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PREFACE

The Nordic miniseminarStructural lightweight aggregate concretes been organized under the
auspices othe ongoing Norwegian research projedurable Advanced Concrete Structures
(DaCS). The research project @& looks to increase the knowledge of sustainable and
competitive reinforced concrete structures in harsh environment and is funded by The Research
Council of Norway, in addition to several industrial partn@itse DACS partners an€vaerner

AS (projectowner), Axion AS (Stalite), AF Gruppen Norge AS, Concrete Structures AS, Mapei
AS, Multiconsult AS, NorBetong AS, Norcem AS, NPRA (Statens vegvesen), Norwegian
University of Science and Technology (NTNU), SINTEF Byggforsk, Skanska Norge AS, Unicon
AS and Veigkke Entreprengr ASne of the ongoing activites related to the aforementioned
research projects i s Dudtility eof lighibwBightpaggrelgadec doncreten t i t |
st r u c dauvied @ by Jelena Zivkovic

Theseminar is to be hosted by NTNUWistitute for materials and structurdhe main goal is to
increase thé&nowledge ofstructural lightweight aggregate concrated to provide exchange of
information and further development among the participahtss booklet documents the
collection of exended abstracts of all ttgiven lectures during the seminafhe organizing
committee would like to thank all the speakers and contributors at the seminar, and the financial
support of the research proj&zaCSand Stalite lightweight aggregate Compargni USA

Trondheim, February 2019
Terje KanstadJan Arve @verl{ed.)andJelena Zivkovided.)
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PROGRAM

Seminarlasted for one day and itwasdivided in three sessions that are listetielow:
1) Material (general adut lightweight aggregates that are used for LWAC production)
2) Application of lightweight aggregate concrete (LWAC)

3) Structural behavior of lightweight aggregate concrete

Day 1

8:45

Registration

9:00

Opening of the seminar, introduction and presentation of DaC|
project

Jan Arve @verli, NTNU
and

Practical information

Jelena Zivkovic, NTNU

9:15

Session 1 - Material (general about lightweight aggregates that are used for LWAC production)

Moderator: Jan Arve @verli

9:15

Structur al LWAC 1 mi X

(Keynote, 30 min)

desi(

Tor Ame Hammer, SINTEF

9:55

Production and Physical Properties of Expanded Slate Lightw

Jody R. Wall, Carolina Stalte Company

Aggregate (15 min)

10:10]

Break (Coffe + water)

10:30]

Session 2 - Application of lightweight aggregate concrete (LWAC)

10:30

Application of Lightweight Concrete (Keynote, 30 min)

Christian Thienel, Institut fir Werkstoffe
des Bauwesens, Universitét der Bundesw|
Miinchen

11:10

Lightweight concrete for the E39 fiord crossing project in Nory
(15 min)

Arianna Minoretti, S.H. Holtberget, B.
Costa, J.Veie Norwegian Public Roads

Administration

11:30]

Lunch break

12:30]

Session 2 - Application of lightweight aggregate concrete (LWAC)

Moderator: Terje Kanstad

12:30

LWAC concrete in offshore structures (15 min)

Kiell Tore Foss§, Kveerner AS

12:50]

Session 3 1 Structural

behavior

of |l ightweight

12:50

Behavior and Design of Structural LWC in USA (Keynote, 30
min|)

Reid Castrodale, Carolina Stalte Compan
ESCSI Institute, Castrodale Engineerring
Consultants

13:30]

Break (Coffe + water)

14:15

Session 3 i Structural

behavior

of |l ightweight

14:15

Spaling of concrete cover to reinforcement in high strength LW
concrete (15 min)

Hans Stemland NTNU / SINTEF

14:40

Failure of lightweight aggregate concrete under compressive g
gradients (15 min)

Jelena Zivkovic ,NTNU

Effect of loading rate on the fracture energy of lightweight aggr

15:05|concrete subjected to three-point bending test (15 min) Seyed Mohammad Javad RazavNTNU
15:30 Break (Refreshments)
16:00|Closing of the seminar Terje Kanstad, NTNU

End of Workshop / Nordic mini se minar
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Structural Lightweight aggregate concretei mix design, materials properties
and production

Tor Arne MartusHammer

Senior Researcher, Dr.Philos
SINTEF Building and Infrastructure
7465 Trondheim, Norway

e-mail: tor.hammer@sintef.no

ABSTRACT

The paper discusses some peculiarities of lightweight aggregate eocY@AC) that is
important to be aware of concerning mix design, LWAC properties and LWAC production, and
how this is taken care of in specifications given in present European standards. It includes
discussion of influence of the porous nature of LWA tkatilts in high water absorption as well

as low strength and-Eodulus.

Key words: Concrete, lightweight aggregate, mix design, properties, production.
1. INTRODUCTION

Structural lightweight aggregate concrete (LWAC) is defined according to ModelZade
"Concrete having closed s t3withatpartioreof atifigial oa de n <
natural lightweight aggregate (LWA) having a particle density < 2000 Kg/&N 2061 classifies

LWAC in six density classes, ranging from 800 to 2000 Rgfowendry). Normally, it is the

coarse fraction of the aggregate that is exchanged by LWA. A further density reduction can be
achieved by replacing the sand fraction (or a part of it) with LW sand. This is not discussed in the
present paper. More information da@& found in [1].

