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Abstract

Lightweight aggregate concrete (LWAC) has been used in construction since ancient Greek and
Roman times, for more than two thousand years. With its low density, it was mainly used to reduce
the weight of the structures. LWAs were eventually manufactured and used more widely after 1917.
Nevertheless, the use of LWAC in structural applications is very limited compared to normal weight
concrete (NWC) even nowadays. The main concerns are its more brittle post-peak behaviour,

especially in compression, its uncontrolled crack propagation, and its reduced ductility.

The main objective of the research for this thesis was to study the factors influencing LWAC’s
compressive ductility, so it can provide the safe and reliable structures which are vital to making
LWAC a more competitive material. Most material models and design codes treat LWAC as one
material, irrespective of the type of lightweight aggregate. While some aggregates do indeed have a
brittle structural response, other aggregates behave much more like normal weight concrete. The
lightweight concrete used in this study, with Stalite as aggregate, is therefore compared to the design

codes and material models to see if they compare it unfavourably to NWC.

The research included experimental work and a comparisons part. The experimental part included a
series of stress=strain gradient tests on small concrete prisms to obtain the design parameters used
later in the main experimental programme. The large-scale beam experimental programme was
created to capture the confinement effect. This programme involved loading six over-reinforced
beams in four-point bending. The geometry of the beams was 210x550x4500 mm (width x height x
length), allowing a large compressive area of one metre between loading points. The main testing
parameters we varied were the spacing of transverse reinforcement (stirrups), the amount of
longitudinal compressive reinforcement, and the thickness of concrete cover. The test results were
used in numerical analysis of the current material models to verify or obtain guidance for appropriate

material models for structural LWAC behaviour in compression.

Compressive confinement and ductility were most influenced by the spacing of transverse
reinforcement, while load capacity was determined jointly by the amount of longitudinal
compressive reinforcement and the stirrup spacing. Analyses of the compressed part of the cross

section with existing material models showed they can be used as a basis for obtaining a better



description of LWAC in compression. However, the type of aggregate needs to be included in the

models.

To test brittleness, crack propagation, and shear resistance, another large-scale beam test
programme was created involving five beams. The main test parameters were the shear span ratio
(a/d) and the amount of shear reinforcement. The results indicate that existing design codes

underestimate the ultimate strains and shear capacity of lightweight concrete.

In summary, by using appropriate reinforcement detailing it is possible to increase the ductility of
LWAC structures and achieve responses close to the response of NWC structures. Bearing in mind
the major advantages of LWAC, which are reduced weight and a high strength~to-weight ratio
compared to conventional concrete, structural applications of LWAC should be increased

significantly.
Keywords: lightweight aggregate concrete, testing in compression, strain level, centric loading,

eccentric loading, stress gradients, shear, bending, confinement, ductility, transversal reinforcement,

longitudinal reinforcement, concrete cover.
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Structure of the doctoral thesis

The thesis is written as a collection of papers with a general introduction.
Part I is the general introduction and highlights the research significance and framework, the main
objectives and limitations, and summarizes the appended papers, and the main outcomes and

conclusions.
Part Il consists of four appended papers, of which two have been published in an international peer-
reviewed scientific journal, one is under review at another international peer-reviewed scientific

journal, and one has been published in the proceedings of a conference.

In addition, there are two annexes, which summarizes conference papers and the main results from

experimental work.
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Part I - Extended Summary







1. Introduction

Concrete, a material generally composed of cement, water, and coarse aggregates, is one of the most
widely used building materials in the world. Concrete has the ability to be shaped to the desired
dimensions of structures and is known as an inexpensive and durable material. Where a light
aggregate is used instead of coarse aggregate or aggregate and sand, the concrete becomes
lightweight aggregate concrete (LWAC), with a high strength-to-weight ratio compared to normal
weight aggregate concrete (NWC).

Replacing conventional coarse aggregate with lightweight aggregate has a huge influence on
mechanical properties of the concrete. The main scepticism of designers about using more LWAC is
rooted in its poorer mechanical characteristics compared to conventional NWC. But the standards
[EN-1992-1-1, 2004; NS3473, 2003; ACI213R-03, 2003; Fib Bulletin 8, 2000] do not distinguish
between different lightweight aggregates and every concrete mix with a different lightweight

aggregate (LWA) presents a particular case with its own characteristics.

The main reason for using LWAC is to reduce the dead weight of structures, which is the basic cost
driver in the offshore concrete industry and other large infrastructure projects. However, use of
LWAC as a mainstream construction material in the construction industry is still limited, which can
partly be explained by its brittleness and uncontrolled crack propagation at the material level
compared to normal weight concrete (NWC) [Chandra and Berntsson, 2003; Bologna, 1974;
Castrodale et al., 2017; EuroLightCon1998-2000, Lo et al., 2007; Helland et al., 2000; Holand et al,,
1995]. This means LWAC structures subject to dynamic loading may have problems with energy
dissipation and loss of concrete cover. Moreover, due to the redistribution of forces, the inherent
safety in structures relies on ductility. Energy dissipation in flexure is mainly related to the yielding
(and yielding reversal) of the reinforcement, but the stress-strain characteristics of the concrete in
compression play an important role in limiting the amount of yielding possible before break-down
of'the plastic zones [Cousins et al., 2013; CUR report 173, 1995]. Compared to LWAC, the stress-strain
diagrams of normal weight concrete are characterized by a more linear ascending branch and a
steeper descending branch [Nedrelid, 2012]. Less certain is the actual break-down of the sections
involving splitting failure with loss of concrete cover. Research on how to improve the ductility of
LWAC structures to ensure they are safe and reliable is therefore vital to make LWAC a more

competitive material.



Typical oven-dry densities of LWAC are between 300-2000 kg/m3and LWAC is 20-30% lighter than
NWC [EN-1992-1-1, 2004; NS3473, 2003; ACI213R-03, 2003]. Concrete with natural lightweight
aggregate has been used in construction since ancient Greek and Roman times. LWAs have been
manufactured and used more commonly since 1917 [Chandra and Berntsson, 2003; Spitzer, 1995].
In Norway, the most commonly used lightweight aggregates are Norwegian Leca and German Liapor
[EuroLightCon, 1998-2000]. This research focused on an American lightweight aggregate from North

Caroling, an argillite slate called Stalite [Stalite Structural, 2020; Castrodale et al., 2017]. The results

and performance of LWAC containing Stalite is compared with LWACs with aggregates Leca and
Liapor [Thorenfeldt and Stemland, 1995; Bjerkeli and Tomaszewicz, 1987-1990; Markeset, 1993].
My research focused on high-strength LWACs and structural lightweight concrete (SLC) with a
strength of 60 MPa or higher [EuroLightCon BE96-3942/R36, 2000].

The research work for this thesis ranged from the material level to large-scale experiments, with
comparisons and a focus on existing design codes. Part I of the thesis introduces the research
framework, focusing on methodology that can register and capture ultimate strains in large
structural elements, but also presenting the main outcomes of the work. The detailed research

contributions can be found in the journal papers collected in Part II.

1.1. Objectives and scope

My research had two main objectives. The first objective was to increase knowledge and
understanding of the ultimate response of LWAC members exposed to compression and bending, but
we also wanted to investigate how various confinement factors (stirrup spacing, the amount of
longitudinal reinforcement, and the thickness of concrete cover) affect the ductility of members in
compression. The ultimate strain in compression at peak load is the governing value for design, and
we wanted to create a design base for LWAC with Stalite as the lightweight aggregate based on
experimental testing on large samples. It was also essential to consider the post-peak response in
these large structural elements since this is important for the evaluation of residual capacity and
safety. We also investigated the influence of polyvinyl alcohol (PVA) fibres, type KURALON
[http://kuralon-frc.kuraray.com/whats/characteristics], on confinement for elements exposed in
compression. Finally, we needed to evaluate and describe the softening behaviour and check existing
concrete confinement models that might be applicable to LWAC exposed to compression and

bending.



The second main objective in this research was related to the brittleness of LWAC. Rapid crack
propagation and brittleness are disadvantages of LWAC, and they affect the behaviour of the concrete
wherever tensile strength is important, as for instance in shear strength. To analyse this, we carried
out shear tests on beams with and without shear reinforcement under four-point bending. We also
investigated the moisture condition of the aggregate and its influence on brittleness. Fracture energy
is a measurement of brittleness, and we used it to compare Stalite with NWC and with other types of

lightweight aggregate.

1.2. Limitations

The limitations of the study can be summarized as follows:

o The research work carried out and presented in this thesis is only valid for lightweight
aggregate concrete with Stalite as aggregate. The preparation procedures, considerations and
philosophy can be used for other LWACs, but the results presented are only valid for LWAC
with Stalite.

e In the experimental programmes, only longitudinal and vertical strains were measured in
beams and prisms. To develop a triaxial material model applicable for design and analyses,
the confining pressure is necessary, which means that the transversal strains also need to be
measured.

e The research tested and considered short-term loading only.

2. Background

2.1. Lightweight aggregate Stalite

The lightweight aggregate Stalite has been proven to be a suitable aggregate in concrete used for
structural applications. The foothills region of North Carolina is the only place where slate is
extracted as raw material to produce Stalite. The region is called the “Tillery Formation” and contains
argillite slate. The argillite slate is a laminated, fine-grained siltstone of clastic rock, see Figure 1a and
b. The aggregate can achieve up to 30% less unit weight than a normal density aggregate (NDA). The
bulk density ranges from 720-880 kg/m3 for coarse aggregate and 960-1120 kg/m3 for fine
aggregate. With a 24h water absorption of approximately 6% and relatively high particle strength,
concrete containing Stalite can achieve over 83 MPa of compressive strength. The low absorption of

the aggregate allows for easy mixing and pumping of the concrete. The hardness of the material is



equivalent to that of quartz [Stalite Structural, 2020; Castrodale et al., 2017]. When producing Stalite,
it is first and foremost important to test-drill and analyse the samples to find the right raw material.

The raw material is then crushed to the optimum size, see Figure 1c, and stored in silo.

Figure 1: a) Stone of argillite slate; b) LWA Stalite; and c) Fractions of Stalite material
[Stalite Structural, 2020].

The actual production involves preheating the materials before they are fed into a rotary kiln. The

rotary kiln is angled with a slight incline and the materials are heated slowly to a maximum



temperature of 1200 °C. The dimensions of the rotary kiln are 3.4 m in diameter and 49 m in length.
When heated to 1200 °C, the slate becomes sufficiently plastic to form expanded gases stored in small
incoherent pores. The material is then cooled so that the pores persist; this gives a lower dead weight
and relatively low absorbency. The cooling takes place with air, and not water, to prevent possible
crystallization. The final crushed material has various fractions: 0-4.75 mm (fines), 9.5 mm (3/8"),

12.5 mm(1/2”), and 18 mm (3/4”) [Stalite Structural, 2020; Castrodale et al., 2017].

2.2. Fundamental behaviour of lightweight concrete at the material level

To understand LWAC behaviour at the structural level, we need knowledge about LWAC behaviour
at the material level. It is well known that cracking in LWAC differs from NWC because the cracking
path goes through the aggregate since in this matrix the aggregate is the weaker part, whereas in
NWC, where the aggregate is the strongest part, cracking goes around it. That results in greater
brittleness, increased sensitivity to stress concentrations, and more sudden crack propagation in
LWAC, but it also results in a higher strain capacity in the material itself. Equality or smaller
differences in strength between aggregate and matrix lead to increased strain capacity. If lightweight
aggregate is porous and only partly saturated during mix preparation, an interfacial transition zone

(ITZ) is created between aggregates and cement matrix [Yong et al., 2009], see Figure 2.

Saturated )4 Partly saturated

Matrix
Matrix Fullpores | a

LWA concrete

Empty pores

. Hardened transition zone
(Matrix is soaked into the
Weak transition zon aggregate)
(Matrix is around the

aggregate)

Hardened concrete ) ¢ Fresh

Figure 2: ITZ zone in LWAC concrete



A strengthened ITZ zone can determine the cracking path, so it goes both around and through the

aggregate, see Figure 3. This increases the stress and strain capacity of the LWAC.

Figure 3: At the top, the cracking paths, and at the bottom, views of cracked concrete under an optical magnifier for
a) normal weight aggregate Ardal (private photo; b) lightweight aggregate (e.g. Leca and Llapor [https://leca.asia/;
http://www.liapor.com/en/applications/structural-engineering/insulating-concrete/high-density-lightweight-
concrete/what-is-high-density-lc-r.html]); and c) lightweight aggregate produced using rotary kiln methodology
(e.g. Stalite [Stalite Structural, 2020])

The production process for some lightweight aggregates, like Leca and Liapor, creates a nice shell
and very little porosity, so no ITZ is achieved in the concrete mix and the cracking path always goes

through the lightweight aggregate [EuroLightCon BE96-3942/R8, 2000; Holand et al, 1995].
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Lightweight aggregates that are produced using a rotary kiln process have large open pores and, just
by using partly dry aggregate, it is easy to achieve a strong ITZ zone in the concrete mix [Castrodale

et al, 2017; Stalite Structural, 2020]. This leads to a more complex cracking mechanism where the

cracking goes through and around the aggregate, which increases the fracture energy and strain
capacity of the concrete and reduces its brittleness. The various cracking paths are shown in Figure

3.

2.3. Ductility and brittleness

The ductility of a structure is defined as its ability to deform inelastically without significant loss of
strength. It is very challenging to measure and quantify ductility. It can be defined at various levels
in a structure - at a material, sectional, element, or global level. To increase ductility in LWAC
structures, confinement effects can be introduced using various forms of reinforcement detailing.
Confinement can also be increased by adding fibre reinforcement to LWAC [@verli and Jensen, 2014].
The focus in my research was to investigate how confinement affects the ductile behaviour of LWAC
in compression. The quantification of confinement must start at the material level, but the goal is
increased ductility at the structural level. It is known that confinement effects only appear in large-
scale elements [Nedrelid, 2012; @verli and Jensen, 2014]. So, we would need applicable test methods
and the production of some large-scale elements. Furthermore, we would need to model the
confinement effects for use in the structural analysis and design of LWAC structures. To accomplish
all this would require a combination of experimental work and numerical analysis [@verli and Jensen,
2014; Filaj et al., 2016; Radic et al.,, 2013; Shah et al., 1983; Bouafia et al., 2014; Hansen, 1993;
Watanabe et al., 2004]. In a structural member or a structure, ductility is normally presented as the
ductility ratio, u, which is defined as the ratio of maximum deformation to the deformation level

corresponding to a yield point, see Figure 4 [Anwar and Najam, 2016; Guo, 2014].

Brittleness describes the fracture behaviour of a material when subjected to stresses. Brittle
materials are characterized by small deformations, sensitivity to stress concentrations, and sudden
failure followed by rapid crack/fracture development. In concrete, differences in fracture behaviour
are attributed to the type of aggregate. LWAC is known as a brittle material, since the aggregate is the
weakest part in the concrete matrix [Zhang and Gjgrv, 1995; Nedrelid, 2012]. Measures of brittleness
like the characteristic length and no softening behaviour in compression after peak stress indicate
that LWAC is significantly less ductile than normal density concrete [EuroLightCon, BE96-3942/R8,
2000].
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Figure 4: Ductility coefficient [Guo, 2014]

2.4. Ductility and confinement of reinforced concrete cross sections

The mechanical behaviour of confined concrete is characterized by an increase in strength and
ductility. The magnitude of the increase is determined by various confinement parameters, such as
the compressive strength of the concrete, the diameter, configuration, and strength of the transverse
reinforcement (stirrups), the ratio and diameter of longitudinal reinforcement, the section geometry
and thickness of concrete cover, etc. To describe and explain the stress-strain relationship of confined
concrete in compression, we need the concept of ineffectively and effectively confined areas. In the
case of the rectangular cross section, the concrete is longitudinally contracted and laterally expanded
with internal micro cracks. Transversal reinforcement generally resists high expansion pressure, and
effective confinement by lateral stirrups leads to the enhancement of axial load-carrying capacity.

