figure 5. Deformed shapes of purlin systems.

ANALYSES OF FE RESULTS Model 1Span and 123C for both the Model
Deformed shape 2_Span1Heat and Model 2Span2Heat. Because of the
_ ) different deformed shapes at left/mid supports
Fig. 5 shows the deformed shapes of purlin systemgrig. 5) and different heating conditions, the Model
at 603°C for three models respectively. For Model 2SpanilHeat has  sudden out-of-web-plane

1Span, multiple-wave local buckling of the purlin deformation at around 490C while the Model

lip located at the loading side has been observedyspan2Heat at around 480. However, no sudden
This is the result of the joint influences of both the gyt-of-plane deformation has been observed for the
compression forces coming from the restrainedyjodel 1Span. The out-of-web-plane deformation
thermal expansion and the mechanical loadingfor the Model 1Span increases further after the
applied to purlin via steel sheeting. For Model jnelastic buckling at the end supports and multiple-
2SpanlHeat, local buckling of the purlin lip is first \aye local buckling of the restrained flange and lip.
observed at the place with the maximum saggingrherefore, the Model 1Span has a smaller out-of-
bending moment. Then the inelastic buckling at midweb-plane deformation comparing to two-span

support occurred at free flange of the purlin near theygdels  after their sudden out-of-web-plane
support. Finally, the sudden lateral-torsional jeformation.

buckling of the purlin happened when the

temperature is at 49C. When comparing to model Temperature [C]

2SpanlHeat, the Model 2Span2Heat has the simila 0 100 200 300 400 500 600 700 500
deformed shape. However, the lateral-torsional 50 bt
buckling occurred at 480°C. Besides, the —— 0 ¥ sorugiss
deformation of the Model 2Span2Heat happened ai & =° Hém - “;P\—\ Ispan| &
both spans whereas the deformation of the Model = -100 § b shy el o A e
2SpanlHeat occurred only in the span exposed tc § ',l,gg 3 ' T e
fire. E _:qu E_ s F

el B 3
Out-of-web plane displacements = jgg 13 lh 4
Fig.6 shows the comparisons of out-of-web-plane 00 £ 15 .=
deformation of the point 6 of the cross-section at -450 E ;.—I_
mid-span for three models. Due to the similar -500 -

deformed shapes at right supports (Fig. 5) for three
models, the initial out-of-web-plane deformations Figure 6. Displacement temperature curves (out-of-
have been observed at temperature ofT8#or the web plane).
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In-web plane displacements

Fig. 7 shows the comparisons of in-web-plane

deformation of the point 3 and point 6 of the cross- Temperature [°C]
section at mid-span for the above-mentioned three 0 100200300400500600 700800900
models, respectively. L
- e
so0 — 10 % " -
450 Z 0 E
M - F i
T ﬁ § -10 \\ /&W‘Zﬁi’mu Heat
E 2 = -20 4 ;( “-p5panite
¥ s Z 30 \\ F 15pan
g 150 ]
.g 100 40 -
g s |
) -50 4
0 100 200 300 400 500 GO0 Ti0 E00 %00 E[}E v

Temperatare [*C]

Figure 7. Displacement temperature curves Figure 8. Axial forces developed at right support.
(in-web plane).

It can be seen that the in-web-plane deformation is Temperature [°C]
increased at around 18€ for the Model 1Span 0 100200300 400500600 700800900
due to the early inelastic buckling of both end .
supports. However, no big increases were observed 20 i

in the deformations for two-span models before 10 ._,..-
sudden lateral-torsional buckling at around 480

for the Model 2Span2Heat and at around 28Gdor

the Model 2SpanlHeat because of mid-supports. At
the same time, the original Z-shaped cross-sections
fall down and bend in minor axis. For the Model
1Span, due to local buckling of the flange restrained Z
by steel sheeting, the point 3 and 6 deformed
separately at already 200Q.

1l torees [KN]

25;ulmzH_eat
2SpaniHeat

. 15p ém

E

Reaction forces developed at supports -60

Fig. 8 and Fig. 9 show the developed axial forces at )

the fixed edges of the steel consoles at right and-igure 9. Axial forces developed at left support.
left/mid supports for three models. It can be seen

t_hat for all models, the gxigl forces develc_)ped at thecoNCLUSIONS

right end supports are initially compressive due to

the restrained thermal expansion; then transferred td he compressive forces developed initially at the
tensile forces when the purlins are in catenarysupports due to the restrained thermal expansion.
actions. It can be seen that the maximumThe maximum value has been reached at about 184
compressive forces occurred at the temperature ofC for the one-span model and 123 for two-span
123°C for two-span models and 18@ for the one- Models. Due to inelastic buckling of the purlin at
span model, and then the forces decreased. Thie end supports, the compressive force was
decreasing is caused by the inelastic buckling at thelecreased. At 511C for the Model 1Span, at 544
right end supports. For the Model 2SpanlHeat andC for the Model 2Span2Heat and at S&Lfor the
Model 2Span2Heat the second force decreasindgodel 2SpanlHeat, the axial forces changed from
occurred at the temperature a little less than®&0  compression to tension, the purlins were in catenary
The second decreasing is due to the inelastic locafction. This behaviour was observed for all models.
buckling at mid supports and lateral-torsional The purlin heated from two spans behaves similarly
buckling of purlin. In addition, the compressive to the purlin heated from only one span. The sudden
forces are transferred to tensile forces at around 510ut-of-web-plane deformation occurred at about 10
°C for the one-span model, at 581 for the Model  °C earlier for the purlin heated from both spans. In
2Span2Heat and at 544C for the Model addition, the axial reaction forces at the mid-support
2SpanlHeat. are zero for the purlin heated from two spans
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because of the symmetry of structures. buckling at two end supports in one-span purlin
When comparing to one-span purlins, two-spanactually helps reduce the compressive forces
purlins have smaller in-web-plane deformation duedeveloped at the end supports. However, when the
to the mid-support. However, two-span purlins havepurlins are in catenary action, the maximum axial
larger out-of-web-plane deformation due to suddentension forces developed at the supports are the
lateral-torsional buckling. As far as the reaction same for both one-span and two-span purlins.
forces at support are concerned, the earlier inelastic
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ABSTRACT

In the present research, an investigation of the mechanical behaviour of plywood sandwich panels, consisting
of plywood surfaces and corrugated plywood core, has been performed using the finite element analysis in
ANSYS code. For evaluation purposes, the results from finite element simulations were verified with

experimental strain and deflection measurements performed using actual sandwich panels in 4-point bending
test set-up. A good correlation between numerical and experimental results has been achieved. Using the
validated finite element model of sandwich panel an optimization procedure has been developed to identify
the best combinations for cross section parameters leading to optimal weight/ stiffness designs. A number of
design guidelines have been drawn to establish the optimal panel configurations for given span length and
corresponding load carrying abilities.