According to EN 13055 "Lightweight aggregates”, LWA may be from the following origin:
1 Natural aggregates, i.e. Pumice and Scoria
1 Aggregates manufactured from natural materials and/or freprducts of industrial
processes, like fromay (i.e. Leca, Liapor), shale/slate (i.e. Stalite) and recycled glass
(i.e. Liaver, Poraver)
1 By-products of industrial processes, i.e. fly ash (i.e."Lytag") and blast furnace slag

LWAC structures may be designed according to the same rules as nornitgl ctergetes, with

some given additional requirements (Modelcode 2). Also, execution as well as specification,
performance, production and conformity, are taken care of in EN 13670 and EN, 206
respectively. The present paper discusses some peculiafitiéy AC that is important to be
aware of concerning mix design, properties and production. It is mainly related to the porous
nature of LWA that results in high water absorption as well as low strength-enodi&us.
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2.  MIX DESIGN

2.1 Density and compressive strength

LWA introduces an additional dimension in mix design; density. Hence, LWA fitting the concrete
density requirement but without comprising the compressive strength requirement, must be found.
Figure 2 shows guiding achievable strengémsity combinations for LWAC with LWA of
various particle densities. Since LWA have normally significantly lower strength than the cement
paste/mortar, the strength potential of LWAC depends of course on the strength potential of the
LWA used. The limited streniy potential of LWA (bulk densities of 700 and 800 ké/m
respectively) is demonstrated in Figure 1, showing the relation between the effective water to
cement + silica fume ratio (w/(c+s)) and the compressive strength of LWAC [2]. Similar relations
may beobtained for any type of LWA. As can be seen, the strength follows then a progressively
decreasing curve with decreasing w/c rather than the opposite as well known for normal concrete.
Also, note that since a reduced w/c increases the density of theteofiecreased density of the
cement paste), a further reduction of w/c may lead to a reduction of the strength /density ratio.
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Figure 1- The compressive cube strength of LWC as a function of the effective wiéties)
The LWA is of the Leca tygeaving bulk densities of 700 kgand 800 kg/nrespectively [2]

To increase the strength to density of the concrete it is appealing to increase the content of the
LWA having the sufficient strength potential. It implies a corresponding reduction vblinae

of natural sand. This gives a concrete with a rather low mortar content, and therefore a risk of
segregation. To avoid segregation, the mortar phase then should be more cohesive and viscous
than normal. This may be obtained using natural sand witghafines content, a low w/atio,

high amounts of silica fume, or even stabilising chemical agents.
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Figure 21 Guiding achievable strengttlensity combinations for LWAC with LWA of various
parti cl ep OWAnnscoatse feaction$ gnly [3].

2.2 Effective water content and water to cement ratio

EN 2061 gives limits for w/c related to exposure classes. The same limits apply also for LWAC.
The watetbinder ratio shall be based on the effective water content of the mix. The effective
water contat is defined as the total water content (incl. possible surface water of the aggregates)
minus the sum of initial water content of the aggregates and the mix water absorbed by the
aggregates at the time of initial setting. Since LWA has a high waterpébsopotential,
determination of the effective w/c is challenging if the LWA is not in a homogenous water
saturated condition before mixing. Also, such a condition influences workability as the LWA may
absorb some mix water during the fresh state of tmerete. Hence, there is a need to find the
portion of mix water absorption by the LWA.

The mix water absorption does not only depend on the degree of saturation, but also the state of
moisture, i.e. whether the LWA is in a drying or wetting state. Ei§wshows that the absorption

in LWA at a given moisture content varies with the state of moisture distribution within the LWA
particles [4]. Typical for LWA in a drying phase is a dry surface and a concentration of moisture

in the core, see Figure 3. Th&tWA will have a higher absorption of mix water than if the LWA

is in a soaking phase, i.e. a high moisture content in the surface area and a relatively dry inner
core.

Pre-wetted state Drving state

N

Dry core Moist core

Moist surface Dry surface

Figure 37 Two principal moisture conditions of light weight aggregates [4]
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Testsreported in [4] show that one hour absorption might vary as much as 5 % (points) depending
on distribution within the particles. This corresponds to about 20 litres of mix wafefof i

typical LWAC based on this aggregate. Hence, to ensure uniforrentiespduring production of
LWAC for a structure, determination of absorption properties of the LWA in the actual moisture
condition is needed.

So, ifthe LWA used is not in a homogenous water saturated condition when mixed in the concrete,
the mix waterbsorbed in the LWA at the time of initial settingpyvshall be determined as:

W abs= 1.0 * Winm

Where wnm is determined according to prEN 1087appendix "C" with the following two
modifications; a) The initial moisture content and condition|dialthe same as for the LWA
actually used in the concrete production, lyws measured after one hour immersion

3 PRODUCTION

The main difference from normal density concrete in production is the vulnerability towards
pumping.This is because the puing pressure may squeez mix water into the LWA and when

the pressure is released (i.e. during placing) some of the water may come out again (due to
compressed air in the LWA), and also air bubbles may evacuate simoutaneously and agglomerate
on the LWA surce. It may result in decreased strength and increased in permeability, the latter
potentially detrimental to the durability properties [5]. Therfore, EN 13670 requiéker

LWAC is to be pumped, documentation shall be available showing that pumpimgweilho
significant effect on the strength of the hardened concrete.”
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Application of Lightweight Concrete

Karl-Christian Thienel, UnivProf. Dr-Ing.
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ABSTRACT
A brief survey is given of various applications of structural lightweight concrete (LC) covering
the entire range of densities.