Figure 5 shows the effectively and ineffectively confined areas for a typical reinforced concrete beam.
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Figure 5: Effectively and ineffectively confined areas in beams. Top: Cross section. Bottom: Longitudinal section.

Figure 5 assumes arching action between the levels of transverse rectangular hoop reinforcement.
Arching occurs vertically between layers of transverse hoop bars and horizontally between
longitudinal bars. The area of effectively confined concrete is the area of concrete within the
centrelines of the perimeter hoop (stirrup) and it is bordered with arches. Midway between the levels
of the transverse reinforcement and the arching is the area of ineffectively confined concrete.
Longitudinal reinforcement presents the starting and ending points for the arches, which are
assumed to arise at failure in the cross-section. Calculation of the effective lateral confining stress

and the compressive strength of the confined concrete is based on the effectively confined area.

2.5. Stress-Strain models for confined concrete

Table 1 compares various existing confined concrete models in the literature. These models highlight
most of the characteristics of reinforcement, concrete and their geometry which are known to have

an influence on the confinement effect and stress-strain behaviour. The table includes the Model Code



2010 and the proposed SINTEF FCB model [fib Model Code 2010, 2013; Hansen et al., 1990; Mander
et al.,,1988b]. The stress-strain curve for confined concrete in all models was defined with three or
four regions: 1) an ascending branch, 2) a constant stress region, 3) a descending branch, and 4) a

base limit or horizontal part.

LWAC is only included in the model proposed by Bjerkeli and Tomaszewicz, which is referred to as
the SINTEF FCB model [Hansen et al, 1990 and 1993]. The Mander model is the only one that
accurately calculates the area of the remaining cross section, taking into account the curvatures that
develop in cross sections during loading [Mander et al., 1988a]. Poisson's ratio, which describes the
expansion or contraction of a material in directions perpendicular to the direction of loading, is not
incorporated in any of the models. The Mander and SINTEF FCB models were selected to validate the
results from our experimental study. Both models were adjusted for beam applications and the

geometry tested.

Table 1: Overview of stress-strain models for confined concrete in the literature and the parameters included.

Mander, . i SINTEF FCB
Models » X Model Kent Sheikh & Elias & R .
Priestley . Shahetal. . Yongetal. Bjerkeli &
& Park Code &Park  Uzumeri (1983) Durrani (1988) Tomaszewicz
Parameters 2010 1971 1982 1988
Y (1988) (1971)  (1982) (1988) (1990)
Concrete es es no' no' es no' es es
strength ¥ 4 4 4 4
Steel strength yes yes yes yes yes yes yes yes
Amount of
lateral yes yes yes yes yes yes yes yes
reinforcement
Tie spacing yes yes no? yes no® yes yes yes
Section es es es es es es es es
dimension ¥ ¥ ¥ y 4 ¥ ¥ 4
Section circular square square square circular square square circular
geometry & square q 9 q & square 9 9 & square
Distribution of
longitudinal yes yes no yes no no yes yes
reinforcement
Poisson's ratio no no no no no no no no

1) The compressive strength of plain concrete is included in the model, but the strength increase due to confinement is
not a function of the compressive strength.

2) Tie spacing is considered just for the descending branch.

3) The spacing of lateral steel does not affect the concrete behaviour.
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Paper 2 presents the validation results. Comparison between the models and the experimental work
shows that some adjustments would be needed to fit the experimental results with the theoretical
models. However, these adjustments should not change the shape of the stress-strain curve of
confined concrete, which has three main parts: 1) a parabolic ascending region between zero and
maximum stress, 2) a descending linear part, and 3) a horizontal part until reaching ultimate

compressive strain, €.

The goal of this work was not to develop a material model for confined lightweight concrete.
However, by combining the Mander and the SINTEEF FCB models, this can be done if we make some
modifications. Young’s modulus must be included and made density dependent. The effective
confined area should follow the Mander model and be incorporated in the SINTEF FCB model.
Poisson’s ratio varies with the type of concrete and increases at high stress levels. It must therefore
be included since it dictates the expansion of the concrete cross section and the confinement pressure

obtained.

2.6. Design codes

In general, the design codes do not take into account the type of the aggregate used in the concrete
[EN-1992-1-1, 2004; NS3473, 2003; Model Code 10,2013], except for some brittle failures, like shear,
where they introduce reduction factors depending on the aggregate type. For lightweight aggregate
concrete the codes do not distinguish between different types of aggregate. LWAC is classified in
standards according to its density. Eurocode 2 (EC2) has special rules for LWAC, including reduction
factors based on the density of the concrete [EN-1992-1-1, 2004]. For design, it is essential to
determine the stress-strain curve. Equations for E-modulus and strains are multiplied by reduction
factors. This results in low values for LWAC's ultimate compressive strain, which eliminates the use

of LWAC as a structural material in some cases.

3. Experimental approach

This section gives a summary of an experimental programme carried out to provide a design base for
lightweight aggregate concrete with Stalite as the aggregate. It provides an overview of the concrete
mixes tested and the mechanical characteristics of each concrete mix. Every step taken in the

preparation of the concrete mixes was in accordance with the current standards and
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recommendations [ACI 211.2-91, 1991; ACI 213R-03, 2003; ACI 304.5R-91, 1991; EuroLightCon
BE96-3942 /R4, 1999; Stalite Structural, 2020; Ge et al.,, 2009; Holand et al., 1995; TEC Services

project No. 04-0514, 2015; Yong et al., 2009]. Tests were carried out when the concrete was in a fresh
state and later when the concrete had hardened in accordance with the standard procedures [NS-EN
12390-3, 2009; NS-EN 12390-6, 2009; NS-EN 12390-7, 2009; NS 3676, 1987; SINTEF KS14-05-
04123,2007; SINTEF KS14-05-04122, 2007, RILEM TC 148-SSC, 2000]. The methodology and results
of the large-scale experimental programme are described in detail in the journal publications. For the
detailed recording of the strain fields, we used digital image correlation (DIC) methodology in
combination with standard measuring devices: strain gauges (SGs) and linear variable displacement
transducers (LVDTs) [Fagerholt, 2012; Fayyada and Leesb, 2014; Lin, 2015]. The first experiment is
published in Paper I and provides the base for the other experiments. The second experiment is

described in Paper Il and Paper Ila, while the third experiment is described in Paper III.

The existing standards do not generally differentiate between the types and characteristics of
different lightweight aggregates and that leads to underestimation of the mechanical characteristics
and structural behaviour of specific types of lightweight concrete. For all experiments, a detailed
capacity calculation was carried out in accordance with standard procedures, see annex B [EN-1992-
1-1, 2004; NS3473; NS-EN 1992-1-1:2004+NA:2008, 2008; NS-EN 206:2013+NA:2014, 2014;
Sgrensen, 2013].

3.1. Overview of the various concrete mixes and technology used in experiments

Table 2 gives an overview of the concrete mixes created and used in this PhD project. The main goal
was to produce high-strength LWAC with a cylinder compressive strength of 60 MPa or higher
[Smeplass, 1992; Thorenfeldt et al. 1987 and 1995]. The aggregate Stalite, size 1/2”, was supplied
directly by Axion AS, and distributed directly from North Carolina. Upon arrival, the aggregate was
prewetted, but during a storage period in the laboratory, moisture conditions varied, so moisture and
absorption measurements were required for all the concrete mixes. To increase ductility and reduce
brittleness, one mix included a small amount of polyvinyl alcohol fibres, type KURALON with 8 mm
length [Kuraray Co; Savija et al.,, 2017].

For each experiment, concrete specimens were prepared from the one batch, which was controlled

for moisture content in aggregate and sand the day before. Our laboratory mixers have capacities of

12



250 and 800 litres. For the large-scale experimental programme, the concrete mixture was prepared
from one batch at the Norbetong stationary plant. To make it possible to maintain the moisture
content and to isolate the aggregate from other aggregates, the exact amount of lightweight aggregate
required for whole experiment was loaded in the truck mixer, which had a capacity of about 12 tons.
The truck was driven to the stationary mixing plant where it was filled with prepared mortar and
driven back to the casting place. The big beam forms were filled using the truck pump and were
compacted using a needle vibrator. LWAC with Stalite as aggregate is very suitable for pumping and

the slump required is a minimum of 18 cm or more, depending on the estimated casting time.

Table 2: Overview of the concrete mixes used in this PhD project.

Publication Paper 1 Paper 1 Paper 1 Paper 1 Paper2  Paper3

DLWAC: WLWAC: FLWAC: WLWAC*1 LWAG LWACGCs

Constituent weight [1000 litres] 3 3 3 3 3 3
[kg/m ] [kg/m ] [ke/m ] [kg/m ] [ke/m ]  [kg/m]

Cement (Norcem Anlegg FA) 442.3 440.3 397.5 427.5 420.7 399.5
Silica fume (Elkem Microsilica) 23.3 23.2 20.9 22.5 21.9 19.8
Water (free) 146 180.8 163.2 203.7 193.5 167.7
Absorbed water in Stalite+sand (24h) 6.1 38.8 35.9 47.2 49.2 40.1
Water* (added in mixer) 139.9 142 127.3 156.5 144.3 127.6
Sand (Ramlo) 0-2 mm) 230 231 377.3 229.4 232.4 -
Sand (Ardal (NSBR) 0—8 mm) 536.8 539 531 535.5 543 720.3
Aggregate (Stalite %) 515.4 517.5 493 514 537.1 571.9
Superplasticizer (Mapei Dynamon SR-N) 3.3 3.9 6.2 3.2 5.2 -
Superplasticizer (Sika V. Crete RMC-420) - - - - - 2.6
Fibres (Kuralon PVA 8mm) - - 6.5 - - -
Moisture of the aggregate [%] 0.1 7.9 7.9 12.5 11.43 8.2

Absorption of the aggregate 24h/100h 6.58/7.72 6.58/7.72 6.58/7.72 6.58/7.72 6.54/832 6/85

* Mix WLWAC* had a strength below 60 MPa and was not further considered in the large-scale experiments
DLWAC: (dry lightweight aggregate concrete) means that the aggregate moisture was close to zero, and index
1 means that this concrete mix is described in Paper 1

WLWAC: (wet lightweight aggregate concrete) means that the lightweight aggregate was saturated, and index
1 means that this concrete mix is described in Paper 1

FLWAC: (fibre lightweight aggregate) concrete means that the lightweight aggregate was made with addition
of PVA fibres, and index 1 means that this concrete mix is described in Paper 1

For all concrete mixtures prepared, the fresh concrete characteristics of fresh density, air content
and slump were in accordance with the procedures prescribed in Norwegian standards and the
prospectus from the company [NS-EN 12390-3, 2009; NS-EN 12390-6, 2009; NS-EN 12390-7, 2009;
Stalite Structural, 2020; TEC Services project No: 04-0514, 2015] cf. Table 3.
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To achieve good workability in a mix with lightweight aggregate, the particle-matrix method was
used for proportioning [Skare et al., 2018]. Stability and slump characteristics of the LWACs were
achieved by increasing the matrix volume and content of fines. More details are given in a conference

paper that is attached to the thesis, see annex A.

Table 3: Overview of the fresh concrete characteristics for all the concrete mixes used in this PhD project.

Publication Paper 1 Paper 1 Paper 1 Paper 1 Paper2  Paper3
Concrete mix DLWAC: WLWAC: FLWAC: WLWAC*: LWAC: LWACGCs
Fresh density [kg/m?3] 1989 2015 2011 1927 2013 1993
Air content [%] 2.5 1.9 2.5 2.4 2.5 2.5
Slump [mm] 170 190 250 250 230 140
Matrix volume [I/m3] 360 360 360 378 375 326

* Mix WLWAC* had strength below 60 MPa and was not further considered

3.2. Small-scale experimental programme

All the experiments consist of a large-scale part and a small-scale programme, which provided the
mechanical characteristics of each concrete mix. Small specimens were tested after 7 and 14 days,
and most other specimens after 28 days, to determine the compressive strength, tensile strength and
Young’s modulus. Small beams were tested later, approx. 60 days after casting, to determine the

fracture energy for LWAC. A brief summary of the small-scale test results is given in Table 4.

Table 4: Overview of mechanical properties for the concrete mixes used in this PhD project.

Publication Paper 1 Paper 1 Paper1  Paper2 Paper 3
Concrete mix DLWAC: WLWAC: FLWAC: LWAC: LWACGCs
Saturated density pes [kg/m3] 1997.9 2008.4 2019.2 2006.2 1980
Oven dry density pcv [kg/m3] 1979.9 1864.6 1899.5 1834 1850
Compression cube after 7 days ficm,7 [N/mm?] 51.05 58.14 48.83 56.7 57.3
Compression cube after 28 days ficm,2s [N/mm?] 71.6 77.5 71.0 74.2 73.8
Compression cylinder ficm [N/mm?] 67 72.92 63.7 65.1 67.5
Tensile strength ficem [N/mm?] 4.72 4.86 4.54 4.11 4.12
Modulus of elasticity Eiem [N/mm?] 23653 21701 22549 24175 24175
Fracture energy Gt [Nm/mm?] 79.7 91.6 - 70.5 76.7
Poisson ratio 0.18 0.2 0.19 - -
Characteristic length lch [mm] 91.4 84.2 - 100.9 109.2
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3.2.1. Fracture energy

Fracture energy is defined as the energy consumed creating a unit of cracked area. Fracture energy
is an inverse measure of brittleness. Higher fracture energy means lower brittleness and vice versa.
The fracture energy can be determined in small 100x100x1200mm beams in accordance with the
SINTEF procedure [SINTEF procedure KS14-05-04123, 2007]. This procedure is quite similar to the
Hillerborg-proposed RILEM method [Hillerborg, 2005]. The small beams are just 200 mm longer and
the notch is 0.4 instead of 0.5 of the height of the beams. The pre-notched beams are subjected to a
three-point bending test. Fracture energy is calculated by dividing the work or energy from the

positive part of the load-deformation curve during the test by the fracture area.

For normal density concrete, the fracture energy primarily depends on the water-cement ratio, the
maximum aggregate size, and the age of the concrete [Hillerborg, 2005]. Curing conditions also can
have a significant influence on the experimentally determined fracture energy (Gr), so the advice is
to store the samples in water and take them out some hours before the testing. The aggregate type
and content seem to affect the fracture energy of concrete much more than the size of aggregates.
This phenomenon is caused by the transition from interfacial fracture to trans-aggregate fracture.
The utilization of high-strength aggregates like basalt or fairly heterogenous material like granite
leads to an increase in fracture energy values. In both cases, the crack propagation leading to concrete
failure is impeded, because breaking tougher aggregates, changes of crack orientation, and

multiplication of cracks, all require greater amounts of energy [EuroLightCon, 1998-2000].

The fracture energy (Gr) alone is not enough to characterize the brittleness of concrete. An additional
parameter, the characteristic length (l.j), has therefore been introduced. This corresponds to half of
the length of a specimen subjected to axial tension, in which just enough plastic strain energy is
stored to create one complete fracture surface. The characteristic length decreases as compressive
strength increases; the concrete becomes more brittle as its tensile and compressive strength

increases [SINTEF procedure KS14-05-04123, 2007].

The equations for determining the fracture energy and characteristic length are given below. In the
calculation, only the positive part of the load-displacement curve is used. This is marked as Wy in
Figure 6, p is the weight of the concrete samples, § is the maximum recorded dilatation, and b, h are

the measured width and height of the fracture area.
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Figure 6: Determination of the fracture energy. The load displacement curve
for the three-point bending tests on notched beams [SINTEF procedure KS14-05-04123, 2007].
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The fracture energy of LWAC with Stalite as aggregate was compared with previous results from
many experimental programmes performed at SINTEF [Stemland, 2012]. The main goal was to
determine the characteristics of LWAC with Stalite in comparison to normal weight concrete and
other lightweight aggregate concretes, see Figure 7. The earlier tests on normal weight aggregate
(NWA) concrete indicated a further increase in fracture energy with increasing compressive strength
when using stronger aggregates (quartzite and basalt). The aggregate labelled NWA (Granite) was
made with coarse aggregate granite. The reference concrete was ND (normal density), made with
coarse aggregate called Ardal. The other aggregates used in SINTEF experiments were lightweight

aggregates Leca and Liapor, and they are labelled LWA in Figure 7.