Key words: finite element analysis, 3D sandwich structures, metamodeling, optimizations

INTRODUCTION requireme_nts_. To simulatg the pIyW(_)od behaviqur
and to optimize the complicated multilayer material
The Nordic and the Eastern European countriesstructure FEM commercial code ANSYS (2009) has
have one of the largest territories of forests wherebeen utilized. FEM analysis using commercial
export of sawn timber and wood products like codes has been considered as industrial standard for
plywood and various chipboards take a significantaerospace and car industry in order to reduce the
part in the national export structure. Also bearing inrequired physical experiments in prototype
mind the historical wood research traditions in development process. Employing of parametrical
Latvia it makes a good background for new woodthe model in the development process allows saving
based product development. One of the promisingtime in design optimisation using the metamodeling
directions in new products research andtechnique and elaboration of design guidelines to
development may be considered lightweight tailor the customer requirements.
sandwich structures with reduced structural weightTo use this design method a detailed parametrical
and load bearing capacities close to the traditionaimodel validated with physical tests is needed.
engineering materials like plywood. Such solution Considering that plywood is modelled as multilayer
offers material with high specific strength - material consisting of veneers composed in several
strength/ density ratio is much higher than in solidlayers with different orientation of fibres, the
wood case. Plywood sandwich panels consisting ofnechanical and physical behaviour of laminate is
plywood surfaces and corrugated plywood core maylargely dependant upon the performance of each
become an adequate alternative for thick traditionalindividual material layer and its bonding (Wu et al,
plywood boards in several fields like surface and2005). This is why it is important to determine the
maritime transport demanding reduced weight andmaterial unidirectional properties to create an
sufficient load bearing capacity. Moreover, accurate parametrical model for structural plywood
considerable wood resource savings, thus solvingooards.
environment issues, also could be reached using\ governing mechanics of corrugated structures has
such solutions. However, some scientific effort is been described and methods compared in source
required to develop a functional product with (Luo et al., 192). More recent publications describe
optimal cross-section parameters. the analysis of corrugated structures by FEM
Traditionally wood products have been analyzed(Mackerle, 2005; Gilchrist et al., 1999) and
with simple analytical assumptions and approvedcomputer codes based on FEM usage (Hudson et
with extensive experimental testing. Such al., 2010), good correlation between experimental
assumption restricts the variety of structural and numerical results was found approving the
applications and imposes restraints on structurakfficiency of FEM for structural design. FEM
weight saving. In contrary numerical simulations analysis and experimental tests on wood based
based on the finite element method (FEM) canpanels with corrugated core (wood fibreboard) were
deliver time saving tailored plywood structural performed by (Hunt, 2004) to show the potential of
solutions with potential of easy change design3D wood fibreboards. Sandwich plywood panels
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with rib-stiffened and corrugated core have beenNumerical model geometry was created to mach the
investigated by (Zudrags et al., 2009) with the aimpanel dimensions according to the manufacturing
to increase plywood specific stiffness. Optimisation tolerance where the thickness of outer plies has
procedures using stiffness and weight ratio forbeen reduced by 20%.

plywood sandwich panels with rib-stiffened core The mechanical properties used in the numerical
were described in (Kalnins et al., 2009). model were obtained in the previous study (Labans
The aim of this paper is to validate the numericalet al, 2010) and summarized in Table 1.

model of plywood sandwich panel with Table 1
experimental results and applying metamodeling Veneer mechanical properties
methodology to develop the optimisation procedure.

Name of the elastic Optimal

Symbol
MATERIALS AND METHODS property values
Modulus of elasticity in

FEM modelling fibre direction Ex 17 GPa
For numerical simulation of the bending tests a Modulus of elasticity
FEM commercial code ANSYS v.11 (2009) has perpendicular to fibre E, 0.5 GPa
been applied. A parametrical model of the panel djrection
was created with variable cross section parameters . Lo
and bending loading set up options. Corrugate V- S.OISS.On ratio in fibre Pyy 0.35

. irection
core plywood sandwich panel has been modelled ~ .
according to the EN 789 (2004) test set-up by using P0isson ratio .
ANSYS 4-node shell element SHELL 181. It has Perpendicular to fibre Pyx 0.03
been assumed that each ply has thickness of 1.3 mnflirection
and transversal isotropic material properties (Figure Shear modulus G 0.7 GPa
1, 2). . 600

Density R, kg/m3

Corrugate core roundups are required in the
manufacturing process; however, including them in
the numerical model is not reasonable (Figure 3).

Figure 1. Finite element laminate mesh thought the
panel cross section.

Figure 3. Manufactured cross section of sandwich
panel (upper); numerical ANSYS model (lower).

Metamodelling procedure

In industrial applications, in order to reduce the
development time involving the high precision
simulations, the metamodels also called surrogate
models can be constructed to replace the original
response with the approximation functions (Kalnins
et al,. 2009). The design optimization process using
metamodels usually consists of three major steps: 1)
design of computer experiments 2) construction of
approximation functions that best describe the
behaviour of the problem 3) employing developed
metamodels in the optimization task or derivation of

Figure 2. Stress distribution in sandwich structure. the design guidelines.
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Table 2
Cross section design variables

Lower Upper Increment

Parameter Nomenclature . . P Units
limit limit step

Ngmber of cover plate P1 3 7 5 i
plies
Total section height P2 30 50 5 mm
Number of plies in
corrugate section P3 3 5 1 i
Corrugated ply angle P4 30 60 - deg

In the current research a sequential design based gulate longitudinal axis. All panels have been tested
the Means Square error criterion has been evaluatedp to 22 mm deflection which corresponds to
by EdaOpt software (Augz$ et.al 2007). A total of approximately 40 % of the critical load for this type
125 points for four design variables have beenof specimens. Deflections under the symmetrical
evaluated.Four design variables have been used ttwading conditions have been recorded with
describe different cross section parameters, inextensometer at the midspan, strains on outer
particular number of plies in uppePl and  surfaces measured using strain-gauges (produced by
corrugate plate®4, the total section heigi®2 and  HBM).

the angle between the upper plate and the corrugate

core P3 as displayed in Figure 4. The design

boundaries for the variables are given in Table 2.

As response parameters acquired during the

numeric calculations are maximum deflection at the

midspanU, normal stress at the midsparand the

tension strain in outer ply

P2
%

- Figure 5.Sandwich panel in 4-point bending test
o set-up on INSTRON 8802.