Keywords: Lightweight concrete, LC, setfompacting lightweight concrete, SCLC, infra
lightweight concrete, ILC, lightweight aggregat WA, thermal conductivity; lightweight sand.

1 COMBINATIONS OF STRE NGTH AND DENSITIY CL ASSES OF

LIGHTWEIGHT CONCRETE
Structural lightweight concrete (LC) is a very versatile material due to the combination of
sufficient strength with a minimum ofratctural weight. Depending on the intended use the focus
Is either primarily on load bearing capacity and a corresponding minimum density as it is the case
e. g. for bridges or offshore structures. On the other hand the focus is on reducing the thermal
corductivity of LC while providing only a necessary minimum strength as for instance in the case
of external fair faced concrete walls for private houses. Irrespective of the intended use both,
strength and density are somewhat connected and need to beecmhsgidequal measure. Fig. 1
gives an impression of the correlation between strength classes for LC and the necessary dry

density according EN 20@].
LC70/77

1 with lightweight sand —_ LC60/66
B with normalweight sand
1 e————————"| 5560
| | ()55
S| 550
—— LC40/44
LC35/38
LC30/33

L ——
I_I_* LC25/28
D
e ——— DS AL
| /13
: M LC8/9

0.8 1.0 1.2 14 1.6 1.8 2.0
Concrete dry density [kg/dm3]

Figure 11 Correlation between strength classes and necessary dry density for LC. B48kd on
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2 CLASSIFICATION OF AP PLICATION AREAS FOR LIGHTWEIGHT

CONCRETE
Lightweight concrete for structural applications is often made with normal weight sand. The
density exceeds in most cade$ kg/dni. Thus far, only a few projects have been made seth
compating lightweight concretéSCLC). Three different application and synergetic areas exist
for light and very light concrete made with lightweight sand. They depend mainly on the
combination of required compressive strength and thermal conductivity needeter to adapt
to the building physics requiremen8.

1 Highly stressed facades of office buildings with many and wide window and door openings
demand a higher compressive strength and are realized in a concrete density range between
1.3 and 1.6 kg/dfn

1 Less stressed facades, which either have thicker walls, less stories or less openings are
executed in the density range between 1.0 and 1.3 Rg/dm

1 Very light LC with the best thermal insulation are increasingly used for exclusive private
houses. Their @grnal walls are executed in densities ranging from 1.0 down to 0.80
kg/dm? and even less. Below 0.80 kg/8isuch lightweight concretes are no longer covered
by existing standards for structural lightweight concrete in Europe. Since the thermal
insulationrequirements lead to rather thick walls, the achievable strength is usually high
enough to provide sufficient load bearing capacity for simléwo-story houses. In some
projects, the concrete strength is even below a strength class LC8/9, whiclowsdsie
strength class that is covered by existing standards foflL.CThese saalled infra
lightweight concretes (ILC)4] range somewhere in between structural lightweight
concrete (LC) and nfines lightweight concrete with open porous structure (LAC)
Special considerations are necessary regarding a suitable design concept and durability for
ILC. Thus ILC require a technical approval or an approval on an individual[Bhsis

3 EXEMPLARY PROJECTS

3.1 LC made with normal weight sand and in thedensity range above 1.5 kg/dh

A white LC35/38 D1.6 forms the curved roof that rests on individual colamdgovers the bus

and railway station in Korbach, Germany (Fig. 2 left). The pedestrian bridge crossing the river
Vitava in Lesk® BudhDjovice (Budweis), Czech I
54 precast elements made with LC35/38 D1.8.(Bigight). The elements rest on two sets of

cables and form the bridge deck.

FigUre 21 Left: Bus station rogfkKorbach, Germa
Republic

ny.'RighPedesrian bridge Budweis, Czech

3.2 Selfcompacting lightweight concrete(SCLC)
SCLC was used fohe first time in 2002 for the lower (Fig. 3 left) and upper end elements of the
upper tribune in the football stadium AVol ksw
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asked for a perfect fair faced concrete. This could only be accomplished thrsei§tompacting

LC25/28 D1.6 due to the complex shape of the precast elements. In 2005 the Emmaus Autobahn
Chapel (Fi g. 3 right) was built wusing a tech
Such technical approval is still needed as SCLC isow¢red by European concrete standards.

Figure 3i Left: lower end element of the upper tribune, Volkswagen Arena, Wolfsburg, Germany.
Right: Emmaus Autobahn chapel, rest and service area H¥gast, Germany.

3.2 LC made with lightweight sand andin the density range above 1.3 kg/d

Thermal conductivity is still too high for using LC with densities above 1.3 kKyasnsole
insulation material for external walls. Here, the excellent combination of strength and density is
important. A blackcoloredLC16/18 D1.4 formed the outer shell of the external sandwich walls
of the apartment and office building L40 (Fig. 4 left) and reduced the weight of the cantilevering
facing. Even more severe were the requirements for the concrete hull of the healg] l{fay.

4 right). A LC35/38 D1.4 was chosen as a demolding density below 1608 wg&mandatory

for the necessary buoyancy.