Figure 7 shows that the fracture energy depends on the type of used aggregate and using NWA gives
concrete with high strength and higher fracture energy than LWAC. They are several types of
lightweight concretes and it is obvious from Figure 7 that fracture energy and strength depends on
the type of lightweight aggregate. LWAC with Stalite as aggregate has fracture energy lower than
NWC but higher than other type of lightweight aggregate. The fracture energy was approximately 20
Nm/m higher than for other LWACs. Thus, the design codes should differ between type of lightweight

aggregate since their brittleness is different.
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Figure 7: Fracture energy vs. aggregate types.

3.1.1. Effect of loading rate on the fracture energy

A experimental programme using three-point bending tests, see Figure 8, was created to investigate
the loading rate dependency of the fracture energy in three different lightweight concretes: DLWAC;
(dry LWAC with aggregate moisture content 0.1%), WLWAC: (wet LWAC with aggregate moisture
content 7.9%), and WLWAC*; (wet LWAC with aggregate moisture content 12.5 %). It is known from
the literature [Ruiz et al., 2010] that the loading-rate for high-strength concrete affects the load-
displacement curves used for the calculation of fracture energy. Previous tests have shown that the
maximum load increases with an increase in loading rates, yet the corresponding displacement
remains almost constant. The fracture energy value increases with the loading rate from 0.01 mm/s.

The goal was to investigate whether this phenomenon is even greater for high-strength LWAC.

This type of test was also important for classifying material as brittle, quasi-brittle or ductile.
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Figure 8: Three-point bending test configuration.

The effect of the aggregate moisture and water/cement ratio on the loading rate sensitivity was also

checked. The results showed that increasing the loading rate leads to enhancement of the load-

bearing capacity and the fracture energy of the concrete. These results are promising bearing in mind

that LWAC in general and high-strength LWAC in particular are brittle in nature, with fast crack and

fracture development. Representative load displacement plots of the concrete specimens tested are

illustrated in Figure 9.
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Figure 9: Representative load displacement response of the pre-cracked concrete specimens under three-point bending.

18



All the prisms showed ductile behaviour; after peak load was reached, the load fell slightly until final

failure happened. Through qualitative visual inspection of the fracture, it was observed that the

concrete with the saturated aggregate (i.e. WLWAC*; with compressive strength above 60 MPa) had

the most explosive fractures.

Increasing the loading rate resulted in higher peak load values in all three different concrete

specimens, see Figure 10. The concrete with the low water-saturated aggregate (WLWAC;) had

somewhat lower loading rate sensitivity than the concrete with dry aggregate. This can be related to

the lower ductility of this concrete compared to DLWAC;. On the other hand, increasing the moisture

of the aggregate to a higher level in WLWAC#*; results in a higher water-to-cement ratio, leading to

lower strength, making it the most loading-rate sensitive concrete in this study. For more results see

the paper in annex A.
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Figure 10: Fracture energy versus loading rate for the pre-cracked concrete specimens under three-point bending.
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4. Summary of papers
4.1. The context of work

The methodology, results and main findings for the experimental programme are described in detail
in the journal publications. Figure 11 shows how the papers are interrelated to accommodate the
main objectives of the thesis. To start with, it was necessary to obtain knowledge about LWAC with
Stalite as aggregate (Paper I), and check and understand the performance and measuring techniques
that could capture post-peak material behaviour. The requirement was to test high-strength LWAC
with a cylinder compressive strength of 60 MPa or greater. Next, we needed to move on to the main
objective of this PhD study, to increase knowledge and our understanding of the ultimate response
of LWAC members exposed to compression and bending (Paper Il and Paper 11a). We also wanted to
investigate existing models and compare the results with models in the design codes. Based on the
mechanical properties found in Paper I, brittleness and crack propagation were studied in beams

experiencing shear failures in Paper IIl.

Paper II
Ductility of
overreinforced LWAC

beams

Paper Ila
Ultimate compressive
strain in LWAC beams

Paper I
Material and behaviour
of LWAC with Stalite as
aggregate

Paper III

Shear capacity of
LWAC beams

Figure 11: Interrelation of papers.
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4.2. Paperl

The main objective in the research for this paper was to provide mechanical properties for LWAC
mixes, with dry and saturated lightweight aggregates, and with the addition of fibres. We investigated
the behaviour of LWAC under compression and with stress gradients to establish a base and starting
point for the large-scale beam experiments. We also tested digital image correlation (DIC)
methodology in combination with standard measuring equipment, LVDTs and SGs, to capture as
much deformation as possible in the samples tested, see Figure 12. The experimental programme
investigated three kinds of LWAC, which were used for the production of 21 prisms. The first two

LWACs used dry (0.10% moisture content) or saturated (7.9% moisture content) aggregate.

Figure 12: Set-up of measuring devices DIC vs LVDTs and SGs.

The third LWAC used saturated aggregate but also included a small amount (0.5% of volume) of PVA
fibres. The prisms were 100 x 140 x 480 mm (width x length x height). The samples were loaded
centrically and eccentrically in compression. The measuring equipment was able to capture the
response of the prisms and the strain level obtained was much higher than expected, especially for
the third set of concrete samples with PVA fibres. The strains recorded were in the range from 3.08%o
to 6.82%o. The presence of the PVA fibres contributed significantly to an increased ductility in the
third set and brittleness was avoided. Qualitative visual inspection of the LWAC with dry aggregate

registered lower brittleness and a combined cracking path, both through and around the aggregate.
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All three LWACs with Stalite showed ductile behaviour followed by very high strains. The maximum
strain at peak load in compression was approximately 30% greater than predicted by the standards

[EN-1992-1-1, 2004; NS3473; NS-EN 1992-1-1:2004+NA:2008, 2008], see Table 5.

Table 5: Comparison of the experimentally determined max strain when prism was centrically loaded with
strain obtained from EC2 standard, and comparison of prism and cube compressive strength

Max strain with Corresponding
) . . % Geometry
. centric loading strain from EC2 fep fe
Concrete mix [Ecu EC2/ factor
Ecu,exp gcu, EC2 e ] [MPa] [MPa] fo/f
[mm/m] [mm/m] cu.exp. *
DLWAC: [kN] 3.08 2.59 84.1 57.5 77.9 0.73
WLWAC: [kN] 3.4 2.55 75 53.3 80.7 0.66
WLWAC*: [kN] 2.94 2.59 88.1 46.7 77.6 0.60

Mix WLWAC*1 had strength lower than 60 MPa and was not further considered
fcp: prism compressive strength
fc: cube compressive strength, average value tested at the same day as prisms

4.3. Paperll

The research for this paper investigated ductility in compression and bending in large-scale beams
with reinforcement introducing a confinement effect in LWAC with Stalite as aggregate. Six over-
reinforced beams with a compressive strength of 65 MPa and a geometry of 210-330 x 550 x
4500 mm (width x height x length) were subjected to a four-point bending test. The varying
parameters in the compressive zone of the beams were the spacing of transverse reinforcement
(stirrups), the amount of longitudinal compressive reinforcement, and the thickness of concrete
cover. The pre-peak behaviour was similar for all the tested beams, and the ultimate compressive
strain at peak load in all the beams was approximately 3.5%o, which is similar to the level expected
for NWC. Beams without stirrups or with large stirrup spacing had a very brittle response after peak
load. As expected, the beams with more stirrups showed a ductile response and were able to
withstand a high level of load, with increasing deflection and spalling of the concrete cover after

maximum load, before concrete crushing in the compression zone.

The paper compares existing theoretical material models, the Mander model and the SINTEF FCB
model [Mander et al., 1988a; Hansen et al., 1990 and 1993], with the experimental results. The
models overestimate the peak stress, and the ascending branch in the models is somewhat steeper
than in the experimental results. The SINTEF model gives better predictions of ultimate strains and

the E-modulus, while the Mander model mostly overestimates these values. Neither model directly
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includes the Poisson ratio, which influences the confinement, and which is slightly lower for LWAC

than for NWC.

With reduced stirrup spacing, the ultimate capacity, deflection and ductility all increased. Concrete
confined with increased longitudinal compressive reinforcement showed the greatest ultimate
capacity, but post-peak behaviour was influenced by stirrup spacing. Stirrup distribution provided
greater lateral pressure on the compressive zone and therefore greater ultimate compressive
strength and ductility. In summary, it is possible to increase the ductility of LWAC structures by

appropriate reinforcement detailing and achieve results close to the response of NWC structures.

4.4. Paperlla

This paper was motivated by the achievements and conclusions from Paper II. In practice, the major
concern about using lightweight aggregate concrete (LWAC) in structural applications is attached to
its more brittle post-peak material behaviour and reduced ultimate strain, especially in compression.
In beam tests, ultimate compressive strains measured using DIC combined with strain gauges and
LVDTs were in the range of 3.4-3.8%o. This indicates that the standards underestimate ultimate

compressive strain in LWAC structures.

4.5. PaperIll

The main findings in this paper are related to research where failure depends on the tensile strength
of this type of LWAC. Rapid crack propagation and brittleness are among the main disadvantages of
LWAC and they affect the behaviour of the concrete wherever the tensile strength is important, as for
instance in shear strength. To analyse this, we carried out shear tests on beams with and without
shear reinforcement under four-point bending. This experimental investigation involved five beams
made of lightweight concrete with Stalite as aggregate. The main goals were to investigate the
behaviour and capacity of the beams with and without shear reinforcement when subjected to a four-
point bending test and then compare those results with previous experimental work, see Figure 14.
The main test parameters were the shear span ratio (a/d) and the amount of the shear reinforcement.
Where the load was closer to the supports and the percentage of steel in the beam was high, the
inclined crack penetrated deeply into the compressive zone at a load level well below that
corresponding to yielding of flexural bars. This result, with higher stresses and strength of beams,

shows failure happened below the theoretical full flexural capacity. For beams with the larger shear
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spanratio (4.0), the calculations predicted by the standards match well with the experimental results,
while the standards greatly underestimate the ultimate capacity in beams with the lower shear span
ratio (2.3). Comparison with similar tests on other types of lightweight concretes and normal density
concretes also showed that the shear stress at inclined cracking of the beams decreased with an

increase in shear span ratio (a/d).
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Figure 14: Comparison with previous experimental work.

For concretes tested in this experiment and in previous investigations, the ratio between the load
observed at diagonal cracking and the predicted strengths was within the same range. However, the
ratio between the observed load at failure and the strengths predicted was significantly higher for
the lightweight concrete used in this investigation. Existing standards underestimate shear capacity
because they do not differentiate between shear span values (a). The beams tested were more ductile
than expected, and cracking was similar to that observed in normal weight concrete beams. This
experimental investigation shows that the design strength for shear in beams without shear

reinforcement should be based on inclined cracking loads.

5. Conclusions
This project encompassed research experiments necessary to create a design base for lightweight

aggregate concrete with Stalite as aggregate.

Work started with small-scale experiments in which the main material characteristics and measuring

techniques were tested. The ductility of structural members arises from local triaxial stress
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conditions that develop within the compressive zone prior to failure. The higher the triaxial stress at
a critical cross section, the greater the corresponding strains, and the greater the resulting ductility
of the structure. This stress develops just prior to failure, so only ductility is affected and not the
maximum load-carrying capacity of the structural member. The use of LWAC concrete leads to less
stress triaxiality in a member as a result of smaller transverse expansion of the concrete prior to
failure. This explains why the ductility of LWAC members is somewhat less than with conventional

concrete.

Due to its brittle nature, LWAC has a much more explosive crack formation than NWC. The brittle
crack propagation process in LWAC influences the spalling of the concrete cover in a compression
zone. Once started, the cracks often propagate immediately to failure. This is due to the low strength
of the LWA, resulting from cracks often going through the aggregate. In this research, the situation
was different due to the moisture conditions of the LWA used. A strong ITZ was created and the
resulting aggregate interlock strongly affected brittleness and crack propagation. The cracking line
went both through and around the aggregate, resulting in higher strains and ductility in the structural
member. The aggregate interlock effect depends a lot on the type of aggregate, but the standards do
not differentiate between different types of LWAs, which means that the standards automatically

underestimate the characteristics of LWAC structures.

At the material level, it was noticed that the moisture content in aggregate influences the cracking
path, making a big difference between DLWAC and WLWAC. WLWAC showed the most brittle and
explosive behaviour. With just a small addition of PVA fibres, FLWAC concrete, ductility was
significantly increased, brittleness reduced, and without spoiling the concrete after failure. Ductility

is calculated by using the D-ductility index, and FLWAC has the highest.

The fracture energy tests, as a measure of brittleness, classified LWAC with aggregate Stalite as a
quasi-brittle material, and values for the fracture energy and characteristic length lie between other
LWAC concretes (with Leca and Liapor) and normal weight concretes. Increasing the loading rate
results in higher peak-load values in all three kinds of concrete. According to the test results,
increasing the loading rate from 0.1 mm/min to 1 mm/min resulted in slightly higher fracture energy,
while the lowest and the highest fracture energy values were obtained when the specimens were
tested at 0.1 mm/min and 100 mm/min respectively. The LWAC in which the aggregate had the

highest moisture content was the most loading-rate-sensitive concrete in this study.
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The large-scale beams test demonstrates one of the main hypotheses: the large effect small secondary
stresses have on compressive strength. The measuring techniques, DIC, SGs and LVDTs, were in a
good agreement and able to capture the ultimate behaviour of the LWAC. DIC enabled detailed strain
fields to be observed and showed that the max registered strain is slightly higher. The DIC pictures
enabled localization of strains, while the LVDTs measured average strains over a given distance. The
test results indicate that the beams with reduced stirrup spacing had the most ductile behaviour.
Increasing the longitudinal compressive reinforcement caused only a slight increase in ductility but
contributed the most to an enhancement in load-carrying capacity. Beams with smaller concrete
cover showed somewhat greater ductility as a result of a smaller drop in residual cross section, while
beams with more concrete cover had greater load-carrying capacity followed by less ductility.
Generally, when the top concrete cover is thicker, less of the cross section will be confined, and a

reduction in confinement will generally lead to less ductile behaviour.

The second large-scale beam experimental programme contributed to a better understanding of the
lower tensile strength in LWAC and the shear capacity of the beams. The shear stress at inclined
cracking of the beams decreased with an increase of the shear span-to-effective-height ratio (a/d).
For beams with larger shear span ratio (4.0), the calculations predicted by the standards match well
with the experimental results, while the standards greatly underestimate the ultimate capacity in
beams with the lower shear span ratio (2.3). The calculation of the shear capacity according to
existing standards does not take into account the position of the load or the shear span (a). The
standards only differentiate between beams with or without shear reinforcement. This experimental
investigation showed that the design strength for shear in beams and slabs without shear

reinforcement should be based on inclined cracking loads.

This thesis reviewed existing material models and two of them showed the best potential for
presenting the behaviour of LWAC: the Mander model and the SINTEF FCB model [Mander et al.,
1988a; Hansen et al., 1990 and 1993]. Measured strains and calculated stresses from high strain
distribution in large-scale beam experiments were compared with existing Mander and SINTEF FCB
models. Both models overestimate the peak stress, and the ascending branch in the models is
somewhat steeper than in the experimental results. The SINTEF model gives better predictions of
ultimate strains and the E-modulus, while the Mander model mostly overestimates these values.
Neither model directly includes the Poisson ratio, which influences the confinement and is slightly

lower for LWAC than for NWC.
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EC2 has special rules for LWAC. The standard contains reduction factors and special regulations that
are applied to regular design criteria. The results in this study indicate that EC2 underestimates
LWAC, because the maximum strains measured in the beams were 1.3-1.5 times greater than EC2

allows for this type of concrete.

In general, LWAC with Stalite aggregate was much more ductile than expected, and the structural
performance of beam elements made from LWAC with Stalite is very similar to those one made from

NWC.