Figure 4. Variable cross section parameters. For two panels strains were measured on both sides
of the outer surfaces and also in several positions on
The span length of the four point loading model wasthe corrugate core panel surfaces. In total 14 strain-
kept constant; however, the width of the panel haggauges were used to cover one panel. On the other
been linked with the corrugated ply angle parametethand, for the third panel strain measurements were
P4. This constraint assures that the acquired resultgaken only on the cover plate outer surfaces with 6
for different topology models would be comparable, strain-gauges.
as the width parameter and corrugate topology have
linear dependency. This means that the acquiredRESULTS AND DISCUSSION
response values were multiplied with the coefficient
k. characterizing relation of the actual panel width
against the standard width of the panel of 300 mm. To validate the numerical model of the plywood
sandwich panel, experimental strain and deflection
Experimental investigation measurements have been compared with the
Three sandwich panels with corrugated core havaesponse values extracted from the numerical
been tested in 4-point bending set up according tasimulations. The numerical and experimental
EN-789 (Figure 5) at the Riga Technical University, deflection curves are compared in Figure 6.
Institute of Materials and Structures (IMS). The One can note that the load deflection curves have
average length of the panels is 1200 mm, width —inear behaviour, indicating the elastic deformation
300 mm, and thickness 30 mm, width of one of the panels. The numerical results practically
corrugate wave - 75 mm. Surfaces platematch the experimental load/deflection values. The
manufactured of 5-layer plywood and corrugate vertical line is added to the graph in order to
core from corrugated 4-layer symmetrical plywood identify the deflection limit state (5% of span
sheet where the outer plies are parallel to the covelength) prescribed by structural safety codes.

Validation of the numerical model
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7 ——P1[1]+
7 ——P1[2]+
3 P1[3]+
P1[1]-
——P1[2]-
——P1[3]-
——P2[1]+
——P2[2]+
P2 [3]+
P2 [1]-
P2[2]-
P2 [3]-
— - -ANSYS +
— —ANSYS -

/ ——————— Panel 1
—————— Panel 2
e Panel 3

ANSYS avg.
—--—-—-— L/200

Load P, [kN]
w

0 j j j j -2500 -1500 -500 500 1500 2500
0 5 10 15 20 25 Strain at midspan &, [um/m]
Deflection at midspan U, [mm]

Figure 8. Load/ strain curves on sandwich panels
Figure 6. Load/deflection curves of sandwich corrugated core surface.
panels.

It may be recommended to utilize such model for
The load/ strain curves are shown in Figure 7.metamodeling based optimisation procedure.
Curves with negative strain values are obtained
from strain-gauges attached to the upper surfaces aDptimisation results
the cover panels or in the compressed zone. In th% ing th timizati d th .
same way the curves with the positive strain values urng the optimization procedure the maximum

are obtained from sandwich panel bottom surfau:es.StmcneSS and volume ratio combinations have been

Likewise to the previous figure, the numerical ﬂgﬁ?ﬁgﬁgegorvtehriuilvﬁgn?friwgﬁgal Y?N”ggées ::SI
values are close to the experimentally obtained 9 ply P

ones. The load/ strain curves derived from the strain(Table 3).
gauges attached at the corrugated core surface are
summarized in Figure 8. The shear strain values
obtained by numerical modelling are higher than the
experimental values in average by 10-15 %. This

Table 3
Optimal plywood sandwich parameters sorted
according to homogeneous panel geometry

could be explained by inaccurate positioning of the Sq
strain values, because strains should be measured in/griable Setl Set?2 Set3 Setsh
45 degrees angle toward the panel longitudinal axis.” pq 3 5 5 3 3

Precise_ measuri_ng angle proquly was not _reached o 003 0035 004 0045 005
or maximal strains were positioned at a different P3 5 5 3 5 5
angle because of not precise veneers orientation in

60 60 60 60 60

plywood sandwich production.
. Vscn® 3966 6600 5580 5300 5360

N panel 1 VsVp,% 55 37 53 61 64
81 N\ LTI e Us Up,
n \\\\ panei2- % 22 14 30 35 42
Z \y ———— ANsys- Total, % 33 23 23 26 22
= 4 ¢
e 3 \\ The sandwich panel volume parameter has been
§ \‘,\ marked asVs in contrary to the homogenous
2 \ plywood volume ad/p. RespectivelyUs andUp —
\ deflections for sandwich panels and plywood panels
1 \ of the same thickness. To estimate the efficiency of
0 the cross section parameters deflections and

-4000 -2000 0 2000 4000 volumes of the sandwich panels were compared

with the homogenous plywood values. The

difference between the sandwich panel and pure

Figure 7.Load/ strain curves on the sandwich panel p|ywood volume has been divided by the sandwich

outer plates. panel volume to acquire volume reduction (%)

using sandwich structure. A similar action has been

It has been concluded from the verification study ysed to assess the deflection values for both
that the parametrical model elaborated in ANSY Sstryctural types. The paramefBotal stands for the

code matches the mechanical behaviour of thejifference between the volume gain and deflection
sandwich panel observed in the experimental tests. |oss (%). In average a total gain value in

Strain at midspan &, [um/m]
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comparison with homogenous plywood is 25 %.

In order to graphically assess the influence between
the parametrical variables, the 3-D influence graphs

have been constructed to show the dependencies
with the deflection and strain response values

(Figures 9, 10, 11). It may be evident that the cross

section height parameter has the most sensitivity to

decrease both the global and local deflection of the

sandwich panel.

Figure 11. Panel thickness/ outer plies number
influence graph on elastic strain.

For the sandwich panel of each thickness with
optimal cross section parameters design guidelines
were evaluated for better demonstration of the load
bearing capacity at different span length

(Figure 12).
9
Figure 9. Panel thickness/ outer plies number g1 50
versus panel deflection at the midspan graph. = ————1/300
E 7] —&— (=04 m
S5 —¥%—L=0.6 m
g —e—L=08
@ 5 —e—L=12m
2 | —>—L=1.6m
B 4
o
2 3
5
T 2
D ——
a4/~ T
0

0 20 40 60 80 100
Load q, [kN]

Figure 12.Acceptable load / deflection graph for
panels with 30 mm thickness, 3-layer surfaces and
corrugated ply angle 80

Ore may notice that the load bearing capacity

decreases exponentially by increasment of the span

length. For other panels the span/ limit load graphs

Figure 10.Number of plies in corrugate section/ have been constructed as well to assess the load
corrugated ply angle versus panel deflection at the carrying possibilities for panels with different cross-
midspan graph. section parameters.