Figure 4 i Left L|n|enstraf3e 40, Berlln Germany?lght Heavy lifter, Rotterdam, The
Netherlands

3.4 LC made with lightweight sand and in the density range between 1.0 and 1.3 kg/éim

Less stressed facades which either have thicker walls, less stories or less openings are executed in
the density range between 1.0 and 1.3 kg/dthese LC are commonly used for officeltirigs

and public structures like churches. Tegional and district courh Frankfurt/Oder, Germany,

was built using LC16/18 D1.2 for its fair faced concrete (Fig. 5 left). A LC12/13 D1.2 formed the
external 60 cm thick monolithic walls of tiew offi@ building of Spenner GmbH & Co. KG in
Erwitte, GermanyFig. 5 right).

8
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Figure 57 Left: Regional and district court Frankfurt/Oder, Germany. Right: Office building,
Erwitte, Germany

3.5 ILC made with lightweight sand and dry densities below 0.8 kigim3

Currently the most prominent executed examples for ILC in Germany are two private houses. The
first achieved a strength of 7,4 MPa at a density of 0.76 Ky(Big. 6 left) and a more recent
building a record breaking LC8/9 D0.725 (Fig. 6 right).

#
¥

|
J~| i

m =

e

Figure 6i Left: Private house Schlaich, Berlin, GermarBight: Private house Thalmair.
Aiterbach, Germany
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ABSTRACT

Lightweight aggregates manufactured in the USA differ from European aggregates and as a result,
propertiesof lightweight concreteary. Selected mechanical properties of lightweight aggregate
and lightweight concrete in the USA are discussed, with focus on properties of expanded slate
from North Carolina (STALITE). Several differences in structural design practiveebn the

USA and Europe are discussed that are related to lightweight concrete design.

Key words: Lightweight aggregate, lightweight concrete, design, material properties, durability.

1. INTRODUCTION

Structural lightweight aggregate can be used to nimadge performance structural lightweight
concrete. Such material has been used in major structures in the USA and in Europe [1]. As
structural engineers attempt to develop ever more creative and aggressive designs, lightweight
concrete continues to be aagbsolution to improve both structural efficiency and durability of
structures, contributing to the success of some of the boundary pushing designs, as well as many
more ordinary projects, including both new construction and rehabilitation projects.

Desigrers are often not familiar with the properties of structural lightweight aggregate and
lightweight concrete. Many engineers are sceptical about whether lightweight concrete can be a
durable material for structures that must have a long service life witimibal and longterm

costs. For this workshop, it is also important to introduce designers in Europe to lightweight
aggregates produced in the USA, and to the ways in which lightweight concrete is addressed in
the codes in the USA.

This paper is intendkto begin to address these issues by briefly discussing lightweight aggregate
in the USA, with specific details given for the expanded slate lightweight aggregate manufactured
in North Carolina (STALITE). Design of lightweight concrete structures in tBé Us then
discussed, including several recent changes in the bridge design code related to lightweight
concrete. Some of the differences between design codes in the USA and Europe related to this
discussion of lightweight concrete are noted. A few pragedf lightweight concrete used in the

USA are then presented, again focusing on experience with STALITE aggregate.

2. LIGHTWEIGHT AGGREGATE IN USA

Structural lightweight aggregate in the USA is produced using shale, clay and slate [2]. The raw
material is expanded at high temperatures in a rotary kiln to produce a porous structural
lightweight aggregate. Properties of the lightweight aggregate vary between sources, but structural
lightweight concrete can be produced using aggregate from all sourcdsilRlkdensity of coarse
lightweight aggregate ranges from about 720 to 880 ¥gind from about 960 to 1120 kgfor

fine aggregate. The largest lightweight aggregate grading used in the USA is 19 mm. Water
absorption of lightweight aggregates rangesnfié?o to more than 25% by mass. Most pores in

10
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the aggregate are not connected. For more consistent workability and hardened properties,
lightweight aggregate is generally prewetted prior to batching.

2.1 STALITE Lightweight Aggregate

STALITE is a highperformance lightweight aggregate manufactured in North Carolina, USA, by
expanding a metargillitic slate [3]. After firing and cooling, the aggregate is crushed and
screened to obtain the desired particle sizes. The aggregate has the lowest absorpibestind h
strength of lightweight aggregates available in the USA. The dry bulk density of STALITE ranges
from about 770 to 830 kgfhfor coarse gradations to 960 kg/fior fine gradations with dry

relative densities ranging from about 1.50 for coarse aggregd.70 for fine aggregate. These

values are generally higher than other lightweight aggregates in the USA.

The typical absorption (by mass) to a Awett ed
7% for the 12.5 and 9.5 mm gradings, and 12%tle fine grading (4.75 m#f). This low
absorption, thought to be the lowest in the world, is a characteristic of the aggregate and is
achieved without applying sealing materials or prohibiting crushing of the aggregate after firing.
Analysis demonstratdabat only about 20% of the pores in coarse aggregate particles and nearly
50% in fine aggregate particles are filled w
[3] T the remaining pores are disconnected and remain unfilled.

It seems reasonabte expect lightweight aggregate, because of its porous nature, to have low
abrasion resistance. However, test results indicate that STALITE has Los Angeles Abrasion loss
values (AASHTO T 96) approximately equal to the average computed for all conventional
aggregates on the North Carolina transportation agency approved aggregate list [3].

3. LIGHTWEIGHT CONCRETE IN US DESIGN CODES
Several differences in structural concrete design practice between the USA and Europe related to
lightweight concrete are disssed, along with some recent changes in the US bridge design code.