6. Future research

The research for this thesis investigated the material and structural behaviour in compression and
bending of LWAC with aggregate Stalite. The broad experimental programme included all the
necessary tests to create a design base for this type of concrete. However, there is still room for

improvement and future research in the field of interest.

Improvements in current standard documentation

The characteristics of LWAC mostly depend on the type of LWA used. EC2 does not differentiate
between different types of LWAs used in LWAC. The experimental results of this study indicate that
EC2 underestimates Stalite as an aggregate. Since LWAC with Stalite showed behaviour similar to

NWC in this study, investigation of LWAC as a structural material should be continued.

Measuring devices during experimental programme

The DIC generally showed very good agreement with the standard measuring devices and was the
only methodology able to capture load after failure. To provide realistic behaviour of any concrete
and to register triaxial stresses, a 3D DIC set-up will be needed, though it may be possible to make do
with a 2D set-up. The confining pressure is crucial for the confined concrete, so in order to capture
three-dimensional expansion of cross/section there is a need for measuring devices in all three

directions.

Long-term loading

Nowadays we are all witnesses of the extended service life of many structures, so it will be nice to
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see the structural performance of this type of LWAC exposed to long-term loading. This is a very

challenging task because it requires a long-term experimental programme.

Confinement material model
It is possible to develop a confinement material model in compression which depends on the type of
lightweight aggregate. This material model should include a density dependent E-modulus and the

Poisson’s ratio.
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ABSTRACT

The objective of this experiment is to investigate the behaviour of lightweight aggregate concrete
(LWAC) under compression and with stress gradients. Experimental program contained three sets
of LWAC which were used for production of 21 prisms. Lightweight aggregate argillite slate,
called Stalite, from North Carolina had been used. The sets differed in using dry (0.10% moisture
content) or saturated (7.9% moisture content) aggregate. The third set included a small amount of
polyvinyl alcohol fibres (PVA). The geometry of the prisms were 100 x 140 x 480 mm (width x
length x height). Prismatic samples were loaded centrically and eccentrically in compression.
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From the achieved experimental results, it is visible that the lateral deformation of the most
stressed fibre is counteracted by the less stressed fibres that confine compressive stress and
increase strains. The obtained strain level was much higher than expected, especially for the
third set of concrete samples with PVA fibres. Recorded strains in prisms test was in range from
3.08%o to 6.82%o). In general, LWAC with Stalite showed ductile behaviour followed with very
high strains. The third set of samples included a small amount of polyvinyl alcohol fibres (0.5%
of volume fractions) was even more ductile and non-brittle.

Key words: Lightweight Aggregate Concrete, Testing in Compression, Strain level, Centric and
Eccentric Loading, Stress Gradients

1. INTRODUCTION
1.1 General

This investigation is part of the ongoing research program “Durable advanced concrete structures
(DaCS)”. The part of this program is to investigate structural behaviour of lightweight aggregate
concretes (LWAC), concretes with an oven dry density below 2000 kg/m>. The use of lightweight
aggregate concrete (LWAC) is limited as a mainstream construction material in structural
applications. A reason for that is related to the steepness of the descending branch of the stress-
strain curve in compression [1-3]. Material models for compressive failure of concrete are
normally based on a uniaxial compressive stress-strain curve obtained from tests, where the main
assumption is uniform deformation of the concrete specimens. This assumption is reasonable for
the ascending branch of the stress-strain curve, while for the descending branch it is not realistic
as it is always accompanied by significant lateral deformations. The lateral deformations are
mainly caused by splitting cracks, which are formed and expand during the test. LWAC is
characterized by more brittle post-peak material behaviour and uncontrolled crack propagation
compared to normal weight concrete (NWC).

In order to describe more in detail, the compressive behaviour and to measure compressive strains,
the effect of a stress gradient was introduced and varied in an experimental program. Stress
gradients influence both the strength and the ductility [4]. Beam experiments tested in the DACS-
project had shown that high strength LWAC with Stalite as aggregate obtained much higher
compressive strain levels than expected [1]. The raw material mined by STALITE is an argillite
slate located in a geological area known as the Tillery Formation in North Carolina. It is a thinly
laminated, grey, fine-grained siltstone, composed of clastic (transported) rock fragments. The
Tillery Formation is a complex system that must be selectively mined in order to separate the
desirable product from the non-desirable to manufacture a high quality expanded slate aggregate.
Raw material is latter expanded in a rotary kiln to produce porous structural lightweight aggregate.
The cooled, expanded slate is later conveyed to the classification area, where it is crushed and
screened into different size fractions. After crushing, the different size fractions are stored in
separate silos until they are blended into standard or custom gradation blends. Due to the higher
material strength of STALITE slate aggregate, higher strength concretes can be achieved with
lower cement contents allowing for more economical concrete mixes [5].

Three sets of test specimens were produced using lightweight aggregate Stalite fraction size 2
inch (12.7 mm), from the same batch, where the water content in aggregate varied between 0.1%
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and 7.9%. The present experimental program included three LWACs for the production of 21
prisms. From each concrete, a total of 2x9 + 1x3 prismsand small samples (i.e. cubes and
cylinders) were produced. The third set of samples included a small amount of polyvinyl alcohol
fibres (0.5% of volume fractions). The geometry of the prisms were 100x140x480 mm (width x
length x height). All samples were loaded both, centrically and eccentrically in compression.

The experimental setup of the prisms and the eccentricities were the same as in an earlier
experiment and are therefore comparable [4]. The earlier studies looked at the lightweight
concrete Liapor 8 and different types of normal weight concrete.

2. EXPERIMENTAL PROGRAMME
2.1 Test specimens

The experimental program consisted of 21 prisms, dimensions 100 x 140 x 480 mm (width x
length x height), of plain LWAC which were loaded both centrically and eccentrically in
compression. This study looks at the differences of using dry=DLWAC (0.10 % moisture content)
or saturated — WLWAC (7.9 % moisture content) aggregate and the influence of adding 0.5% at
volume fractions of polyvinyl alcohol fibres — FLWAC. In FLWAC the fibres were combined
with the saturated aggregate concrete. The main test variables were the moisture of aggregate and
the eccentricity of the loading. For each investigated combination, there were tested 3 samples.
The complete test programme is shown in the Table 1.

Table 1-Test program for centrically and eccentrically loaded specimens

Eccentricity / Number of the specimens

. Aggregate
Prism Type of concrete  moisture
No. yp 0, ]“ 0 e=h/18 (140/18 e=h/6 (140/6
° e =7.8 mm) =23.3 mm)
DI-3
D4-6 DLWAC 0.1 3 3 3
D7-9
Wi-3
W4-6 WLWAC 7.9 3 3 3
W7-9
Fl
F2 FLWAC 7.9 1 1 1
F3

All prisms had the same geometry that was limited due to capacity of the actuator. The geometry
and forms for the prisms are shown in Figure 1. All the specimens were cast vertically in three
layers. Each layer was compacted first by stamping by hand and, when the form was filled, by
additional compaction using an internal vibrator. The prisms were unmoulded 24 hours after
casting and immediately stored in water with the intention of preserving their natural content of
moisture to the largest possible extent. The specimens were afterwards stored in the laboratory in
water, at the temperature of approximately 20°C. The bottom of the specimens were prepared for
testing by grinding and top of the specimens by sawing (see Figure 1.) and grinding at an age of
28 days.
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Figure 1 — Geometry of the prisms (left), Forms for the prisms (centre), Preparation of the

prisms (right).

Two days before the testing prisms were taken out from water and prepared for instrumentation.
Two sides of the prisms were painted white and highlighted with a black marker for digital
correlation method. The strain gauges and Linear Variable Differential Transformers were
attached at the two other sides. The test age of the prisms varied from 32 to 60 days.

To establish the mechanical properties of each LWAC, cubes (with dimensions 100x100x100
mm), cylinders (0100x200mm) and small beams (100x100x1200mm) were cast to find the stress-
strain diagram, the compressive strength for cube and cylinder [6] the tensile strength [7], Young’s
module of elasticity [8,9], and the fracture energy [ 10]. All these small specimens were demoulded
after 24 hours and kept in water until the testing day. In order to follow material characteristics
compression tests on cubes and cylinders were carried out simultaneously with the prisms testing.
All the prisms and small samples, cubes and cylinders, were cast from the same concrete batch.

2.2 Material and mix properties

The concrete mixture for each mix DLWAC, WLWAC and FLWAC was prepared from one batch
of the aggregate with varying moisture of the aggregate from 0.1% (DLWAC) to 7.9% (WLWAC
and FLWAC). The lightweight aggregate was 2" (12.7mm) fraction from Stalite [11]. The
moisture content and the absorbed water in the Stalite were measured to be able to design the
concrete mix [12]. The moisture content varied from 0.1% to 7.9%, while the absorption for this
batch was stable and after 24 hours and 100 hours was 6.58% and 7.72%, respectively. Table 2
gives the concrete mixtures. The mixing was done using two laboratory mixers with capacity of
250 liters and 50 liters. Two different mixing procedures were used. First procedure, called dry,
was used for dry=-DLWAC mixture, where all dry particles (cement, silica fume and sand) were
placed in mixer and mixed for approximately 1 minute. Mixing was constant and aggregate Stalite
was added to the rest of dry particles and mixed for 1 min more. Water and superplasticizer were
continuously added and adjusted during mixing, until the desired workability of the concrete was
achieved. Second procedure, called wet, was used for the wet-WLWAC and fiberss=FLWAC
mixtures. In the mixer first dry particles cement, silica fume and sand were added and mixed for
approximately 30 seconds. Later approximately 70% of water and superplasticizer were added
and after 1.5 minute, nice mortar was made. With continuously mixing presaturated aggregate
Stalite were added and at the end rest of water and superplasticizer. After 2 minutes, resting and
observation of the mixture and workability, additional water were added and superplasticizer until
the desired workability of the concrete was achieved.
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Table 2 — Concrete mixtures for DLWAC, WLWAC and FLWAC

Constituent weight (1000 liters) D\bgﬁf WLWAC FLWAC _
ke/m"] Weight [kg/m°]  Weight [kg/m”]
Moisture of the aggregate [%] 0.1 7.9 7.9
Cement ( Norcem Anlegg FA) 442.2 440.3 397.5
Silica fume (Elkem Microsilica) 233 23.2 20.9
Water (free) 146 180.8 163.2
Absorbed water in Stalite+sand (24 hours) 6.1 38.8 35.9
Water* (added in mixer) 139.9 142 127.3
Sand (Ramlo 0-2 mm) 230 231 3773
Sand (Ardal (NSBR) 0-8 mm) 536.8 539 531
Aggregate (Stalite 1/2"(12.7mm)) 5154 517.5 493
Superplasticiser (Mapei Dynamon SR-N) 33 3.9 6.2
Fibers (Kuralon PVA 8mm) - - 6.5
Water*/cement ratio [w/c] 0.32 0.32 0.32

For fiber-FLWAC it was used the same wet mixing procedure with just one additional step.
Polyvinyl alcohol fibers (PVA) were added first in nice mortar in order to provide good
distribution of the fibers in the concrete. Later procedure was the same.

Polyvinyl alcohol fibres is mostly use to improve the inherent brittleness of cementitious materials
and to control cracking. They have very little effect on the flexural strength and deflection
capacity. The compressive capacity is slightly reduced while concrete surface of the elements
become extremely ductile [13]. In this test the main concern was to deal with brittleness, explosive
failure and to improve ductility of LWAC. Because of that PVA fibres were introduced in range
0.5 % at volume fractions. PVA was type “Kuralon RSC15”, 8 mm long with E=modul of 36 MPa
[14].

For all prepared concrete mixtures, the fresh concrete characteristics like fresh density [15], air
content [16] and slump [16] were followed. Results are given in Table 3.

Table 3 — Fresh concrete characteristics for DLWAC, WLWAC and FLWAC
DLWAC WLWAC FLWAC

Fresh density [kg/m?] 1989 2015 2011
Air content [%)] 2.5 1.9 2.5
Slump [mm] 170 190 250
Matrix volume [1/m’] 360 360 360
2.3 Test Setup and the procedure

All the prisms were loaded in an electro=hydraulic, servo-controlled actuator with a maximum
compressive load capacity of 1000 kN. Prisms were first preloaded with 100 kN and later the load
was constantly applied with a loading rate of 0.3 mm/minute until failure. This is displacement
control test and load was applied centrically and eccentrically, which was provided by varying
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stress gradients. Test set and the stress diagrams for the applied eccentricities, based on the
assumption of linear stress-strain relationship, are shown in Figure 2.

P L.
Centric load \L Eccentric load J«

H Spherical bearing

Spherical bearing ' .
— T — Steel plate

ki
4

‘ ., 4‘ "; ) eIO e=h/18 B
Goncrclapfsin: [N ff| Coocreteprism § “4 " o ‘v o o
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Steel plate *# * ~— Steel plate
Seheftealbearng . ‘ . ‘ Spherical bearing
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Figure 2 — Test setup for centrically and eccentrically loading. Stress distribution based upon
linear theory for the different eccentricities (h is the height of the cross section).

The loading system was equipped with spherical ball bearings in direct connection to the top and
the bottom surface of the prisms to ensure free rotation. The ball bearings were arranged in such
a way that their rotation center lay on the surface of the specimens. Control lines were drawn on
the contact plates of the bearings to ensured correct placement of the prisms. The contact surface
between the ball and the concave ring of the bearings was lubricated prior to each test so as to
reduce the friction at the sliding surface as much as possible [4]. Photos of the prism in the

testing machine is shown in Figure 3.
Centric load Eccentric load Centric load Eccentric load

Figure 3 — Prism in the 1000 kN testing machine. Wide side-140mm (left) and short side-100 mm
(right).

2.4 Instrumentation

All the tested prisms were instrumented with the same measuring devices. Strain levels at the

concrete area were recorded with strain gauges (SG) and Linear Variable Differential
Transformers (LVDT) at two sides of the prism, called LVDT short and LVDT wide. On the other
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two sides, called DIC short and DIC wide, Digital Image Correlation (DIC) was used [17]. The
location of the measuring devices is shown in Figure 4.

|
I

Section A-A :

LVDT SG |

_— -d'l— LvDT
LVDT

140 é— o 20— T
=TT
.$.

DIC

o

Figure 4 — Position of measuring devices for centric and eccentric loading.

The measuring length of the LVDTfor observation of longitudinal direction of middle section was
200 mm. In addition, strain gauges with length 60 mm (type FLA-6-11-5L with gauge resistance
of 119.5 £ 0.5 Q) were inserted in the middle section for observation of transversal direction. DIC
was used on other two sides of the prism where the complete strain field was registered. In the
eccentric load situation the DIC side was choosen as the onewith the maximum stress and where
the highest strains were expected. For DIC was used set of two cameras and each were placed
orthogonally in relation to the area of observation. That represent 2D DIC, see Figure 5.

All measuring devices (LVDTs and SGs) together with the load cell were connected to HBM eight
channel spider to record the data. From here, data were sent to the computer using a specific
software program, where the data were processedand stored in a text file. The deflection and load
measurements were carried out as a control during the whole test. The output data were recorded
by the data acquisition system. Pictures were taken at failure.

Since this was a compressive test and it is known that lightweight aggregate concrete can have
very explosive failure special saftey precautions were requiredduring testing. Consequently, a
plexiglass chamber around the concrete sample was used. It ensured that all parts of the concrete
would stay inside of chamber when failure happened.
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s

Figure 5 — Setup of the registration equipment.

3. EXPERIMENTAL RESULTS

3.1 Results for small specimens

Small specimens were tested after 28 days for determination of compressive strength, tensile
strength and Young’s modulus. Small beams for fracture energy for DLWAC were tested after 60
days and for WLWAC after 36 days. The fracture energy is determined on small
100x100x1200mm beams according to SINTEF procedure [18]. This procedure is quite similar
to the Hillerborg [10] proposed RILEM method. Small beams are just for 200 mm longer and
notch is 0.4 instead of the 0.5 of the beam heights. Beams were first prenotched with notch debth
40mm and tested in three-point bending test. Fracture energy is calculated when work or energy
from the positive part of load-deformation curve observed during test is divided with fracture area.
The aggregate type and content affect the result of fracture energy of concrete much stronger than
the size of aggregates due to transition from the interfacial fracture to the trans-aggregate fracture.
A brief summary of the small-scale test results is given in Table 4.