The ultimate load values for sandwich panels could
A general trend could be estimated from Figure 10range up to large plastic strain limit state —in this
that panel deflection is largely dependent on theparticular case strain up to 5Q06/m. This may be
corrugated ply angle paramet&4. The panel stated as the current strain limit determined
stiffness is more sensitive towards the change of thanalysing the material properties and physical tests
angle than the core plywood thickness. However,for similar type panels. The limit load values largely
some combinations with a smaller angle also shoulddepend on the span length parameter, thus for every
be considered in case of manufacturing difficulties sandwich panel thickness a separate graph has been
of plywood structures with small bend radius. drawn.
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18

Similar load/span curves have also been constructed
to determine the sandwich panel load bearing

1.6 |

—e— H=30mm Set 1

= —-5— H-35mm Set2 capacity up to the specific deflection limit (Figure

=12 - Ejg mn gztj 14, 15). The deflection limit has been set to 5 %

£ 104 Col 50 mm Set 5 which correspond to 1/200 of the span length, in

3 same manner 3.3 % correspond to ratio of 1/300 of

g 081 the span length.

? 06| Using the acquired design guidelines it is possible
041 to easy assess the efficiency of sandwich structures

comparing them with homogenous plywood and
0.2 ; ; ; ; ; foresee deformation values at various loading and
0 100 200 300 400 500 60 gnan |ength. For example, it is clearly seen that a
Load g, [kN/m2] sandwich panel with 40 mm total thickness is not as

Figure 13 Ultimate load/span graph. Restriction- €conomically efficient as a panel with 30 mm total
load values causing major plastic strains leading tothickness at small span lengths (0.4-0.6 m).
material destructioref,,,=0.005).

CONCLUSIONS

During the present investigation of plywood
16 9 sandwich panels with corrugated core, multilayer

1.8 4

141 e H=30mm Set1 numerical models with variable cross section
—-0— H=35mm Set2 parameters have been evaluated and verified with
1.2 144 —+— H=40mm Set3 the experimental results. The acquired numerical

—=— H=45mm Set 4

H=50 mm Set 5 results were compared with the experimental results

acquired by testing of three manufactured panel
prototypes in 4-point bending set up according to
EN-789 and a good agreement between the
experimental and the numerical results has been
acquired.

It has been concluded that the corrugated panel
stiffness is largely dependent on the corrugated ply
angle. The best results acquired from the
optimisation procedure indicated the’6Gfbrrugate
plate angle, however, this value may not be possible
18 - to achieve by manufacturing restraints.

The optimisation results demonstrate that in some
combinations of design variables the sandwich

1.0 1

Span lenght L, [m]

0.8

0.6 |

0.4 -

0 20 40 60 80 100 120 140 160 180 200
Load q, [kN/m2]
Figure 14. Load /span length graph for deflection
limit 5 % of span length.

16 4

= 4] — e H=30mm Set 1 panels could be up to 40 % weight effective

T 12l o Ezig mm 225 comparing with. homo_geneous p_Iywood panels with

g — m— H=45 mm Set 4 the corresponding height, by losing only 10-20 % of

8 109 H=50 mm Set 5 the load carrying capacity.

(‘,E) 0.8 1 Based on the optimisation results the design
05 | guidelines were constructed for a limited amount of
' considered panel configurations delivering the
0.4 1 optimal cross section parameters, within the given

80 100 120 140

Load q, [kN/m2]
Figure 15.Load /span length graph for deflection

limit 3.3 % of span length.
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ABSTRACT

There is great flexibility in the design using cold-formed steel. The low cost, ease of manufacture and
controlled quality can encourage the development of innovative uses. In spite of the advantages, the range of
application is limited in Latvia, especially for load bearing structures. The resistance of thin-walled cold-
formed steel sections should be determined according to EN 1993-1-3 (2006) and 1993-1-5 (2006) by the
effective width method. As a first step, in this paper the resistance to local buckling of cold-formed sections in
compression and bending is analysed taking into account geometrical proportions, influence of rounded
corners and stiffeners. By numerical analysis there is given the estimation of effective U and C-section
properties in the range of width-to-thickness (b/t) and width-to-height (b/h) in concordance with EN 1993-1-
3, Section 5. In addition to the numerical analysis there are presented and assessed results of experimental
research with natural beams in bending.

Key words: cold-formed steel; effective section properties; numerical analysis; experimental method;
assessment of results

INTRODUCTION MATERIALS AND METHODS

Cold-formed steel offers many advantages, Iheoretical modelling

including: ease of prefabrication and massFor practical design of CFSS designers normally
production, increase of strength in fabrication refer to the manufacturers™ data or use software in
process, uniformity of quality, low weight, case of non-standard shapes. For this purpose there
economy of transportation and handling, and quickMathCad programme is used and numerical
and simple erection or installation. analysis performed to estimate the effective U and
Thin-walled cold-formed steel sections (CFSS) areC-section properties in compression and bending in
produced by bending and shaping flat sheets atccordance with EN 1993-1-3, Section 5 by the
room temperature. Material is easily workable andeffective width method. For comparison, for
many possible shapes can be produced. outstand compressed elements an alternative mixed
The structural behaviour of CFSS can bemethod given in the Annex D is used. The
distinguished from typical hot rolled sections with resistance of compressed flanges with edge
the tendency to be more sensitive to bucklingstiffeners was determined using iterations. Initially
effects. The tendency to buckle increases as thé¢he data from the numerical tests were compared
width to thickness ratio of the plated elementswith those from the worked examples (ECCS TC7
increases. It is obvious, that design standards werd WG 7.5 (2008).

needed to establishing requirements and laws tdrhe summarized results, showing the influence of
control the buckling and strength characteristics.  the geometric characteristics (in cm) on the
The use of CFSS members in building constructionproperties of CFSS are given in some examples:
began more than 150 years ago in the United State$) U-section formed from a steel sheet 300x4 mm
and Great Britain. The first edition of specifications in the available range of width-to-thickness (b/t)
for design (in 1946) was followed by many and width-to-height (b/h) ratios subjected to
revisions and developments finished in 2007. Thecompression and bending. The results of the
European Union has adopted Eurocode EN 1993-1numerical analysis are shown as X-Y plots (Fig.1,
3in 2006 and it has been mandated that all membeFig.2), where ratio= b / h. The gross section and
states adopt these codes in 2010. Further directioneffective section modulus W, W, were

in reviewing of plate buckling rules are given in cdculated according to the free edge (outstand
(Johansson and Veljkovic, 2009). compressed element). For comparison, the curve for
CFSS can be used widely in building applicationsthe effective area of the compressed U-section
(e.g., www.lysaght.com) and can be specially (A¢) is added (see Fig.1, a).

shaped to suit the particular application. The most2) Double C-section arranged back-to-back,
common sections are the U, C and Z shapessubjected to compression (Fig.3), made from steel
However, a whole range of variants of these basicsheets 300x1,5 mm with variable ratio (b/h) and
shapes, including geometrical proportions, edge lipsedge stiffener width ¢ = 0,4 b (Fig.4). For

and internal stiffeners can be produced. comparison, the curve for the effective area of the
compressed double-C (A section is added
(Fig.4).
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Figure 3. Double C-section.

b)

Figure 4. Properties of double C-section

) ) . ) in compression
Figure 1. Properties of U-section in compression,

where |, I, and Ly, le; — second moment of area for
gross and effective sectionid — by mixed method.