3.1 Compressive and Tensile Strengths of Concrete

US design codes [4,5] use the minimum specified design compressive strength of cylinders rather
than the characteristic strength of culeescylinders, so nearly all compressive strength data
generated in the USA are for cylinders. Concrete producers use assumed or expasedarix
variabilities to determine strengths required to reliably meet the design compressive strength.
Tensile stength of concrete is based on either the modulus of rupture based on bending of beams
or the splitting tensile strength based on splitting cylinders.

3.2 Density

Density of lightweight concrete in US design codes [4,5] is based on the definition of the
equilibrium density of concrete, which occurs when the concrete reaches moisture equilibrium
with its environment. This density is taken as an estimate of the concrete density in the structure
in service. Procedures for determining equilibrium density iynig or by calculations based on

mix proportions are given in ASTM C567. This approach differs from Eurocode 2 [6] which uses
the oven dry density of concrete. Data on oven dry densities may be available for some projects
in the USA because one procedtme computing equilibrium density is to obtain the oven dry
density of a concrete specimen then add a fixed increment of density (48).kgis
approximation may not be accurate, especially for -stgbngth lowpermeability mixes. For

many projects intte US, the oven dry density may not be available since it is not specified.

In some cases, fresh densities are specified and used for design because, for low absorption
aggregate such as STALITE, the difference between the fresh and equilibrium densitned i

i often less than 50 kgfinso it is considered to be negligible. For precast concrete elements, the
fresh density is important because it will define the-selight of an elemerfor handling
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3.3 Definition of Lightweight Concrete

Recently, the finition of lightweight concrete in the US bridge design code [4] has been revised

to recognize that lightweight aggregate has been used to produce concrete in the range between
traditional lightweight concrete and normal weight concrete. The new defirafi lightweight

concrete in theAASHTO LRFD Bridge Design Specificatigd$ includes densities up to 2160

kg/m?, which has also been defined as the lower limit of density for normal weight concrete. This

is similar to the limit of 2200 kg/#in Eurocode? [6].

In the past, types of lightweight concrete were also defined to identify the applicable modification
factor for tensile related cadadaihttiwees.ghThec ol
which contains only lightweight coarse and finqgage gat e whiglhe wfes ggrhd 0 ¢
contains | ightweight coarse aggregate -with
|l i ght weighto concrete is much more widely wu
different sources, concrete with #gedefinitions could have significantly different densities.
Furthermore, a designer often has no knowledge of the combination of aggregates that might be
used to achieve a specified density. Therefore, definitions of lightweight concrete based on mix
composition have been removed from the bridge design specifications [4,7]; a similar change is
now being considered for the building code [5].

3.4 Concrete Density Modification Factor

US design codes assume that lightweight concrete may have a reducedcsgresiity compared

to normal weight concrete with the same compressive strength. This has been represented by what
iI's now call ed the fconctl,ethe bridge codei[4]. yhisrfastdrisf i ¢ a
appl i efd term®in éguations related to tensile strength of concrete, such as shear and
development lengths. In the past, the factor was defined based on #redadandightweight

concrete definitiongyut it is now based on density [7]. It should be noted that recent studies have
found lightweight concrete to have splitting tensile strengths equal to or greater than the expected
tensile strengths for normal weight concrete [3,8], which means that eticedactor is not

needed. In the US bridge design code, the designer may specify the splitting tensile strength to be
equal to the expected splitting tensile strength of normal weight concrete, in which case the factor

| will be 1.0 and no reduction will occur. It should also be noted that recent revisions to the bridge
code [7] included the insertion of the concrete density modification factor into all equations where

it should be used; previously, it was left up to designer to apply the factor.

3.5 Resistance Factors

Resistance factors for strength design of concrete buildings have always been the same for
lightweight and normal weight concrete [5]. However, when the AASHTO LRFD Specifications

[4] were introducedn 1994, the shear resistance factor for lightweight concrete was 0.7, while a
factor of 0.9 was used for normal weight concrete. This reduced resistance factor was in addition
to the concrete density modification factor, so the reduction in shear capadigtweight
concrete members was compounded. This presented a significant obstacle to the use of lightweight
concrete for elements with a large shear demand. Following the collection and analysis of a
significant body of test data on lightweight conerehe resistance factor for shear for lightweight
concrete has been increased and is now equal to the factor for normal weight concrete [7].

3.6 Modulus of Elasticity

The equation for estimating the modulus of elasticity of concrete in the AASHTO LRFD
Specifications [4] has been revised to better predict values for lightweight and high strength mixes
[7]. The new equation (in US unitksi) is shown below and has been found to work well for
several mixes using STALITE (constant is approximately 0.00dKdfon’, MPa, and Ein GPa).
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E, =120.000K,w,*" £/°% (5.4.2.4-1)

where:

Ki = cormrection factor for source of aggregate to be
taken as 1.0 unless determined by physical test,
and as approved by the owner

we = unit weight of concrete (kcf): refer to

 Table 3.5.1-1|or |Article C5.4.2 4]

f'e = compressive strength of concrete for use in

design (ksi)

3.7 Flexural Design at Ultimate Limit State and StressStrain Relationship

Current practice in the USA for computing flexural resistance of concrete elements at the strength
limit state typically uses the approximate e@l@nt rectangular stress block rather than a stress
strain relationship. Because this is the prevailing design approach, recent data from testing stress
strain relationship parameters in the USA are not available. Tests have shown the approximate
method tdoe conservative for lightweight concrete members [8].