Table 4 — Mechanical properties for DLWAC, WLWAC and FLWAC

DLWAC WLWAC FLWAC

Saturated density pes [kg/m?] 1997.9  2008.4 2019.2

Oven dry density pev [kg/m?] 1979.9  1864.6 1899.5
Compression strength for cube after 7 days fiem7 [N/mm?] 51.1 58.1 48.8
Compression strength for cube after 28 days fiomas [N/mm?] 71.6 77.5 71.
Compression strength for cylinder after 28 days fiem2s [N/mm?] 67 72.9 63.7
Tensile strength after 28 days ficun 2s [N/mm?] 4.7 4.9 4.5

Modulus of elasticity after 28 days Eiemas [N/mm?] 23653 21701 22549
Fracture energy after 32 days Gr [Nm/m?] 79.7 82 74.9

58



Nordic Concrete Research — Publ. No. NCR 60— ISSUE 1 /2019 — Article 4, pp. 51-66

Concrete class measured from all small samples was LC65 and higher which represents a high
strength lightweight concrete. The compressive failures of cubes and cylinders were very
explosive which is typical for high strength and lightweight concrete [1].

3.2 Results for prisms

Figures 6 and 7 show the experimental results registered with LVDTs and SGs for the centrically
and eccentrically loaded prisms.

900
Load [kN]

700

600

c|:|u

=
|

=

——DLWAC wide
——DLWAC short
---WLWAC wide
- - -WLWAC short
e FLWAC wide
FLWAC short

400

300

200

100
Strain [%o]

(] 0.5 1 15 2 25 3

Figure 6 — Load-strain relationship for centric loading.

The load-strain relationship at centricity and eccentricity 4#/18 and /4/6 are shown in Figure 6 and
7. The strains recorded with LVDTs represent lower strains that were registered during testing.
For each loading case 3 prisms were tested. The curves are mean values from three tests, except
FLWAC.

Table 5 - Test results

Prism  Type of An%(%ir;g. Siceube  fieprism  Eccentricity Pruax Peac EeLvor &enic
Nr. concrete %] " [MPa] [MPa] [mm] [kN] [kN] [%o] [%o]
1-3 e=0 804 763 2.69 3.12
4-6 DLWAC 0.1 779 575 e=7.77 668 513 2.51 3.47
7-9 e=23.33 495 382 2.70 3.81
1-3 e=0 746 791 2.59 3.40
4-6  WLWAC 7.9 80.7 535 e=7.77 648 531 2.19 3.69
7-9 e=23.33 541 395 2.96 4.53

1 e=0 653 760 2.46 2.94
2 FLWAC 7.9 77.6  46.7 e=7.77 669.9 511 2.18 4.54
3 e=23.33 577.8 380 3.38 6.82

Where fic.cube is compressive cube strength; fic.prism is compressive prism strength (Ppax divided with prism cross cestion
100x140mm) ; Puax— load level of maximum load; Pcuc— hand calculation of maximum load; &.vpr — maximum
concrete compressive strain recorded with LVDT; & pic — maximum concrete compressive strain recorded with DIC.
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In addition to this results Table 5 shows summary of all registered results. In the case of
eccentrically loaded prisms, the compressive strain registered with LVDT presents the side that
was less stressed, see Figure 7, while strains registered by DIC were at the most stressed side. In
the case of centrically loaded prisms we can notice very good agreement between LVDTs (see
Figure 6) and DIC measuring method. Average compressive strain levels recorded in all the
prisms were between 3.08%o and 6.82%o.

e=h/18

900
Load [kN]

——DLWAC wide
——DLWAC short
-=-=WLWAC wide
- -~ WLWAC short
= FLWAC wide
- FLWAC short
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2 25 3
e=h/6 900
[ Load [kN]
J 700
e 600
‘ : I 500: ——DLWAC wide
[ 1 ! ——DLWAC short
ki I 400 | WLEWAE wide ————
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[ 41 2004 e
‘ i :
1l i .
1 100 =
: Hi -
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[~ 1 0 ; i
-0.05 0.5 1.05 16 2.15 2.7

Figure 7— Load-strain relationship at eccentricities e=h/18 (top) and e=h/6 (bottom).

3.3 Failure mode and crack patterns of the prisms

For a concrete specimen loaded in compression the fundamental failure mode is a combination of
both axial splitting and sliding. However, the influence of each failure mode depends on concrete
material factors such as concrete composition, type of aggregate and maximum aggregate size.
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For LWAC it is well known that the weakest part in matrix is aggregate itself and cracking line
goes usually through the aggregate [4].

For centrically loaded prisms two types of failure happened: shear, sliding mode of failure (when
micro-cracks coalesce to inclined localized shear bands) and longitudinal failure (axial splitting
happened when a critical lateral deformation is exceeded), see Figure 8.

At eccentrically loaded prisms longitudinal failure occurred, opening of longitudinal tensile
cracks led to the final failure, cracks proceeded within the damage zone. The typical mode of
failure for the eccentrically loaded prisms is illustrated in Figure 8. For all samples, the breaking
length I, and breaking depth dp of the fracture were recorded. Table 6 shows the fracture size. I
final fase the centrally loaded prisms had longitudinal breaks that went in center of the sample
and therefore it was not possible to measure the breaking length 1b and breaking depth db of the

| | |
—

f ] l‘ \\ ,;’
\/ /\ ( | } f "] <<' 480 Ib
/ |

J 11 ‘ JJ / \
b

Figure 8 — Sketch of oblique shear fracture (lefi), longitudinal break (centre) and longitudinal
tensile break at eccentric load (right). Typical mode of failure for the eccentrically loaded prisms
(right).

Table 6 — Fracture size for eccentrically loaded prisms for DLWAC, WLWAC and FLWAC
e=7.77 mm DLWAC WLWAC FLWAC

I, [mm] 440 470 340
dy [mm] 110 110 60
I/ db 4 43 5.6
e=23.33mm  DLWAC WLWAC FLWAC
I, [mm] 370 410 290
dy [mm] 40 280 50
I/ dy 9.2 5.1 5.8
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Figure 9 — Cracking pattern for c;entrlcally and eccentrically h/18 and h/6 loded samples

Crack propagation depended on the loading conditions. Prisms subjected to centrically loading
cracked from the centre of the sample and experienced large cracks and the lowest ultimate
compressive strain was registered. Prisms that were loaded eccentrically only cracked at the most
stressed part with higher strains. Prisms that were loaded under larger eccentricity experienced
just small cracking, see Figure 9.

Through qualitative visual inspection of the fracture, it was discovered that in the concrete with
dry Stalite, the fractures both penetrated and travelled around the aggregate particles
(approximately 60% aggregate cracked) , while in the concrete with saturated Stalite, the fracture
to amuch larger degree only penetrated the particles (almost 95% aggregate cracked) The concrete
with the saturated Stalite had the most explosive fractures. By introducing a small amount of fibers
(0,5% of the cement mass) the concrete became significantly more ductile and did not have brittle
behaviour. The fracture was not explosive, and the prisms kept together afterwards. In general
measured breaking length and depth were significantly smaller for FLAC thatn for DLWAC and
WLWAC.

4. DISCUSSION AND CONCLUSION

A stress gradient test has been used to investigate strains and ductility. The test was done by
loading prisms centrically or with two different eccentricities. The proportions of the prisms and
eccentricities were the same as in an earlier experiment and are therefore comparable. This study
investigates differences using dry (0.10 % moisture content) or saturated (7.9 % moisture content)
aggregate Stalite, and the effect of polyvinyl alcohol fibres on the compressive behaviour of
LWAC. Crack propagation depended on the loading conditions. Prisms subjected to centrically
loading experienced large cracks and the lowest ultimate compressive strain, while prisms loaded
eccentrically only cracked at the most stressed part with higher strains. By using DIC, detailed
strain fields of the observed compressive zones have been recorded, see Figure 10.

From the achieved experimental results, it is visible that the lateral deformation of the most
stressed fibre is counteracted by the less stressed fibres that confine compressive stress. Close to
the peak load the lateral deformations near the free surface become pronounced. Finally, in the
post-peak region two different fractures developed and ultimate strains increased. In general,
larger eccentricity lead to increased strains (recorded strains in prisms test was in range from
3.08%o to 6.82%o).
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Figure 10— Strain field for DLWAC (left), WLWAC (centre) and FLWAC (right) just before the
final failure. Strain range from 0% till 5%o.

In general, measuring devices were in a good agreement, but close to failure, larger strains and
localization were measured using DIC, compared to the strain values measured with the SGs and
LVDTs. The concrete with the water saturated aggregate had somewhat higher strains and
ductility than the concrete with dry aggregate. Through qualitative visual inspection of the
fracture, it was observed that the concrete with the saturated aggregate had the most explosive
fractures. By introducing a small amount of fibers (0.5% of volume fractions) the concrete became
significantly more ductile, with a maximum compressive strain of 6.82 %o, and the fracture was
not explosive. FLWAC samples in final faze kept together afterwards. Eurocode 2 [19] does not
differ between lightweight concrete with different types of aggregates and underestimated the
largest strains in this experiment by 75-88 %.

4.1 Comparison with previous experimental work

The experimental setup of the prisms and the eccentricities were the same as in an earlier
experiment and are therefore comparable [4]. The earlier studies looked at the lightweight
concrete Liapor 8 and different types of normal weight concrete. Table 7 compares new and old
experiments. A ductility index D is calculated as:

D = 2=t 100% (1)

el

where €, is maximum compressive strain and €,; is strain corresponding to elastic state. In elastic
state strains are reversible which recovers while applied stresses are being removed. Plastic strains
yield in the specimen before reaching peak point (maximum compressive strains before failure).
Elastic and plastic zone of specimen depends on the stiffness, brittleness and ductility of specimen.
Concrete is more ductile if diference between elastic and maximum strain is larger. In that case
ductility index D is larger as well. Specimen having higher strength will lead to smaller strains
and elastic portion in this case will be more. Concrete is a brittle material and it shows smaller
value of strains before failure.
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Table 7 - Comparison with experimental work from 1993 [2]

Type of Eccentricity e, prism Sic,cube Eeu D.yor Dpic
concrete [mm] [MPa] [MPa] [%o] [%] [%]
e=0 3.12
DLWAC e=7.77 57.5 77.9 347 11.2 13.3
e=23.33 3.81
e=0 3.40
WLWAC e=7.77 53.5 80.7 3.69 15.1 14.9
e=23.33 4.53
e=0 2.94
FLWAC e=7.77 46.7 77.6 4.54 37.2 37.6
e=23.33 6.82
e=0 3.12
Liapor 8 e=7.77 86.8 93.8 341 9.6
e=23.33 3.55
Gneiss/ =0 2.61
Granite e=7.77 81.4 104.1 2.97 14.5
e=23.33 3.16
e=0 2.72
Basalt e=7.77 89.0 105.1 3.31 31.7
e=23.33 3.45
e=0 2.47
Quartzite e=7.77 86.5 106.7 2.81 14.8
e=23.33 2.84

Where ficprism is compressive prism strength; fic.cuse is compressive cube strength; &.— maximum concrete compressive
strain ; D rypr— ductility index calculated from maximum concrete compressive strain recorded with LVDT; D pic—
ductility index calculated from maximum concrete compressive strain recorded with DIC.

It is clear that LWAC with Stalite showed more ductile behaviour than LWAC with Liapor 8.
Compared to normal density concretes the ductility is similar while registered strains are much
higher. When adding just small amount of polyvinyl alcohol fibers, the ductility increase, ductility
index is doubled.

The results from this experiment are promising for increased use of high strength lightweight
aggregate concrete with Stalite as aggregate for concrete structures. High strains and ductility
show that concrete with Stalite can be considered as a product in between lightweight aggregate
concrete and normal weight concrete. It combines the ductility from normal weight concrete with
the low density from lightweight aggregate concrete. In general, based on this experimental results
the use of high strength concrete with Stalite as aggregate should be increased because of the
favourable combination of high strength with low density.
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Ultimate compressive strain in lightweight aggregate
concrete beams

Jelena Zivkovic and Jan Arve @verli

Department of Structural Engineering,
Norwegian University of Science and Technology (NTNU),
Trondheim, Norway

Abstract

The major concern when using lightweight aggregate concrete (LWAC) in structural applications
compared to normal weight concrete (NWC) is the more brittle post-peak behaviour and reduced
ultimate strain, especially in compression. To investigate this six LWAC over-reinforced beams , with
geometry 210-330x550x4500 mm, were subjected to four point bending with a constant moment zone
of 1m between loading points. In this zone were varied main test parameters: the spacing of trans-
verse reinforcement, amount of longitudinal compressive reinforcement and size of concrete cover.
Strains were measured combining DIC, strain gauges and LVDTs. Five the tested beams showed
ductile behaviour and ultimate compressive strain registered in the beams was in range 3.4-3.8%o.
This indcate that standards underestimate ultimate compressive strain in LWAC structures from 30-
50%.

1 Introduction

Lightweight aggregate concrete (LWAC) has been used as a construction material from ancient times
[1], with the main aim to reduce the dead weight of structures. Reduction of weight allows reduction
of the structures dimensions, especially in seismic regions and areas with low bearing capacity.
Handling and transport of precast elements from LWAC is easier and more economical. Until now,
LWAC concrete is applied with great success in many advanced structures like bridges, offshore
structures and skyscrapers [2]-[5]. Several different standards define LWAC as concrete with an oven
dry density below 2000 kg/m3 and with maximum strength about 80 MPa [6], [7]. Even with the
major advantage of reduced weight and high strength-to-weight ratio compared to conventional
cocrete, the use of LWAC is still limited as a mainstream construction material. The main reason is
the more brittle post-peak mate-rial behaviour that result with reduced ultimate compressive strain
compared to normal density concrete (NWC). The brittleness of concrete is characterized by sensi-
tivty to stress concentrations and a rapid crack/fracture development. For structural analysis, it is
essential to know the complete stress-strain curve under uniaxial compression including the descening
branch [8], [9]. The main emphasis in this work is on the post-peak strain-softening response, which
is for LWAC steep and short since concrete behave in a brittle manner. An experimental program is
conducted to investigate the post-peak behaviour of LWAC and ultimate strain in compression and
bending. The program consist of six LWAC over-reinforced beams, subjected to four point bending.
The geometry of the beams were 210-330 x 550 x 4500 mm (width x height x length). In addition,
small samples cubes and cylinders were casted to decide the material quality. The test setup was
designed to produce a constant moment zone of one meter between loading points. The main test
parameters, varying in the constant compression zone, were the spacing of transverse reinforcement,
amount of longitudinal compressive reinforcement and size of concrete cover. The ultimate capacity
was evaluated by following the rules in Eurocode and the Norwegian code [6], [7] for design of con-
crete structures. All the tested beams failed in compression between the two loading points. Rein-
forcement detailing influenced the cracking of the compression zone in the beams. The beam without
transversal reinforcement showed very explosive and brittle behaviour while all other beams showed
ductile behaviour. The strain level in the concrete and reinforcement were measured with strain gaug-
es (SG) and Linear Variable Differential Transformers (LVDT) at one side of the beam. On the other
side, Digital Image Correlation (DIC) method was used [11], [12]. To produce the concrete, a light-
weight aggregate argillite slate from North Carolina, called Stalite [13]. was used to achieve an oven-
dry density of about 1850 kg/m* and a compressive cylinder strength of about 65 MPa.
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2 Experimental program and methodology

2.1 Test parameters

The experimental program include six over-reinforced LWAC beams which were subjected to a four
point bending test, with a constant moment zone of one meter between the loading points. This type
of experimental program was proposed in order to eliminate the effect of frictional restraint on post-
ultimate deformation, what is typical for uniaxial compression tests [14]. This testing technique allow
lateral expansion of the central zone in all directions and provide testing of the LWAC under multiax-
ial states of stress. Size of the compressive testing zone was approximately 300x1000 mm.The pa-
rameters varied in the beams were the stirrup spacing, amount of compressive reinforcement and size
of concrete cover. All the beams were overreinforced to provide a compressive bending failure. Out-
side of the testing zone, all the beams had the same stirrups distribution designed to avoid shear fail-
ure. The moment and shear capacity of the beams has been calculated in accordance with Eurocode 2
and Norwegian code [6], [7]. The maximum compressive strain used in the calculation was
€1ciz=2.52%o. Table 1 describe the test program.