Figure 5. Double C-section in bending,
where W and W — section modulus for gross and
effective section (for fibres in compression)

Figure 2. U-section in bending, where 3) Double C-section arranged back-to-back,
Wy, W, and Wy, Weg, — section modulus for subjected to bending, made from steel sheets
gross and effective section; My— by mixed 300x1,5 mm with constant h = 150 mm and variable
method. ratio (c/b), where edge stiffeners ¢ = (0,2 ... 0,6)

(Fig.5).
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Experimental research

The test specimens (from RUUKKI standard
sections) were taken as simply supported double-C
beams (Fig.6), arranged back-to-back and loaded in
bending at three points of the span (i.e., the four-
point bending tests). Loads are applied only about
y-y axis of the cross-section. Lateral restraints were
added at the supports and load points to avoid
torsional buckling. The tests were carried out by
loading equipment Zwick-Roell using operating
program TestXpertll:
a) “short beam” tests. Beams with span L = 1430
mm (it is less than 15 h) were tested for verification
of the experimental method. One test with the beam
from double-C 200 (t=2mm) and one test with
double-C 150 (t=1mm) was performed and the
moment resistance was determined;
b) “long beam” tests with beams according to EN
1993-1-3, Annex A:

- series of three specimens from double-C150
(t=1mm) with span L=15 h = 2250 mm;

- series of three specimens from double-C120
(t=1mm) with span L=15 h = 1800 mm.
The webs of beams are connected by pairs of bolts
(see Fig.6 and Fig.7); as the webs can locally buckle
independently of each other, the slenderness is
considered equal to the width divided by the
thickness.

Figure 6. Experimental research of beams.

Figure 7. Supporting of beams and local buckling
of compressed flange and web.

The experimental results are ilustrated in Fig.8,
Fig.9 and Fig.10; deflections are shown relative to
span of the beams (w / L). The tests for series of
beams leads to practically equal graphs. All
specimens were colapsed due to local buckling of
compressed cross-section elements.

Figure 8. Double-C 200 “short beam” test.

Figure 9. Double-C 150 beams tests, where
1 —“short beam”; 2 — series results.

Figure 10.Double-C 120 beams tests.
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The “short beam” tests validate the experimentalresearch the properties of the used cross-sections
method; in comparison with “long beam” tests the are analysed in accordance with EN 1993-1-3,
limt value of loading up to which direct Sect.6.1, and summarized in Tablel:

proportionality exists is more explicit. The - bending resistance Jd; is determined assuming
following nonlinear stage indicates that effective yielding at the compressed flange and section
properties of cross-sections progressively becomanodulus W < W ;

determinative and the effective section modulus- shear lag shall be taken into account to 1993-1-5,
W is lesser than the gross elastic modulys W Sect.3. As the ratio - compressed flange width-to-
The relationship “force-deflection” for beam from length between the points of zero moments for the
the double-C200 section differs from other beams (PLg) is relatively small, the effect of shear
experimental curves due to greater thickness (t = 2ag is considered having no influence on the
mm) and due to interaction with lateral restraints atbending resistance of the section;

the loading points prevented global torsional - shear resistance,yy is determined depending on
buckling. Prior to local buckling effects there was the shear buckling strength and web slenderness;
observed waving of the compressed flanges in the local transverse resistance. As the local load

central part of the span. (support reaction) is applied through a cleat (see
Fig.7), distortion of the web is eliminated and the

RESULTS AND DISCUSSION local resistance of the web to the transverse force

Evaluation of theoretical modelling needs not be considered (EN 1993-1-3,
Sect.6.1.7.1);

Estimation of correct CFSS properties is of essential Table 1

importance. The presented examples illustrate the Evaluation of tests results

necessity of using the effective properties of CFSS
and eliminate the possibilities of using the gross Cross Span, Weg, Mepa  Vire Ved  Med
section properties. Modelling the different U-shapes Section mm e kNm kN Vigg Mggrg

by varying of the ratio=b/h leads to the conclusion,” =15 171
that determination of the section properties about z- o 1430 ~;~ 601 252 050 1,01
Z axis is of primary importance. U_smg for outstf_;md c20 691 24,1
elements  (flanges) the mixed effecve o 1430 9 948 059 1,10
width/effective thickness method, given in the

. 2 0,37 1,13
Annex D of EN 1993-1-3, shows evident g 1800 135 473 240 038 116
differences (see Fig.2), thereby in some cases the(serie 2 ’ : ' '
mentioned mixed method must be used warily. s) 038 116
Normally the influence of rounded corners on CFSS C15 0,33 1,06
resistance may be neglected; the section modulus 0 2550 169 593 252 034 1,09
with increasing of the internal radius decreases (serie 3 034 109

under 3%. For determination of the stiffness 9

properties the influence should always be taken into _ ) )
account. On the other hand, there is a well-known’ combined shear and bending resistance. As for the

change in the mechanical properties of steel byP€am from double-C200 the shear forceq s
virtue of cold forming. It is supposed, that the yield larger than a half of the shear force resistance 0,5

strength is increased in the bends of the section U[bed (web resistgnce), interaction between the shear
t0 15%. force and bending moment have to be taken into

Modelling the double C-sections in compression @ccount, because shear buckling may reduce the

(see Fig.4) by varying of the ratio width-to-hight of Pending resistance of the cross-section. ,
the section elements shows up the rational T N€ resistance needs not be reduced if the following
proportions (where#l, and the effectiveness of the gqu?t;oil. should be satisfied (EN 1993-1-5,
compressed area) for the initial calculations. The ect.7.1):

curves for double C-section in bending (see Fig.5)

reflect the meaning of the width of the edge My Ed +(1- M f,Rd) (2V Ed _19< 10
stiffeners — the effective section modulus increases M yRd Mpird  VpiRd -

only with the width up to ~ 0,6 b.

In this case, the moment resistance of the cross-
section consisting of the effective area of the
Generally design assisted by testing isflanges only - Mgrq=f, h As = 33,8 kNm is larger
recommended for determination of the resistance othan the design plastic resistance of the cross-
CFSS at ultimate limit states. It is firmly applied for section consisting of the effective area of the
sections with relatively high,ld t ratios. flanges and the fully effective web - Mg = Mcrq

In connection with the performed experimental (see Tablel).