4. PROPERTIES OF LIGHTWEIGHT CONCRETE

Only a few properties of lightweight concrete are discussed in the following, and even for these
topics, adequate details cannot be presented because ofispt®hs. For more information

on these and other properties of lightweight concrete, nearly all cited references provide data on
properties of lightweight concrete, including STALITE.

Because of the differences in design approach between the USA empkEsome concrete
properties used in European practice are not discussed because they have not been investigated in
the USA.

4.1 Compressive Strength and Density

Design compressive strengths for concrete made with STALITE can be as high as 73 MPa with
single cylinder breaks as high as 90 MPa [9]. The maximum allowed fresh density of this concrete
mixture, which was used for pretensioned highway bridge girders, was 2059 Khperdensity

used for design calculations was 1970 k{/mhich represented th@verage density obtained

during production. Test data from construction of a-ngd building with lightweight concrete

floors indicated an average compressive strength of 84 MPa with a theoretical plastic density of
1815 kg/m. Both lightweight concreteame nt i oned above were fAsand |
all of the coarse aggregate consisting of STALITE lightweight aggregate. Work is underway to
investigate the potential for using STALITE to make concrete with even higher compressive
strengths.

Themin mum equilibrium density of an dall l i ght
1600 kg/m. Design compressive strengths at this density can be at least 35 MPa.

4.2 Transfer and Development Length for Pretensioned Prestressing Strand

It has been deanstrated that equations in the AASHTO LRFD Specifications [4] for transfer and
development lengths of pretensioned prestressing strands can be conservatively applied to
members consisting of sand lightweight concrete [8].
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4.3 Creep, Shrinkage, and Prestess Losses

Creep and shrinkage of lightweight concrete are generally assumed to be greater than values for
comparable normal weight concrete. However, test results for creep and shrinkage for high
strength lightweight concrete are similar to results foma weight concrete [8,9]. In one
comparison, a higltrength lightweight concrete mixture was shown to have less shrinkage
compared to a similar normal weight concrete mixture, even though it had a significantly greater
cementitious materials content [Fince research has also demonstrated thatdependent
prestress losses for lightweight concrete are similar to normal weight concrete, it has been
concluded that current code expressions for estimating creep, shrinkage, and prestress losses may
be usd for lightweight concrete without modification [8].

4.4 Thermal Properties

The coefficient of thermal expansion for structural lightweight concrete is typically less than for
normal weight concrete with the same compressive strength. Test data atdeaf@ila bridge

deck concrete mixture using three types of lightweight aggregate, including STALITE [10]. Other
thermal properties of STALITE lightweight concrete have been reported [11].

The reduced coefficient of thermal expansion of lightweight coe@@mbined with its reduced
modulus of elasticity and shrinkage are expected to result in significantly reduced stresses, and
therefore reduced cracking tendencies, in situations where concrete is placed in highly restrained
conditions or where elevatemmcrete temperatures are expected, such as in mass concrete
placements. Tests have demonstrated the reduced cracking potential for lightweight concrete deck
mixtures [10].

4.5 Fatigue

Fatigue strength is not considered in bridge designs in the USA. Howests to assess types of
concrete for an offshore platform reported by Hoff [12], which included STALITE, showed good
fatigue resistance.

4.6 Durability

Long-term durability is a critical concern for bridges and offshore structures. While durability of
concrete structures depends on a wide range of factors, the two primary factors are permeability
and the extent and severity of cracking. Compared to normal weight concrete with the same
quality and compressive strength, the unique characteristics tdéigint concrete contribute to
reduced permeability and significantly reduced tendency for cracking [9,13,14], thus leading to
increased service life.

5.  CONCLUSIONS

This paper has given a brief introduction to lightweight aggregates manufactured B&hand
STALITE in particular. Several issues in the US design codes related to lightweight concrete were
discussed. A few properties of lightweight concrete have also been presented. It is hoped that this
discussion will serve to advance the exchangenfmirmation related to lightweight concrete
between the USA and Europe.
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ABSTRACT
This paper discusses the production of lightweight aggregate via the rotary kiln method and
resulting material properties of expanded slate lightvieaglgregate.

Key words: Lightweight aggregate, rotary kiln, material properties.

1. INTRODUCTION

The first investigation into the production of Expanded Shale Clay and Slate (ESCS) lightweight
aggregates was undertaken in 1908. It was not until ten Yetrsthat the product found
commercial application. The process of manufacturing an ESCS aggregate in a rotary kiln was
patented by Stephen J. Hayde, a Kansas City ceramic engineer who recognized that clay brick that
had excessive expansion could in fdm utilized in the production of high quality lightweight
aggregate for use in concrete products that had a significantly improved strength to weight ratio

[1].

2. GEOLOGY

Stalite Lightweight Aggregate is produced using raetllite. This rock formedvhen quartz

silt and sand particles mixed with volcanic ash from nearby erupting volcanoes as they settled to
the bottom of the ocean floor. Once there, they became lithified into a solid rock. Later, intense
heat and pressure metamorphosed the roelgit its foliation. Geologists have surmised that

the metaargillite formed on a volcanic arc that later collided with North America more than 450
million years ago. Silica is the predominant chemical component ofangithte. Alumina and

iron oxides are also present in the material with minor constituents including titanium, manganese,
and phosphorus.