Table 1 Test parameters.

Beam | Beam Stirrup Concrete | Compressive Capacity

No. Identification spacing -s | cover-c reinforcement | Pealc
[mm] [mm] Ac [kN]

1 LWAC65_20_0 - 20 2012 729

2 LWAC65_20_200 | 200 20 2012 729

3 LWAC65_20_60 | 60 20 2012 729

4 LWAC65_20_100 | 100 20 2012 729

5 LWAC65_40_100 100 40 2012 726

6 LWAC65_40_200% | 200 40 2025 800

2.1.1 Test specimens

The beams measured (width x height x length) 210-330 x 550 x 4500 mm. All the beams were over-
reinforced with ten 620 mm bars in tension zone in order to provide compressive failure. Outside the
constant bending zone stirrups 010 mm were distributed along the shear spans on 70mm distance to
avoid shear failure. In compressive zone, all beams 1-5 had two longitudinal bars 16 mm and beam 6
two bars 025 mm. Short longitudinal bar @8 mm were set in testing compressive zone in all the tested
beams as the carrier of the strain gauges. This bar was able to move together with concrete since it
was not fixed at the edges. Stiff anchorage of tension reinforcement at the support was provided with
a welding steel plate. Fig. 1 gives the beam geometry and cross section details between the loading
points.

All the beams and small samples, cubes and cylinders, were cast from the same concrete batch.
The beams were demoulded 24 hours after casting, and stored in the laboratory at approximately 20°
C under wet burlaps covered with a plastic sheet. They were uncovered two days before the test.
Finally, the beams were painted white for easier detection of cracks and prepared for instrumentation.
The test age of the beams varied from 37 to 59 days.

To establish the mechanical properties of the LWAC, cubes (with dimensions 100x100x100
mm), cylinders (@100x200mm) and small beams (100x100x1200mm) were casted to find the stress-
strain diagram, the compressive strength for cube and cylinder, the tensile strength, Young’s module
of elasticity, and the fracture energy. All these small specimens were demoulded after 24 hours and
kept in water until testing day. In order to follow material characteristics compression tests on cubes
and cylinders were carried out continuously with the beam testing.

2 | Structural Analysis and design
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Fig. 1 Beam geometry and reinforcement layouts between the loading points. Dimensions are in
[mm].

2.2  Material and mix properties

The concrete mixture was prepared from one batch at a concrete stationary plant and in a concrete
truck mixer. Lightweight aggregate was first placed in a concrete truck and later mortar was added.
Mixing and transport was done in a concrete truck mixer. The lightweight aggregate was /2" fraction
from Stalite [13]. The moisture content and the absorbed water in the Stalite were measured to be able
to design the concrete mix [2]. The moisture content was 11.43%, and the absorption after 24 hours
and 100 hours was 6.54% and 8.32%, respectively. Table 2 gives the concrete mixture. The mixing
was done using combination of concrete stationary plant capacity 4 m* and concrete truck mixer 6 m?
laboratory mixer. Mixing was done continuously in a truck mixer during a transport of 15 minutes.
Characteristics of the fresh concrete were: density 2013 kg/m?, air content 2.4% and slump 230 mm.
The reinforcement was of the type BSOONC [15]. Assumed yielding stress of the reinforcement was
530 MPa.

Table 2 Concrete mix for LWAC 65.

Constituent Weight [kg/m?]
Cement (Norcem Anlegg FA) 430.75

Silica fume (Elkem Microsilica) 22.38

Water (free+absorbed 24 hour) 123.33+55.17=178.5
Sand (Ramlo 0-8 mm) 595.31

Sand (Ramlo 0-2 mm) 249.65

Aggregate (Stalite '2") 550

Superplasticizer (Mapei Dynamon SR-N) | 5.4
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2.3  Test Setup and procedure

Fig. 2 shows the experimental setup. The load was applied by mechanical screw jack and transferred
to the test beam through a steel spreader beam. Two steel rollers supported the beam and covered the
entire width of the beam. The loading point has free rotation transversal to the beam. Between jacks
and the beam surface, it was used a 100 mm wide steel plates and a 15 mm thick fibreboard with the
same width. The supports were both free for rotation and displacement in the longitudinal direction.
At the supports, only steel plates were between the support and the beam. The supports were placed
250 mm from the beam-ends. To avoid anchorage problems, tension reinforcement bars were welded
to the steel plate dimensions 30x60x330mm in this region. The load was measured by an electrical
load cell under the screw jack with a maximum capacity 2000 kN. Three linear variable displacement
transducers (LVDT), one at the mid-span and two above each loading point measured the deflections
of the beam. Additional five LVDTs measured strain at the concrete surface. Three of them measured
strains in the compressive zone and two strains in the tensile zone. The LVDTs were placed in the
middle cross section and they measured deflection over a distance of 200 mm. In addition, six strain
gauges (SG,. type FLA-6-11-5L with gauge resistance of 119.5+0.5Q) were inserted on the compres-
sive bar 08 and tensile reinforcement, inside of the middle cross section. All measuring devices
(LVDTs and SGs) together with the load cell were connected to HBM 8 channel spider to record the
data. From here, data were forwarded to computer using a specific software program, where they are
processed and stored in a text file.

i Jack
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Load distribution beam

Roller suppori . @. LVDT top W+E Fixed support
1 Testinaizpe
I 7
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Holerspport LVDT2 |LVDT Mid|LVDT 1 e S SpHEnCF s
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Digital image correlation
method )

SG-TB1 5G-TB2

Fig. 2 Top of the figure show experimental set-up of the beam test. At the bottom of the figure,
there is sketch of cross section at the middle of testing area with location of each
measuing devices. Dimensions are in [mm].
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The load was applied step-wise, with load increments of 100 kN up to 70% of calculated capacity.
The load increments were then reduced to 50 kN until failure. The rest periods at each load level
were three minutes and mainly used to draw the crack progression with dark pen and taking of photos.
The tests were displacement controlled with a loading rate 1-1.2 mm/minute, thus, the deflection
measurements were carried out as a control during all tests.

3 Experimental results

3.1 Results for small specimens

Small specimens were tested after 28 days for determination of compressive strength, tensile strength
and Young’s modulus. Small beams for fracture energy were tested after 71 days. A brief summary of
the small-scale test results is given in Table 3. Concrete class measured from small samples was
LC65 and which represents a high strength lightweight concrete. The compressive failures of cubes
and cylinders were very explosive which is typical for high strength and lightweight concrete.

Table 3 Mechanical properties LWAC 65.

Saturated density pes = 2013 kg/m’?
Oven dry density pev= 1834 kg/m’
Compression cube after 7 days fiem7 = 56.7 N/mm?
Compression cube after 28 days Acmzs=74.2 N/mm?
Compression cylinder fiem = 65,1 N/mm?
Tensile strength Sietm = 4.03 N/mm?
Modulus of elasticity Eiem = 24175 N/mm?
Fracture energy Gr =70.5 Nm/m2
Characteristic length leh = 104 mm

3.2 Capacity of the beams

Table 4 shows the results of the tested beams. The beams were tested 37 days (beam 1), 50 days
(beam 2 and 3), 55 days (beam 4), 57 days (beam 5) and 59 days (beam 6) after casting. Each beam
experienced spalling of the concrete cover in compression between the loading points. Spalling de-
fines the first load peak in the load-deflection curves. The load decreased at this stage for some
minutes, before the applied load again increased. The load, then, continued to increase until the con-
crete cover in the web started to spoil. This defines as a second load peak and is a more smooth peak.
The second spalling resulted in a larger drop in the load bearing capacity and deformations increased
fast. Any attempt to increase load after second peak was not possible and residual capacity of the
beam decreased until the final failure.

Table 4 presents the obtained results: the force when the first bending crack occurred (Ptr), force
of first shear crack (Per), force corresponding to first peak load (P1), force corresponding to second
peak load (P2) and force corresponding to the failure load (Pu). The table also gives average strains
(€c) recorded by two LVDTs placed in the compression zone. Value of recorded maximum strains
correspond to first peak load level. The average tension strain (€;) represents the two LVDTs placed
on both bottom beam sides in the tensile zone. The bending capacity (Pcaic) for all the tested beams
was calculated according to Eurocode 2 and Norwegian standard [6], [7]. When calculating the capac-
ity of the beams compressive strength, tensile strength, E-modulus and strains in a concrete were
multiplied by a reduction factors ny, nz and those values are respectively 0.746 and 0.918.

Jelena Zivkovic and Jan Arve @verli | 5
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Table 4  Results from beam testing.

Beam ficcve | Peale | Prer Per P P2 Po/ Peale | € &
Identification [MPa] | [kN] | [KNT | [kNT | [KNT | [KNT | [KN [%0] | [%o]
LWAC65_20_0 75.4 729 | 53 318 | 724 | - 0.99 3.70 | -
LWAC65_20_200 78.3 729 | 54 350 | 645 | 6294 | 0.88 3.77 | 2.04
LWAC65_20 60 78.3 729 78 319 707 686.5 0.97 3.74 | 2.41
LWAC65_20_100 79.4 729 69 324 700 | - 0.96 3.75 | 2.08
LWAC65 40 100 79.4 726 | 64 339 | 663 | 588.9 | 0.91 3.61 | 2.17
LWAC65_40_200* | 79.4 800 64 250 750 652.9 0.94 3.40 | 2.35
4 Discussion

For all the tested beams failure occurred when the compression zone between the loading points
started to crack. This type of failure defines a compressive failure in the bending moment zone.
Cracking of the compression zone was different for each beam depending on the test parameters:
stirrup spacing, size of concrete cover and amount of the compressive reinforcement.
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Fig. 3 Left side of the figure shows graph where is ploted average strain in compression at the
mid-span versus total applied load. At the right side are ploted strain fields recorded by
digital image correlation method for the first peak load level.

The first bending cracks observed in the constant moment region on the tension side, was at load
levels from 25 til 53 kN. First cracking depnds on the stirrups density in testing area. Since beam
without any stirrups in testing area did not have any confinement this beam cracked for lowest load
level. As the load increased, new bending cracks propagated symmetrically until they reached the top
of the beam flange. Development of bending cracks slowed down when shear cracks appeared. The
first shear cracks appeared in the middle of the shear zone, between the neutral axis and the beam
flange. Additional loading lead to further crack propagation of both bending and shear area. Crack
propagation for certain load steps are very similar for all the tested beams. From Table 4 it is obvious
that beams which contain the stiff compressive reinforcement and most stirrups in testing area was
able to sustain the largest load before spalling of the concrete cover. From Fig. 3 it can be seen that
the compressive longitudinal reinforcement yielded for the largest load level. Beams with large stirrup
spacing and small concrete cover showed the fastest spoiling and increase in crack propagation. When
the applied load reached first peak, the cross section for all the beams was reduced due to the spalling
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of the top concrete cover with load automatically decreasing. It is obvious that beams with large
concrete cover has higher drop in capacity and the second peak load level was lower. In finale face,
spoiling of the web occurred and load drop very fast, while deformations increased, see Fig. 3. Beams
with more dense stirrups can sustain more loading after first peak and they showed behaviour that is
more ductile. In beam without stirrups in testing area and with low concrete cover second peak load
was not registered. The beam failed immediately after first peak load level. Since all the beams were
over-reinforced, tensile reinforcement did not yield.

From Fig. 3 it can be concluded that strains recorded by measuring devices LVDTs and DIC was
the same. Ultimate compressive strain registered in the beams was in range 3.4-3.8%o. By using DIC,
detailed strain fields of the observed compressive zones have been recorded, and DIC was able to
measure strain after spoiling of the top concrete cover together with LVDTs. From the detailed strain
field it can be seen localisation of the largest strains in areas prior to failure. It is also visible that
strains distribution followed reinforcement detailing. In a beam with the largest compressive rein-
forcement, strains were deeper. The same holds for concrete cover, with larger cover, large strains are
deeper and spalling of concrete follows reinforcement layout. In addition, it is visible that reinforce-
ment layout influence the most crack development. Cracks were formed between stirrups. Having in
mind that EC2 [6] has special rules for LWAC, which are reduction factors applied to regular design
criteria, the results in this study indicate that EC2 underestimates LWAC. Recorded maximum strains
in the tested beams were for 30-50 % larger than the standard allowed maximum strain (€icu2=2.52%o),
for this type of concrete.

In general, observed cracking in all the tested beams were very similar as could be expected in
normal weight concrete beams, see Fig. 4.

Fig. 4  Figure of the failure for beam 4 (LWAC65_20_100).

5 Conclusions

For all tested beams in this research cracking were similar. All the beams showed ductile behaviour
since they were able to increase loading after formation of shear cracks. Cracking of the testing area
depend on the test parameters varied in the experiment. Beams with dense stirrup spacing showed
small, shallow cracks and spoiling were smallest. In beams where cover was deeper spoiling and
cracking were larger. The beam containing the largest compressive reinforcement resisted the largest
load. Beam without stirrups in testing area failed at first peak load level. Measuring devices were able
to capture the ultimate compressive strain in LWAC beams.

In general, the characteristics of LWAC depend on the type of lightweight aggregate. EC2 does
not differentiate between types of aggregate used in LWAC. From the experimental results, it can be
seen that EC2 underestimates ultimate strain level with 30-50%. This study with LWAC indicates
bending behaviour similar to NDC. From the experimental program, it can be concluded that by
proper reinforcement detailing it is possible to achieve ductile response of lightweight concrete struc-
tures. The response in the tested beams were only a small reduction in load capacity after reaching a
peak load, followed by an increased deformation. By being able to document a larger ultimate com-
pressive strain in LWAC beams, an increased use of LWAC in structural applications are possible.
Further investigations of LWAC as a structural material should therefore continued.
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ABSTRACT

The main disadvantages of lightweight aggregate compared with normal weight concrete are its
brittleness at the material level in compression and uncontrolled crack propagation. This
experimental investigation consists of five beams with lightweight concrete with Stalite as
aggregate. Main goals were to investigate behaviour and capacity of the beams with and without
shear reinforcement subjected to four-point bending test and compare those results with
previous experimental work. The main test parameters were the shear span ratio (a/d) and
amount of the shear reinforcement. Existing standards underestimate shear capacity because
they do not differ between shear span (a). Tested beams were more ductile than expected, and
cracking was similar as for normal weight concrete beams. According to this experimental
investigation, the shear capacity in beams without shear reinforcement should be based on
inclined cracking loads.

Keywords: Lightweight aggregate concrete, testing, shear reinforcement, bending, ductility.
1. INTRODUCTION

This investigation is part of the ongoing research programme, “Durable advanced concrete
structures (DACS)”. One part of this programme is to investigate the structural behaviour of
lightweight aggregate concretes (LWAC), i.e. concretes with an oven-dry density below 2000
kg/m®. A general characteristic of LWAC is its very high degree of brittleness at the material
level and especially in compression, which results in sensitivity to stress concentrations and
rapid crack/fracture development. This influences the behaviour of concrete where its tensile
strength is important, as for instance with its shear and bond strength. To investigate the
behaviour of LWAC, beams with and without shear reinforcement were subjected to a four-
point bending test. The main test parameters were the shear span length to effective height ratio
(ad) and amount of shear reinforcement. For all beams, the shear loads at diagonal cracking and
at failure were plotted as a function of the a/d ratio and compared with previous experimental
work. For comparison, tested beams were of the same size and with the same area of
compression and tension reinforcement as in earlier shear tests on other normal density (ND)
and lightweight aggregate (LWA) concrete beams [1,2]. In addition small specimens were used



to find the compressive strength [3, 4], splitting tensile strength [5], Young’s modulus [6, 7],
and fracture energy [8].