Resistance of cross-sections
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It is evident, that for this class of beams there is novariable geometrical proportions. Knowing the

interaction, because the flanges only can carry thereferable section properties, these data can help
bending moment and the web is resisting the sheamake a choice for the shape of the section or to
These results consistent with notations (Johanssoimprove the properties for non-standard sections.
and Veljkovic, 2009), accented the necessity toFor example, for U-sections the ratio b/h =

check the moment and shear resistances withoud,75...1,5 is recommended in compression as well
interaction. By the numerical analysis it is clarified, in bending. Without doubt, edge and intermediate
that the provided height of the cross-section for thestiffeners of flanges and webs increase the
discussed beam should be above 300 mm, whemesistance to compression, but a highly stiffened

reduction of the bending resistance starts. section is less easy to manufacture and often less
practicable from the point of connections. Thereby,
CONCLUSIONS a compromise between the section efficiency and

The use of CFSS members in building can develorgracncablllty is often necessary and needs to be

: L . . ; tudied in further research.
the diversity in steel design. The lack of dlscu55|on,.|.he experimental research approved the method of

explanation and worked examples delays to taket : " :
) . ; esting and showed the stability of the acquired
advantages of CFSS in comparison with hot rOIIEdparameters, as well that keeping of precision in the

sections in Latvia. It is caused also by slow . : :
; . . X tests with CFSS (e.g., symmetry of loading) is of
implementation of the Eurocodes (including EC3). reat importance. Comparing with the numerical

The numerical analysis of the CFSS properties ancg
plotted data for the sections subjected to ata shows good agreement.
compression and bending illustrates the influence of
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“‘CLIMATE- ENERGY- AND CULTURAL LANDSCAPE MODEL SAUWALD
DONAUTAL” — EXPERIENCES WITH A PILOT PROJECT ON INTEGRATED
REGIONAL RESOURCE MANAGEMENT BASED ON
A NEW BIOGAS TECHNOLOGY

Peter Kurz
Vienna University of Technology, Faculty of Architecture and Planning,
Institute of Urban Design and Landscape Architecture
peter.kurz@tuwien.ac.at

ABSTRACT

This paper presents a model project where cultural landscape management and the production of “green”
energy are combined to an integrated project on sustainable regional development. The project is based on a
newly developed, small-scaled and mobile biomass-system, the 3A-biogas®-technology. 3A-biogas® uses a
three-step composting-process to generate methane for the production of electric and thermal energy. The
advantages compared to well known systems refer to a) low energy density required for the manipulated
biogenic materials, b) a small and mobile plant, which generates low investment costs and c) possibility to
combine biogenic waste, lop and hay of heterogeneous quality. These characteristics make the technology
highly suitable for adoption in landscape-management of less-favoured rural regions.

The focus of the paper is set on the process of creating a regional programme interlinking landscape-, waste-
and energy management based on implementation of the 3A-biogas®-technology. Therefore, two scopes are
highlighted: cross-links between landscape-planning, energy- and composting-technology in the field of
engineering are sketched in the first part of the paper. The 3A-biogas®-technology is briefly introduced,
followed by an overview on how the technology is “translated” to fit the questions of regional landscape-,
waste- and energy management. In the concluding section some important questions on calculation of costs
for landscape management based on 3A-biogas® are discussed, regarding the experiences from our pilot
study.

Key words: cultural landscape management, 3A-biogas®-technology, rural development, grassland
vegetation

INTRODUCTION specific needsof landscape management and
. . conservation issues were raisefHasselmann,
Maintenance of traditional cultural landscapes and . .

Bergmann, 2007). The crucial questions appear to

efforts on creating decentralised, £&eutral . . .
o : be a) abilities to dispose low-energy materials in
energy systems are both outstanding issues in the

) ; - father small capacities b) varying capacity
current Austrian rural and regional policies. .. " . S
: L . utilization and c¢) low costs in investment,
Ongoing abandonment of traditional agricultural .
: . . ; . ._maintenance and management (Prochnow et al.,
farming systems raises increasing interest in

. . ; 2007). Those framework conditions do not
alternative strategies in the management of

frequently touristy emploved — rural landsca es_necessarily go hand in hand with profit maximising
q y y ploy P ‘entrepreneurship strategies. This is why — apart

One possible alternative to livestock breeding MaYrom technological issues — further considerations
be the use of landscape-management hay foFocus on how to organise a system fitting the

roduction of bio-energy. However, earlier . o
P 9y different needs of land-owners, communities, land

experiences in trying to link productlon_ of bio- managers and conservationists. As important as the
energy with landscape management issues fOEechnoIogy itself seem  the modes of its

ecological, but also for social reasons did not endimplementation and the embedding in regional
up with satisfying results: large scale projects structures within a “co-evolutionary process”
advanced processes of intensification, ConcentratioQSchulz-Schaeffer 2002)

of land-tenure, displacement of regionally grown g paper explores experiences with introduction
structures t())f I?{rg-urie ggggexternall(grasp on relzglon nd implementation of a small-scale technology —
resource basd€Gral3, ; Kruska, Emmerling, Y _ .

2008: Schone, 2008. Schulze, Koppel 2007). Thus. N 3A-biogaS system — for the use in landscape

demands for technologies better adaptable for themanagement and decentralised energy production in
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a regional pilot project. Choosing a bottom up e The third phase starts (about 10 days, up to 60°
approach — cooperation between experts, C) with anew aeration of the substrate. Organic
communities and stakeholders — the first part of the ~ materials are stabilised and become quite
paper describes the pathway of integrating the  inodorous. The output of the phase is compost,

technology into the regional environmental, which can be further composted outside the
economic and social structures. The second part of fermentation reactors to reach a further stage of
the paper outlines a few figures on financial maturity.

calculation of grassland manageméassed on 3A-  While treating such substrates in conventional
bioga$, as they can beduced from our case-study liquid biogas plants high volumes of water would

experiences so far. be necessary (which remain in most cases as
wastewater subsequently), the 3A-biogas batch-
Methodological remark process for solid state bio-waste can reach the best

available synergies of composting and fermentation

The inquiry is methodologically grounded in the .
L : . technology. The 3A-biog&sprocess was developed
principles of action research, as described byby A. Steffen and patented in 1988.

Altrichter (2007). Action research is an experience-
based approach to generating knowledge by

investigating praxis. In action research the

researcher is part of the (cooperative, tegmiTecnology | [Process | [Substrat¢  |Outputs |
conducted) process he or she explores, running :

through a circle of acting and reflecting. The |Composting aerobic zg‘ti Compos
reflected experience forms the foundation for

practical_, professional theory (Altrichter, 2007’)._ _ _ Energy
The action research approach was developed ifa-biogas aerobic solid &
teachers’ research, by teachers exploring their class. anaerobic state Compos
Lately it has been extended and transformed to

investigate several areas of social processes (Kur@quid ' o Energy
2010). The empirical facts and data presented in thgermentation anaerobic liquid & liquid
paper are an outcome of the conducted feasibility Digestate
study and were gradually elaborated further in the

. i . . "“Source: Milller et al. ,2006
following participatory discussions.