3. MINING/QUARRYING

Selective mining is required when obtaining the slate required for the production of Stalite. The
dip of the deposit, the alegat which the bed is inclined from the horizontal, in slates can be
considerable. Faults with vertical offset of up to 10 meters are present in the quarry and occasional
inter-mixed deposits of nebloatable mudstone and diabase also present. Extersiuey and

three dimensional modelling are used in the selective mining process to identify suitable bloatable
materials.

4. MECHANISM OF EXPANSION
Slate and other materials which will bloat or expand must possess two qualities:
a) When it is heateditthe point of incipient fusion, gases must be formed; the gases formed
include carbon dioxide and sulphur dioxide. Calcite is the predominant source of carbon
dioxide. Pyrite and marcasite are the sources of the sulphur dioxide.
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b) The glass formed on heng the material must be of such a viscosity as to entrap the gases
formed.
The triaxial diagram in Figure 1 is typically a good indicator of viscosity required for bloating of
metaargillitic slate and other materials used to produce lightweight agese[is.

Si0,
100%

50% 50%
AlLOx Fluxes

Figure 1i Composition limits of bloating clays [2]

5. ROTARY KILN

The rotary kiln, in its simplest form, is a nearly horizontal refraetioigd cylinder, rotating about

its longitudinal axis. The raw material is fed into the upper end anldetat is applied at the lower

end, so the material travels counterrent to the heat flow. The material is heated in about 30 to

60 minutes, depending on the length, diameter, and rotational speed, to a maximum temperature
of between 1050° and 1200° Che heating rate is gradual for about 2/3 the length of the Kiln,
then it increases rapidly until the maximum is reachedhbating the interior of the particles so

that gases that are liberated will be trapped by glass formed matrix [3].

Raw Material

Preparation Raw Material
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Crushing / Sizing =
& Clean Air
; Discharge
Fuel Source 5
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Control
(Baghouse,
= Wet Scrubber,
g N0
§ Material
S
é o
w Fine
Sizing e = Shipping
Ambient Truck
Air | Coarse Rail
Intake Barge

Figure 21 Rotary kiln flow diagram [3]
The rotary kiln can be an inefficient heat exchanger if not managed properly. Only a small

percentage of the heat applied can be used to bloat the material. The remainder of the heat can be
lost through:
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a) The combustion gas and moisture exhausting from the kiln

b) Radiation from the kiln shell

c) Retention in the aggregate discharged from the kiln
To minimize these thermal losses, we utilize alprater to minimize the heat loss from the
combustion gases exhausting thin.kWe also use insulation processes to minimize the heat
radiation from the kiln and forced air coolers to recycle the heat from the discharged aggregate.
The net result of these items is an efficient heat transfer system for the expansion of the raw
maerials.

6. PHYSICAL PROPERTIES

6.1 Absorption

Research has shown that the materconnected spherical pores in expanded slate lightweight
aggregate do not completely fill when submerged in water [4]. Only the exterior pores and interior
pores conneed by micro cracks or fissures fill with water. In the research, the material was
submerged in water containing florescent wditesed dye for a period of six months. The
material was removed from the water and the absorption percentage was deterifineed.
absorption percentage of the materials averaged 8.0%. Samples were then dried and broken to
reveal the interior pore structure. The exposed pore structure was viewed under a black light to
determine penetration of the water and dye. The water antatyonly penetrated the exterior

pores and interior pores connected by mimracks or fissures.

6.2 Specific Gravity vs Absorption

Results from specific gravity and absorption tests for Stalite shown in Table 1 are from material
washed over a #4 screand oven dried at the beginning of the test. The material was then
submerged in water at 23°C for the durations shown. The original sample mass was large enough
to allow for portions to be removed and tested for absorption and specific gravity wehile th
remainder of the sample remained submerged. This allowed for continuous submersions as listed
below. The specific gravity was tested by the pycnometer method as described in ACI 211.2 [5].
The absorption was tested after towel drying the aggregalesasbed in ASTM C127 [4].

6.3 Particle Strength

Lightweight aggregate particles cannot be tested in direct compression due to the manufactured
nature of the aggregate. Normal density stone is tested in compression from cores of the
competent rock beingsed. With the obvious inability to core lightweight rock and test in
compression, the strength of the aggregate is best measured in terms of other tests that can be
performed on the aggregate. The Los Angeles (LA) abrasion test (ASTM C131) is a méasure

an aggregateod6s strength and durability. St al
is very good. The compressive strength of the concrete made using expanded slate aggregate has
regularly achieved over 70 MPa at 28 days. The eamngtins of precast mixes have often
achieved over 55 MPa in 2 days.
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Table 1i Specific Gravity vs. Absorption [4]

Submersion  Specific Gravity Absorption

Time ACI 211.2 ASTM C127
[H] [%]
0 1.43 0.0
1 1.46 3.4
4 1.46 3.8
8 1.47 4.1
24 1.50 6.6
48 150 7.2
120 1.51 7.9
336 1.51 8.0

5.

CONCLUSIONS

This paper gives a very general overview of the production of expanded slate lightweight
aggregate and some general properties of the expanded materials. These properties are important
in the productiorof lightweight concrete using expanded lightweight aggregates.

REFERENCES
Cited references are listed below. Additional references are also available from the author.