To produce the concrete, a lightweight aggregate Stalite was used to achieve an oven-dry
density of about 1850 kg/m> and a compressive strength of about 65 MPa. Agreggate Stalite is
the argillite slate, laminated, fine-grained siltstone of clastic rock. The foothills region of North
Carolina is the only place where slate is exhausted as raw material to produce Stalite. The bulk
density ranges from 720-1120 kg/m? for both coarse and fine aggregate and the hardness of the
material is equivalent to that of the quartz [9, 10].

2. EXPERIMENTAL TEST PROGRAM AND RESULTS

2.1 Test specimens

Five reinforced LWA concrete beams with and without shear reinforcement were tested in a
four point bending test. The loading system was designed to produce a constant moment in the
middle part of the beam. The cross section (bx/) of the beams was 150x250 mm and the length
2900 mm. The main test parameters that were warried in this test were the shear span length to
effective height ratio (a¢/d) and amount of shear reinforcement. In the ratio a/d, a is the shear
span (the length between loading point and support) and d the effective height of the cross
section (the distance from the top surface to the centre of the tensile reinforcement), which in
this case is 219 mm. Two pairs of beams without shear reinforcement each with shear span ratio
a/d=2.3 and a/d=4.0 were tested. In addition one beam, which contained shear reinforcement
distributed between the support and loading point and with shear ratio a/d =3.43 was tested. An
overview of the test programme is shown in Table 1.

Table 1-The main test parameters
a d a/d Ac Ay N flc,cyl Ay / (bxd)

Beam iom] [mm] [ [em?] [em’] [mm] [MPa] _[%
1 504 219 2.3 1.57 6.03 - 67.5 1.83
2 504 219 2.3 1.57 6.03 - 67.5 1.83
3 876 219 4 1.57 6.03 - 67.5 1.83
4 876 219 4 1.57 6.03 - 67.5 1.83
5 750 219 3.43 1.57 6.28 100 67.5 1.91

Where a is shear span; d is effective hight, a/d is shear span ratio; Ac— area of compresive reinforcement; 41— area
of tensile reinforcement; s is stirrup spaceing; fic.cyi-compressive cylinder strength.

All the beams had three 8 mm stirrups in each anchorage zone (behind the supports). Beams
without shear reinforcement had just two stirrups in the constant moment region below applied
forces, while there were no stirrups in the shear spans. One of the tested beams contained shear
reinforcement distributed along the shear span. Reinforcement on the tension side consisted of
three @16 mm bars in beams with shear span ratio @/d =2.3 and 4.0 and beam with a/d =3.43 had
two 020 mm bars. As compressive reinforcement, two @10 mm bars were used in all the beams.
Longitudinal and cross section details of the beam specimens are shown in Figure 1.

All the beams and small samples, cubes and cylinders, were cast from the same concrete batch.
The beams were demoulded 24 hours after casting and further cured in the laboratory under wet
burlaps covered with a plastic sheet. Two days before the testing beams were taken out and
prepared for instrumentation. Finally, the beams were painted white for easier detection of
cracks.



Small samples, which were cast in order to identify the mechanical properties of the LWAC,
included 12 cubes (with dimensions 100x100x100 mm), 15 cylinders (9100x200mm) and 3
small beams (100x100x1200mm). From mentioned samples, the authors derived the stress-strain
diagram, compressive strength for cube and cylinder, tensile strength, Young’s modulus of
elasticity and fracture energy. All small specimens were demolded after 24 hours and kept in
water until testing day. Compression test on cubes and cylinders were carried out in the start,
middle and last day of beam testing.
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Figure 1 — Reinforcement and cross section details for the beams a) without and b) with shear
reinforcement

2.2 Material and mix properties

The concrete mixture was prepared from one batch. The lightweight aggregate was the 2”
fraction from Stalite [11]. The moisture content and the absorbed water in the Stalite were
measured, which was necessary input when designing the concrete mix [12, 13]. The moisture
content was 8.2%, and the absorption after 24 hour and 100 hours was 6 % and 8.5%,
respectively. Table 2 gives the concrete mixture.

Table 2 — Concrete mixture for LWAC 65

Constituent Weight [kg/m?]
Cement (Norcem Anlegg) 398.21
Silica fume (Elkem Microsilica) 19.62
Water (free+absorbed 24 hour) 93.87+40.12=134
Sand (Ardal (NSBR) 0/8 mm) 745.56
Aggregate (Stalite 1/2") 618.79
Superplasticiser (Sika ViscoCrete RMC-420) 3.20

The mixing was done using a 0.8 m> laboratory mixer. First cement, silica fume, Stalite and
sand were mixed for approximately 2 min. Water and superplasticiser were continuously added
and adjusted during mixing, until the desired workability of the concrete was achieved.

Characteristics of the fresh concrete were: density 1990 kg/m>, air content 2.6 % [14] and slump
140 mm [15]. The reinforcement was of the type BSOONC [16]. The yielding stress of the
reinforcement assumed in calculation is approximately 560 MPa.



2.3 Test Setup and procedure

The load was applied with a mechanical screw jack and was transferred to the test beam through
a steel spreader beam, which was supported, on two steel rollers covering the entire width of the
beam. The loading point has free rotation transversal to the beam. Between jacks and the beam
surface, it was used 50 mm wide steel plates and a 15 mm thick fibreboard with the same width.
The supports were both free for rotation and displacement in the longitudinal direction. At the
supports, only steel plate was between the support and the beam. The supports were placed 300
mm from the beam-ends. To avoid anchorage problems, short 820 mm reinforcement bars were
welded to the tensile reinforcement in this region. The load was measured using electrical load
cell under the screw jack of maximum capacity 1000 kN. Instrumentation set-up differs between
beams with and without shear reinforcement. Figure 2 shows the layout of the test set-up for the
beams with and without shear reinforcement and view from the laboratory.
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Figure 2 — Test set-up off beams a) without shear reinforcement; b) with shear reinforcement; c)
detail middle cross section for beam without and with shear reinforcement; d) view from the
laboratory.

For observation of beam with shear reinforcement, more instrumentation was used. Linear
Variable Displacement Transducers (LVDT) measured the deflections in the middle of the beam
span in all the beams. In beam with shear reinforcement additional LVDT were used for
measuring deformations under the loading points and over the middle cross section. Length of
LVDT for observation of middle section was 200 mm. In addition, in this beam strain gauges



(SG, type FLA-6-11-5L with gauge resistance of 119,5+0.5Q) were inserted on the tensile
reinforcement inside of the middle cross section. All measuring devices (LVDTs and SGs)
together with the load cell were connected to HBM eight channel spider to record the data. From
here, data were sent to computer using a specific software program, where they are processed
and stored in a text file.

The load was applied stepwise in increment of 20 kN for the beams without shear reinforcement
until failure. For the beam 5, with shear reinforcement, an increment of 40 kN was used since
calculated capacity was doubled. The first tested beam was beam 1, one of two beams with
shear span ratio 2.3. This beam was tested with loading steps of 10 kN. Since there was too
many steps and testing takes, more than 2 hours loading steps were increased on 20 kN for the
next beam with 2.3 ratio and for the two beams with 4.0 ratio. This is displacement control test
with loading rate 0.5 mm/minute for the beams without shear reinforcement and 1 mm/minute
for beam with shear reinforcement. The deflection measurements were carried out as a control.
At each step, deflections in the middle section and under the loading points were measured. The
loading time for each step takes about 10 minutes, from what 5 minutes was break and mainly
used to draw the crack progression with dark pen. The output data were recorded by the data
acquisition system. Pictures were taken after each step and failure.

3. EXPERIMENTAL RESULTS
3.1 Results for small specimens

Concrete class measured from small samples was LC65 and that actually represents high
strength lightweight concrete. The compressive failures of cubes and cylinders were very
explosive which is typical for high strength and lightweight concrete.

Small specimens were tested after 28 days for determination of compressive strength, 29 days
for tensile strength and Young’s modulus. Small beams for fracture energy were tested after 36

days. A brief summary of the small scale test results is given in Table 3.

Table 3 — Mechanical properties for LWAC

Saturated density Pes = 1980 kg/m3
Oven dry density pev=1850 kg/m >
Compression cube after 7 days fiem7= 57,3 N/mm?
Compression cube after 28 days fiem2s= 73,8 N/mm?>
Compression cylinder fiem = 67,5 N/mm?
Tensile strength fietm = 4,05 N/mm?
Modulus of elasticity Eiem = 24175 N/mm?
Fracture energy Gr= 76,7 Nm/m>

3.2 Capacity of the beams

Table 4 shows the results of the tested beams. In the table, the following forces are plotted: the
forces when the first bending crack occurred (Prr), force of diagonal cracking (Pcr) and failure
force (Pu). The shear capacity (Pcac=VRrac) for both pairs of the beams without shear
reinforcement was calculated according to Eurocode 2 [17, 18, 19] and Norwegian standard NS
3473 [20, 21] and those values were 42.8 kN and 44.6 kN, respectively. Calculation of shear
capacity according to both standards was influenced by external load but position of the load



was not taken into account, which resulted with the same capacity for the beams with shear span
ratio 2.3 and 4. Calculated shear capacity for all the tested beams plotted in the table 4 was
according to Eurocode 2 [17, 18, 19]. Shear capacity according to Eurocode 2 for the beam 5
which contain shear reinforcement was almost doubled and that value is 92.85 kN. Shear
capacity for beam with ratio 2.3 and 4 was also calculated according to Norwegian standard NS
3473 and that value was plotted in table 5. Reason for this is that all previous results for
comparison were calculated by using the same standard NS 3473. Tensile strength used in this
calculation is obtained from small scale testing [5] and later interpolated according to NS 3473.
For lightweight concrete the values are multiplied by a reduction factor (0,30+0,70p/p1), where
p is the dry density of the lightweight concrete and p1=2400 kg/m?>. Hence, with a dry density of
1850 kg/m? the reduction factor was 0,839.

The beams were tested 30 days (beam 1_ with shear ratio 2.3), 31 days (2_2.3), 34 days (3_4.0
and 4_4.0) and 35 days (5_3.43) after casting.

Table 4-Test parameters and results of first cracking, diagonal cracking, failure loads and
calculated shear capacity in accordance with EC2[17,18]
Beam a d a/d Pfcr Pcr Pu Pcalc Pcr/ Pu/
[mm]  [mm] [KN]  [kN] [kN] [KN]  Peaic Peatc
504 219 2.3 25 45 92.3 42.8 1.05 2.15
504 219 23 225 445 127.2 428 1.04 297
876 219 4 21 36.8 444 428 0.86 1.04
876 219 4 21 33 62 428 0.77 144
750 219 343 25 40 91.4 92.85 043 0.98

N[N | —

In all the beams first cracking started for approximately, same load level of 21-25 kN.
Formation of the first shear diagonal cracks depend and differs from the shear span ratio. So in
the beams with higher shear span ratio shear cracks formed for lower load level, while by
reducing shear span (a), distance between loading point and support , shear capacity increased.

3.3 Load-deformation relationship

The load—deformation relationship was followed during the entire test. Figure 3 shows the load-
deformation relationship for the centre point of the cross section at middle span for all the five
beams. As expected, beams that do not contain shear reinforcement along the shear span and
with low shear span ratio 2.3, had higher capacity. Beam 2, with shear span ratio 2.3 had even
higher capacity than the beam 5 that contain shear reinforcement. The resemblance between two
identical beams is quite good before failure. As expected, the response depends on the shear
span ratio. With a low ratio a concrete strut forms making a direct load transfer of the point load
to the support. The load and deformation can increase several times the shear cracking load.
However, the ultimate load is more unpredictable in this case. For a high shear span ratio, pure
shear governs the failure mode. The failure loads for these two beams can be defined to be the
same. Beam 4 with shear span ratio 4.0 was able to sustain a higher load after significant
deformations, but it is not possible to rely on such deformations in a design situation. As
expected the beam with shear reinforcement showed significant ductility, deflections are
doubled for the same load level and before failure this beam were able to sustain even increase
of loading. In addition, one of the beam with shear span ratio 2.3 showed very ductile behaviour.
In general, all the tested beams are in the very good agreement considering the main test
parameter shear span ratio.
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Figure 3 — Load deflection curves for all the tested beams

Results of strain distribution were observed and recorded over the middle cross section just in
beam 5 with shear ratio 3.43. Since those results cannot be compared with first four tested
beams 1-4. they are not plotted here.

4. DISCUSSION
4.1 Failure modes, cracking patterns and capacity of the beams

The first cracks in all beams started to develop in the constant moment region, between the
loading points, on the tension side for load levels between 20 and 40 kN, depending on the a/d
ratio. As load increased cracks formed along the entire length of the constant moment region
and wider. When flexural bending cracks stopped to develop, suddenly, the diagonal shear
cracks occurred, but the beams did not fail immediately. The beams with a/d ratio of 2.3 formed
directly the diagonal inclined shear crack. These cracks appeared suddenly developing from the
tension side of the beam towards the compression side near the point loads. For beams with ratio
2.3 diagonal cracks formed at higher load levels than for beams with ratio 4.0. For beams with
ratio 4.0 the diagonal shear cracks propagated from one of the flexural bending cracks at the
tension side. For beams with shear reinforcement and shear span ratio 3.43 cracking started from
the tension side. Location of cracks depends from reinforcement layout. Flexural bending cracks
start to form between stirrups. Later diagonal shear cracks propagated from flexural bending
cracks. For a certain load level propagation of diagonal cracks was stopped due to shear
reinforcement while propagation of bending cracks were continued. At the end, bending cracks
led to failure in beam with shear reinforcement, while in beams without shear reinforcement
diagonal shear cracks lead to failure. Figure 4 showed the final failure state of all the tested
beams.
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Figure 4— Final failure state for beams (a) 2.3-1, (b) 2.3-2; (c) 4.0-3; (d) 4.0-4 and (e) 3.43-5



In general, beams with lowest shear span ratio had higher capacity, see Table 4. Formation of
cracks for beams with ratios 4.0 and 3.43 was equal in both shear spans. For beams with ratio
4.0 failure happened suddenly in one of the shear span, while beam with ratio 3.43 failed in
compression between the loading points. In the beams with ratio 2.3 shear cracking was more
non-symmetrical, with more and larger cracks at one end of the beam, and beams failed at the
shear span.

Failure that happened between support and the loading point, shear zone, is defined as shear
tension failure or shear compression failure depending which zone cracked [22, 23]. Here we
can notice that beams with ratio 2.3 in the final failure phase cracked always under the loading
points so they had shear compression failure. In beams with ratio 4.0 development of cracks on
a tension shear zone were wide, cracks followed tensile reinforcement, and they even continued
in anchorage area, so they had shear tension failure.

Behavior of beam with ratio 3.43 in beginning matches well with beams with ratio 4.0.
However, due to shear reinforcement this beam had approximately double jump in capacity and
at the end cracking of compression zone between loading point happened. This type of failure
can be defined as bending compression failure [22, 23].

In general, cracking and failure mechanism for beams without web shear reinforcement, which
is typical for NWC, is that crack will appear in the shear span by increasing the load. Owing to
the presence of the shear stresses, they bend towards the axis of the beam. Other secondary
cracks due to stress redistribution may also appear. The development of the diagonal cracks
stops at a certain load level, while the crack propagating into the compression zone. The beam
either collapses simultaneously with the appearance of this diagonal crack or continue to sustain
higher load until crushing the concrete in the compression zone. The term diagonal crack load is
in this work defined as the load when the formation of the specific shear crack happened, which
later develops into shear failure. The load for which the testing beam collapses is the ultimate
load or load carrying capacity [24, 25, 26].