3A-BIOGAS® TECHNOLOGY Figure 1. 3A-bioga$-technology.

3A-bioga$ is a technology developed for the The technology is integrated in a container system.
treatment of organic material containing high dry The minimum load of the organic material should
matter percentage to produce electric and thermahot go below 500 t/year, optimized use of capacity
energy. The technology combines biogas- andcan be reached up to 2000 t/year. Average gain of
compost- production including sanitation of the biogas is 120 md/t, containing 60% of methane. The
compost. Using a batch-process, the biologicalenergy output is 3 KW (electric) and 6 kW (thermal)
decomposition in 3A-biog&stakes place during 3 per m3 CH (Milller et al., 2006).

operating phases (aerobic, anaerobic, aerobic) in a

closed domain without intermediate movement of CLIMATE-, ENERGY- AND CULTURAL
substrates (Muller et al., 2006): LANDSCAPE MODEL SAUWALD

e In the initial aerobic phase (up to 6 days, DONAUTAL

reach|_ng temperatures up to 70° C)_the NPUtgeyera| 3A-biogd facilities have been employed

material is ventilated, the substrate is aerated peessfylly in the treatment of organic waste in
and_ the aerobic microbiological activity causes g jigr projects (see Miiller et al., 2006). The
an increase of temperature. Within this phaseg, neriences indicated that well structured materials
lightly degradable substances are reducedy, . a5 Jop and grass contribute to an improved
(decrease of acid formation), the substrates are, ,.oqs The outcomes of those test runs justified

samtlz.eld. (r:educ;cf)n ﬁf pathoger;]) and tge considerations on application of the technology
”?at‘?”a Is heate qrt € Sécond phase. Car Olinder “field conditions” in landscape management,
dioxide and water is the output of the initial

where high amounts of dry organic materials
phase. emerge (Prochnowet al., 2007). The 3A-biogds

e The second phase of the process (25-40 d?‘y%chnology — so the assumption — therefore could
35-45° C) is carried out under mesophile provide a tool which not only allows reintegration
anaerobic conditions, starting the methaneyf those materials in regional material flows, but
production. Digestion takes place, biogas is 5150 contributes — to a minor degree — to regional
produced and the volume of the input substrategnergy autonomy. These were the considerations
is gradually reduced. which ended up in the development of the pilot
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project “Climate-, Energy- and Cultural Landscape It also induces negative influences on the micro-
Model Sauwald-Donautal’. Involving a team of climate and quality of life of the narrow valley
experts in waste management, energy managemetdandscape as a whole. For these reasons several
and landscape planning the project was initiated byefforts on finding practical alternatives to ongoing
the regional LEADER- management. The basicreforestation had been undertaken in the past.
conception behind the project was to link issues of

cultural landscape management, organic wasteéDesign of the pilot project

management and decentralised, regional energy. . . . .
: ig. 3 visualises the workflow of the pilot-project:
Sgppog' The core of the project should be the 3A_ar?)und the 3A-biog&stechnology a moI(DJIeI b%tttj)m-
glh(i)l?)zopr:?cg?ofr?gégg'r?(\),\l’]esviggi?)%;?rcgggelgopnggentUP process was designed, structured in a four stage
(Van der Ploeg, 2009), broad integration into thesetting. Starting with general information on the
o C Y ! : technical performance (Stage 1) a feasibility study
existing regional (environmental, economic and |;egarding regional framework conditions was

social) structures was defined as a central goal of "2: X .
the project by the regional LEADER management. ass'.gned (Stage 2). This formed.the foundation for
participatory development of an integrated concept

Therefore, a cooperative, participatory approach toin the fields of landscape management. organic
implementation should be designdd a particular P 9 » 019

— non-commercial — objective of the project the waste ~management and  regional ~ energy

stabilisation of the open landscape and its diverseorodu_ctlon/support _(Stage 3)- _Stgge 4 should
contain the elaboration of the definite plan for the
grassland types was drafted (Kurz, 2010).

The chosen model-region, the Donautal (Danubeimplemen_tation of _the proj_ect. Each stage should be:
Valley) is a mountainous' area, characterised by_characterlsed_by Interaction t_)etwee_n the experts
. ' inputs (analysis), followed by discussion and further

sr:nall sgale_agrlculture. (_Srassfla:nd;j and f(\)/:/ehs_;[ry &% laboration in teamwork. These processes should
e predominant cteqores of 1 se. W <Ol enity he possle confcs and robiems
land abandonment and reforestation create massiv, ommonly el_aborlate stolut;(o ns ar;]c_i - bti'] the W‘."‘yt_
problems in regional development of the touristy fg:vrCarg regional network pushing ihe projec
used region (Kurz, 2011). Decline of tiny structured '
open landscapes not only implies losses of diversityAssessment

and splendid views of feasibility in landscape

conservation and landscape management

In the case of landscape- and grassland management
basically two questions were considered significant:

a) how much organic material can be
allocated, when does the material occur —
according to time and frequency of
harvesting — and which are the expectable
costs for harvesting and transport?

b) how has management to be organised so
that the ecological quality and diversity of
the regional grasslands can be sustained or
even improved?

To answer these questions comprehensive analyses
of regional grassland vegetation was conducted.
According to the method of Braun-Blanquet (1964),
grasslands were typologically described and
vegetation dynamics were analysed focussing on
different management techniques. Potential yields
were evaluated, regarding optimized dates and
frequencies of mowing (Kurz, 2011). By mapping
grassland types, structural data as plot structure,
land tenure and allotment could be integrated in the
examination. Founded on the analyses of the field
data several maps and GIS-based analysis were
generated (see Fig. 4). The technical analyses lead
to the modelling of three scenarios, which
functioned as a tool for communication in the
following participatory process:

e minimum scenario: implementation of

Figure 2. Model region Sauwald-Donautal. grassland areas currently managed by
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nature conservationists; LANDSCAPE MANAGEMENT BASED ON
e optimum scenario: currently managed 3A-BIOGAS — SOME REMARKS ON THE
additionally including abandoned areas; CALCULATION OF COSTS AND RETURNS
e maximum scenario; optimisation of energy
output by including all areas regionally
available.

A central issue in application of the 3A-biofas
technology in landscape maintenance and -
management actually concerned economic
questions of cost effectiveness. At best, so the
general assumption at the starting point of the
project, landscape management and expected
energy outputs should form a self supporting
system. To estimate the economic feasibility of the
tested technology, a cost calculation for the pilot
region was elaborated. The model was based on
balancing between the harvesting costs and
expected yields out of the composting. Our cost
modelling regarded the factomotential yield/ha,
plot size/allotmentand mowing frequencyon the
input side. For calculation of labour- and machinery
costs we could access cost schedules from regional
landscape management associations (using a
compensation key of 30€/plot+5 Eurocent/m?). The

While scenarios 1 and 2 should estimate thecalculation of outputs is based on the experiences
ecnomic impacts of proceeding under ecologically ffrom the previous test runs of _3A'b|08&51359t51
favoured conditions, the goal of scenario 3 was to!aking in account a yield of biogas of 120 m3t
assess environmental effects within an income-(60% of methane), an output of 3 kW and an

Figure 4.Potential yields of grassland types.

orientated setting. electricity tariff of 18 Eurocent/kWh, we can
estimate a vyield of 50 €/t organic material.