[1]

[2]
[3]

[4]
[5]

20

Holm T.A. and Ries J.P., fALight wSgniigdntce Conc
of Test and Properties of Concrete and ConeM#king Materials ASTM 169D, ASTM
International, West Conshohocken. (2006)

Riley C. M., ARel ation of Chemi cdurnalPof opert
American Ceramic Societ0:4, 121128.(2006)
Hol m, T. A. and Ries, J.P., AChapter 2, Ma n

ESCSI Reference Manuydixpanded Shale, Clay and Slate Institute (ESCSI), Chicago.
(2007)

Wal | | J. AESCS Lightwei ght A g garnedg aA pep | G ecoatt
Proceedings North Carolina GEO3T2 Conference, Raleigh. (2006)
American Concrete Institute (ACI) Committe

Selecting Proportions for StructuratonLi ght
Hills, Michigan. (1998)



Nordic miniseminar: Structural lightweight aggregate concrete
Trondheim, Norway, February 02019

Lightweight concrete for the E39jord -crossingproject in Norway

Arianna Minoretti, Chief Engineer
State Department

Norwegian Public Road Administration
Trondheim, Norway

e-mail: arianna.minoretti@vegvesen.no

Simen Hellgren Holtberget, Overingenigr
Region st

Norwegian Public Road Administration

Oslo, Norway

e-mail: simen.hellgren.holtberget@vegvesen.no

Bernardo Costa, Overingenigr

Region West

Norwegian Public Road Administration
Stavanger, Norway

e-mail: bernardo.morais.da.costa@vegvesen.no

Johannes Veie, Chief Engineer
Region @

Norwegian Public Road Administration
Oslo, Norway

e-mail: johannes.veie@vegvesen.no

ABSTRACT

The Ferry free E39 fjordrossing project in Norway is giving the opportunity to develop some
new type of suctures. The possibilitip use lighter materials coulmh some cases, optimize the
structure in terms of response towards the environmental loads and in terms of cost. The different
crossings and the related challenges are described in the paper.

Key words: Large concrete structures, marine environment, collisions, cracking
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1. INTRODUCTION

During the recent years, the Norwegian Public Road Administration, with universities and
consultants, has developed several feasibility studies for crossitanthand deep fjords along

the E39. Submerged Floating Tube Bridges (SFTB) [1], Suspension Bridges on Tension Leg
Platforms (TLP) or Floating Bridges could be an alternative to realize these challenging crossings.
Every structure has different charactecs and specific needs that require a deep understanding
of the structural behaviour of the bridge.

Generally, we can say that the possibility to use light materials will help in lowering the cost of
the structures, but there are challenges related toefistance of the structure towards, for
example, impact loads that these structures in a marine environment have to face.

2 THE SUBMERGED FLOATING TUBE BRIDGE

The SFTB (Fig.1) is a submerged bridge, floating at a specific depth below the sea hageh It
closed cross section, similar to a tunnel, but it behaves like a bridge.

For long crossings, the structure needs some element to vertically stabilize it. These elements can
be floating pontoons or tethers connecting the structure with the sealea@tfidrs are the same
elements used in the offshore structures.

In the design developed for the fjord crossing, the road is located in a twin tube bridge, where
each tube allows a two lanes carriagewihe volume of the tubes is defined by the space needed

for the road, the eventual pedestrian or bicycle path andré@efor the variable ballashat is

activated in case of accidental situations.

Once the volume is defined, the buoyancy force thaplifting the structure is also determined,

being dependent from the weight of the volume of water displaced.

In the realized designs, the structure has been dimensioned to have a neutral buoyancy so that the
vertical loads balance the uplifting force. &g a lighter structure would consequently mean that
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there will be the need to introduce a permanent ballast in the structure, while using a traditional
concrete will allow to have some weight from the structural material to ballast the bridge.
Regardingthe pontoons, the environmental forces they are exposed to depend also on their
dimensions. This could lead to think that having a lighter pontoon would allow to reduce its
dimensions and consequently to reduce the forces it is exposed to. But the evatedirof the
pontoons is necessary to provide the required stiffness to avoid deformations during the quasi
static load conditions.

Having the same geometry, the possibility to use a lighter material could be nevertheless
favourable for the dynamic behaur of the structure. In fact, it is difficult to tune the response

of the structure out from the dangerous resonance area of the environmental actions. A lighter and
different material could therefore be an additional possibility for this such imptaskgtdue to

the influence of the mass and of the material damping in the dynamic behaviour.

2 MULTI -SPAN SUSPENSION BRIDGE ON FLOATING FOUNDATIONS

The multispan suspension bridge on floating foundations is a +spdin suspension bridge
consisting of tw rigidly land founded towers, and one or more floaters (floating towers). The
floaters are based on Tension Legged Platform (TLP) technology, and thus give rotational
stiffness about the horizontal axes, and reduced lateral deflection. The TLP founeasibles

the concept to be founded on great depths. The tethers are connected to the floater, and anchored
to the seabed with anchors.

The floaters can be built in different materials, where the main alternatives are separated as steel
or concrete. lrorder to reduce forces in the structure a light buoyant material like-cowarete

might be a desirable material. The desired dynamic behaviour of the structure will vary from fjord
to fjord, and thus different materials needs to be considered. For timafped the northern land

based tower was founded on a caisson. In order to reduce the forces due to wave loading LWA
concrete was necessary as the structure needed to be slimmed downoh@éte was also used

for the concrete floater alternative, whaire aggregate of LC 50/55 was used for the design. In

the further development of the mudgpan suspension bridge on floating foundations WA
concrete will be an important alternative for the concrete parts of the structure. Especially with
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