) ) agro-environmental- and nature conservation
Comparison of these alternatives formed theschemes were taken into account for calculation.
starting point for a discourse process, in which thegased on these data we could calculate the expected
pressure  groups  (landowners,  community costs and earning for each single plot. Table 1 gives
representatives, landscape managers, the team @hjculation examples for three regionally “typical”
experts etc.), elaborated the operational frameworkield plots: the examples demonstrate that for large
for possible implementation. Collaterally, more sjze fields (>1 ha) with intensive grassland types the
detailed information and data were organl_sed. For gjields of biomass are the central factor allowing a
management concept on landscape issues fopgsitive financial balance. With poor grasslands, on

example the other hand, a positive balancing is achieved due
e hot spots of land abandonment were to the nature protection subsidies. In contrast, from
identified; an economic perspective the so called “average”

e measures for maintenance and grasslands generating medium vyields on middle
management were defined; sized plots (0,5-0,8 ha) appear problematic. These

e organisational questions of logistics were types usually do neither hold high potentials of
discussed and possible arrangements in thedxrganic material, nor are they currently favoured as
processing (legal frameworks and social ecologically notably valuable by nature protection
organisation of cooperation, contracting schemes. However, as highlighted by our vegetation
between the involved actors etc.) were analyses, these typical hay meadows not only cover
weighed. considerable parts of the project area. They actually

These processes took place in small group settingsalso suffer the highest pressure of abandonment and
accompanied by the expert team, moderating theeforestation, so that measures for maintenance in
working groups and operating them by providing their cases are badly needed (Kurz, 2011).

the data, tools and working papers. The results offransforming the computation to the level of the
these workshops were presented and discussed iregion of inquiry as a whole (about 70 ha of
another plenary session, which was eventuallygrassland to be managed, estimated 470t of organic
followed by elaboration of a definite plan for material from hay, ca. 24.000 €/year earnings,
implementation. This contained the formation of a 37.500 € costs, ca. 10.000 € from subsidies), our
regional landscape management associationcalculation saw a deficit of 3.500 €/year. This was
founding of a cooperation operating the 3A-plant almost exactly the amount that could be gained of
and contractually agreements with regional wastecharges for deposal and composting of organic
managers on supply with organic waste (see Fig. 3)waste.
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Figure 3. Project design.
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Table 1
Example calculation for three plots with typical regional grassland types

Intensive grassland Hay meadow Extensive grassland
Vegetation Type Alopecurus Type Arrhenatherum Type| Festuca rubra Type
Potential yield (t/ha) 10 7 3
Plot size (ha) 1,2 0,6 0,3
Yield (t/ha) 10,8 4,2 1
Mowing frequency/year 3 2 1
Harvest costs in €* 630 330 180
Subsidies in €** 120 60 130
Netto costs in € 510 270 50
Yield earnings from 3A biogas in €*** 540 210 50
Difference in € 30 -60 0
* Calculation basis: 30 €/plot + 5ct/m? (compensation key of regional management associations)
**  Calculation basis: Austrian Environmental Scheme OPUL, Nature protection schemes
**  Calculation basis: 50 €/t of organic material with an calculated price of 5ct/kWh
Therefore — as a result from combining the density and composting performance — as well as

proceeding of organic waste and hay — the projecfrom the economic point of view. While the
could achieve an equated “raw” balance. Howevermaterial from landscape management is only
neither the investment cost, nor maintenance andeasonally available and expenses for harvesting
manpower are considered in the calculation yet.and bringing of allocated materials cannot be fully
These expenses have to be funded from additionatovered by 3A-biogds organic waste material may
sources. In the case of our project these contailbdance and compensate those shortcomings to a
landowners’  contributions to  maintenance, certain degree.

sponsoring and — in the long run — hopefully However, a cost-effective processing of landscape
contributions by regional touristy as a beneficiary of management products turned out to be impossible
cultural landscape maintenance. through 3A-bioga$ so that additional financial
saurces (nature protection schemes, sponsoring,
CONCLUSIONS tourism as a beneficiary of landscape management)

o ) have to be funded. Retrospective, for these purposes
Summarizing our experiences we can state that thghe chosen bottom-up approach proved viable: it
3A-b|_oga§” technology offers a practical tool for phejped creating a network of regional actors who
combined, integrated management of landscapegraqually identified with the project and took on
organic waste and energy on a small scaled regiongbsponsibility for it. From this perspective we could
level. In our case study the system proved adaptablgpserve not only broader regional awareness for
to local framework conditions and needs. The cyjtyral landscape issues, promoted by the project.
central importance for our project was achieved by|; sypsequently also increased the willingness to
the combination of the different sources: organicﬁrmcia"y support landscape management as a

waste, lop and hay from landscape managementegional concern, especially with some regional
This results from the technical issues — achievementon_agrarian great landowners.

of well balanced relations between the energy
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THE PRESERVATIONS PROBLEMS OF CULTURAL HISTORICAL
HERITAGE AND LANDSCAPE IN LATVIA

Aija Ziemelniece
Latvia University of Agriculture, Faculty of Rural Engineering
aija@k-projekts.lv

ABSTRACT

Exaggerated scale and proportions destroy the historical spatial context of the buildings of estates and their
landscape. Little by little the national identity and intimacy of Latvian rural landscape having an essential role
for attaching the tourism infrastructure toward rural cultural landscape have been lost. The method of industrial
management creates the process of the scale transformation. The attachment of tourism infrastructure is too less
for studying a separate historical object without taking into consideration the context of the historical landscape.
A purposeful preservation of the cultural landscape valuable both artistically and architectonically may provide
the creation of long time commercial activity of rural tourism in Latvia.

Key words: Cultural historical landscape, restoration, context, sight lines, landscape space of estate parks

INTRODUCTION

The old estate parks in Latvia are often developed

in such a way that their oblong axis or some of their

cross axis melt with the forest landscape in their

more distant composition or pass over with the field

landscape in a slow connection, too. A particularly

pictorial compositional solution of Zemgale estate

parks is the inclusion of the relief or river flow-as

the moments of surprise in distant sight lines, or as

a culmination element whil@Old Jelgava..., 2010)

estimating the landscape of the river banks.

The perception of rural landscape relating to the

history of civilization in the principal sight 