Due to the brittle nature for LWAC it is typical that diagonal cracking load is equal to ultimate
load. However, after formation of diagonal cracks in this experiment beams were able to carry
an increase the loading [26, 27]. The cracks propagated almost horizontally along the tensile
reinforcement and diagonally into the compression zone. In some cases the cracks even passed
the loading point and into the constant moment region. In the final stage, the shear cracks
opened widely together with sliding along of the diagonal cracks and resulted in crushing of the
concrete close to the loading point, see Figure 4. In the beam that contained shear reinforcement
formation of cracks have determined by reinforcement layout and for the certain load level
development of shear cracks is limited and stopped with shear reinforcement. This resulted in
significant increase in capacity and contribute to ductile behavior of the beam. Even this as all
the tested beams are from lightweight aggregate concrete, this beam was able to withstand
increase of loading in final failure phase.

4.2 Comparison with previous experimental work

Similar tests have earlier been carried out for higher strength concrete classes of normal density
and lightweight aggregate concretes. Table 5 shows a comparison of these tests with the present
investigation tests with a/d = 2.3 and with a/d = 4.0 for the beams without shear reinforcement.
Beam with shear span ratio 3.43 is out of the comparison since this beam contained shear
reinforcement. In all previous investigation the tests conditions were the same, including the rig,
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the cross section and the amount and distribution of reinforcement [1,2]. Shear capacity for all
the previously tested beams were calculated according to Norwegian standard NS 3473 [20, 21].
Because of the comparison shear capacity for the beams with shear span ratio 2.3 and 4 was also
calculated according to the same standard and that value was 44.6 kN. Again all the beams
without shear reinforcement have the same capacity since standard in calculation of the shear
capacity do not include the load position.

The concrete types compared with previous investigations are ND65, ND95, LWA75, LWA40
and LWAC_Leca. The ND65 and ND95 concretes had normal density aggregates from Ardal
with maximum aggregate size 16 mm. The mean cylinder strengths of these concretes were 54
and 78 MPa and the dry density was between 2300 and 2350 kg/m°.

The LWAT75 concrete had natural sand (0-4 mm) and Liapor 8 (lightweight aggregate [28, 29])
in the coarse fraction from 4 to16 mm. The mean cylinder strength of this concrete was 58 MPa
and the dry density about 1900 kg/m>. The LWA40 had natural sand (0-4 mm) and Leca 700
aggregate (4-16 mm), while LWAC_Leca also had Leca but several fractions (Leca sand (0-4
mm, crushed), Leca sand (2-4 mm, round), Leca 7 (4-8 mm) and Leca 7 (8-12 mm)). The mean
cylinder strengths of these concretes were 37 and 42,7 MPa, and the dry densities about 1600
and 1320 kg/m?, respectively [1]. For all of these concretes capacity was calculated according to
NS3473 (Pealc)-

The results of main interest for this comparison is the ratio between the observed shear diagonal
cracking load and calculated capacity and also ratio between obtained failure load and capacity.

Table 5 - Comparison of the shear strengths for beams with a/d = 2.3 and 4.0, shear capacity is
calculated in accordance with NS3473[20]

flC,C}'| Per Py Pealc Pe/ Py/

Beam/Aggregate  a/d [MPa] [kN] [kN] [KN] Peate Peatc
1/Stalite 2.3 67.5 45 92.3 44.6 1.01 2.07
2/Stalite 2.3 67.5 44.5 127.2 44.6 1.00 2.85
ND65/Ardal 2.3 54 62.2 71.6 55.1 1.13 1.30
ND95/Ardal 2.3 78 66.7 103.5 57.3 1.16 1.81
LWAT75/Liapor 8 2.3 58 47.1 126.1 52.0 0.91 2.43
LWA40/Leca 2.3 37 46.6 77.9 39.3 1.19 1.98
LWA Leca mix 2.3 42.7 34.3 102.9 42.1 0.81 2.44
3/Stalite 4 67.5 36.8 44 4 44.6 0.82 0.99
4/Stalite 4 67.5 35 62 44.6 0.78 1.39
LWA40/Leca 4 37 38.2 38.2 39.30 0.97 0.97
LWA Leca mix 4 42.7 29.4 44.1 42.10 0.70 1.05

where a/d is shear span ratio; fi.qi-compressive cylinder strength, Pe.— load level for first shear crack; P,— load
level of maximum load; Pca— calculated shear capacity acoording to Norwegian standard NS3473 [20].

For beams with a/d = 2.3, the ratio between shear diagonal cracking load and calculated load
was larger or equal to 1.0 for all concretes except LWA75 and LWA_Leca_mix. This indicates
that they are on the conservative side. For LWA75 and LWAC_Leca_mix, this ratio was less
than 1.0, indicating a higher drop in shear strength than predicted by NS 3473. The ratio
between ultimate load and calculated one for all LWA concretes was almost 2 or higher, which
shows that LWA concretes in general can withstand more loading than predicted by standards.
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For normal density concretes, this ratio was lower. In general, it is obvious that shear capacity
calculated by standards is significantly underestimated compared with experimental results.

It can be observed that the ultimate load capacity for the beams land 2 with shear span ratio 2.3
was slightly higher than for the beams with normal weight concretes ND65 and ND95. This
result was expected because LWAC concrete with Stalite as aggregate have the same behaviour
as normal weight concrete. Slightly higher ultimate load than for normal weight concrete might
be result of stronger transition zone between the aggregate and the matrix, which result in
cracking development around and trough lightweight aggregate.

The ND65, ND95 and LWAT75 concretes were not tested with ratio a/d = 4.0. For beams with
a/d = 4.0, the ratio between shear diagonal cracking load and calculated load for both concretes
tested was below 1.0 — indicating that beams with a/d = 4.0 had a certain drop in capacity [1,12].
The ratio between ultimate load and calculated one for all the beams is around or higher than 1.0
— indicating that standards are applicable for larger shear span ratios. In general, calculation by
standards matches well with experimental results for the beams with ratio 4.0. The same can be
noted from the Table 4 for the beam 5 with ratio a/d = 3.43, where the ultimate capacity
predicted by standard matches well with experimental one.

For tested LWA concrete with Stalite as aggregate, the diagonal cracking load was close to other
lightweight aggregate concretes, while the failure load was higher, especially in the case of
a/d=4.0.

In comparison with normal density concretes ND65 and ND9S5, the diagonal cracking load for
normal concretes was approximately 30% higher, while failure load for LWAC with Stalite was
significantly higher.

Actually, from this experimental investigation from high importance is the fact that after shear
diagonal crack were formed beams can withstand increase of load from 30 to 50 %, which is of
great importance having in mind that here is tested lightweight aggregate concrete. In addition,
by introducing the shear reinforcement in beams with very similar shear span ratio, 4.0 and 3.43,
ultimate capacity will increase and nature of failure differ from shear failure to bending failure.

5. CONCLUSIONS

For all tested beams in this experiment, the shear stress at inclined cracking of the beams
decreased with an increase in the shear span to effective height ratio (a/d). Cracking propagation
in the tested beams showed that they were more ductile than expected, which should promote
increased investigation and structural use of this type of LWAC. Beam with shear reinforcement
showed significant ductility compared to other tested beams.

For beams with larger shear span ratio (3.43 and 4.0) calculations predicted by standards, match
well with experimental results, while standards underestimate a lot ultimate capacity in beams
with lower sheer span ratio (2.3). Calculation of the shear capacity according to existing
standards do not take into account position of the load, shear span a. Standards just differ
between the beams congaing or not shear reinforcement. According to this experimental
investigation, the design strength for shear in beams and slabs without shear reinforcement
should be based on inclined cracking loads.
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Comparison with similar tests on other types of lightweight concretes and normal density
concretes showed the same that the shear stress at inclined cracking of the beams decreased with
an increase in shear span ratio (a/d). For concretes tested in this experiment and in previous
investigation ratio between the load observed at diagonal cracking and the predicted strengths
was in the same range. However, the ratio between observed load at failure and the strengths
predicted was significantly higher for the lightweight concrete used in this investigation.

6. FURTHER RESEARCH

During this experimental work was observed that the load-carrying capacity of LWAC members
is very similar to that of corresponding ND concrete members. The high strength-to-weight ratio
of LWAC compared to ND concrete means that increased use of the material in structural
applications would be both economical and environmentally friendly. In the continuation of this
project, a better understanding of the ultimate behaviour of LWAC in compression and bending
by varying different reinforcement detailing will be of main interest.

7. ACKNOWLEDGMENT

The work presented in this paper is part of ongoing PhD study in scope of the DACS project
(Durable Advanced Concrete Solutions). The DACS partners are Kvaerner AS (project owner),
Norwegian Research Council, 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 Veidekke Entreprenor AS. The first author would like to express her
outmost gratitude to the supervisors and all the project partners for contributions and making
this PhD study possible. In addition, special gratitude goes to master students Christian Lund
and Jon Myhre Sakshaug who helped during production and testing of the samples for this
experiment.

8. REFERENCES

1. E. Thorenfeldt , H. Stemland, “Shear capacity of lightweight concrete beams without shear
reinforcement”, International Symposium on Structural Lightweight Aggregate Concrete,
Sandefjord, Norway, 20-24 June 1995 , pp. 244-245.

2. J. Zivkovic, J.A. Overli, “Shear capacity of lightweight concrete beams without shear
reinforcement”. Proceedings of The Eleventh High Performance Concrete (11th HPC) & The
Second Concrete Innovation Conference (2nd CIC) Tromse, Norway 2017.

3. Standard Norge. NS-EN 12390-3:2009. Testing hardened concrete - Part 3: Compressive
strength of test specimens Lysaker: Standard Norge; 2009.

4. K. Watanabe, J. Niwa, H. Yokota and M. Iwanami, “Experimental Study on Stress
Strain Curve of Concrete Considering Localized Failure in Compression®, Journal of
Advanced Concrete Technology Vol. 2, No.3; 2004: 395-407.

5. Standard Norge. NS-EN 12390-6:2009. Testing hardened concrete - Part 6: Tensile strength
of test specimens Lysaker: Standard Norge; 2009.



6.

17.

18.

20.

13

Skjelsvold O, Bakken N, Johansen E. KS 14-05-04-122: Bestemmelse av E-modul iht
NS3676 Losenhausen 5000kN trykkpresse. SINTEF Byggforsk: Betong og
natursteinslaboratooriene; 2007.

. Standard Norge. NS 3676. Concrete testing - Hardened concrete - Modules of elasticity in

compression. Norway: Standard Norge; 1987.

. A. Hillerborg, “The theoretical basis of a method to determine the fracture energy GF of

concrete,RILEM Technical Committees, Materials and Structures, July 1985, Volume 18,
Issue 4 :291-296.

. R.W. Castrodale, J. Zivkovic, and R. Valum. Material Properties of High Performance

Structural Lightweight Concrete. Proceedings of the Eleventh High Performance Concrete
(11th HPC) & the Second Concrete Innovation Conference (2nd CIC) Tromse,
Norway 2017.

. EuroLightCon. Lwac Material Properties. Document BE96-3942/R2, December 1998.

. TEC Services. Interim report of astm ¢330 Carolina Stalite 0, 5 inch coarse lightweight
aggregate. TEC Services Project No: 04-0514, TEC Services Sample ID: 14-999, 2015.

. ACI Committee 213. Guide for Structural Lightweight Aggregate Concrete (ACI 213R-03).
American Concrete Institute. Farmington Hills, M1, United States: American Concrete
Institute; 2003.

. Yong G.E., Kong L., Zhang B., Jie Y., Effect of Lightweight Aggregate Pre-wetting on
Microstructure and Permeability of Mixed Aggregate Concrete, Journal of Wuhan
University of Technology-Mater. Sci. Ed. October 2009, Vol 24; Issue 5: 838-842.

. Standard Norge. NS-EN 12390-7:2009. Testing hardened concrete - Part 7: Density of
hardened concrete. Lysaker: Standard Norge; 2009.

. Methods for Testing Fresh Lightweight Aggregate Concrete (Document BE96-3942/R4,
December 1999)

. Standard Norge. Armeringsstdl - mal og egenskaper - del 3: Kamstal BSOONC. NS
3576-3:2012,2012.

EN 1992-1-1 (2004), “Eurocode 2: Design of concrete structures — Part 1 -1: General rules
and rules for buildings*.

NS-EN 1992-1-1:2004+NA: 2008. Eurocode 2: Design of concrete structures - General
rules and rules for buildings. Standard Norway. Norway; 2008.

. Svein Ivar Serensen.Betongkonstruksjoner, Beregning og dimensjonering etter Eurokode 2,
2.utgave, 2013

NS 3473 Norges Standardiseringsrad, “NS3473 Concrete structures — Design and detailing
rules”, Norges Standardiseringsrad. Norge; 2003.



21.

22.

23.

24.

25.

26.

27.

28.

29.

14

NS-EN 206:2013+NA: 2014 (2014): “Betong, Spesifikasjon, egenskaper, framstilling og
samsvar”, Norges Standardiseringsrad. Norge; 2014.

ACI-ASCE Committee 426, "The Shear Strength of Reinforced Concrete Members" ACI
Structural Division, Proceeding of ASCE, Vol.99, No.ST6, June 1973, pp.1091-1187.

Van Den Berg F. J., "Shear Strength of Reinforced Concrete Beams Without Web
Reinforcement, Part 2" ACI Journal Proceeding, Vol. 59, No. 11, 1962, pp.1587-1600.

J.P Zhang, Diagonal cracking and shear strength of reinforced concrete beams, Magazine of
Concrete Research, 1997, 49, No. 178, Mar. 55-65.

Zararis P., Papadakis G., "Diagonal Shear Failure and Size Effect in RC Beams without
Web Reinforcement." J. Struct. Eng., 10.1061/ (ASCE) 0733-9445(2001)127:7(733), 733
742.P.

T.M. Jensen, J. A. Qverli, "Experimental study on flexural ductility in over-reinforced
lightweight aggregate concrete beams" , COIN Project report no 47-2013, (2013).

S. H. Ahmad, Y. Xie, T. Yu, "Shear Ductility of Reinforced Lightweight Concrete Beams
of Normal Strength and High Strength Concrete", Cement & Concrete Composites 17
(1995) 147- 159.

Properties of lightweight concretes containing Lytag and Liapor (Document BE96-3942/RS8,
March 2000)

Lo T.Y., Tang W.C., Cui H.Z., The effects of aggregate properties on lightweight concrete.
Building and Environment 2007; 42:3025-3029.



Annex A - Conference papers







Paper 1

Shear capacity of lightweight concrete beams without shear reinforcement
Jelena Zivkovic, Jan Arve @verli

Proceedings of the Eleventh High Performance Concrete (11th HPC) & The Second
Concrete Innovation Conference (2nd CIC), Tromsg, Norway, March 6th - 82017
Norwegian Concrete Association / Tekna 2017 ISBN 978-82-8208-054-5







SHEAR CAPACITY OF LIGHTWEIGHT AGGREGATE CONCRETE
BEAMS WITHOUT SHEAR REINFORCEMENT

Jelena Zivkovic

PhD, Researcher

Department of Structural Engineering

Faculty of Engineering Science and Technology
Norwegian University of Science and Technology
N-7491 Trondheim

E-mail: jelena.zivkovic@ntnu.no

Jan Arve Qverli

PhD, Professor

Department of Structural Engineering

. Faculty of Engineering Science and Technology
Norwegian University of Science and Technology

“‘- N-7491 Trondheim

E-mail: jan.overli@ntnu.no

ABSTRACT

The main disadvantages of lightweight aggregate concrete (LWAC) compared with normal weight
concrete are its brittleness at the material level in compression and the risk of uncontrolled crack
propagation. The brittleness of concrete is characterized by its sensitivity to stress concentrations and
rapid crack/fracture development. This paper presents results from an experimental investigation with
Stalite as the lightweight aggregate. The main goals were to investigate beams subjected to shear and to
compare these results with previous experimental work. Four lightweight concrete beams without shear
reinforcement were tested in four-point bending. The main test parameter was the shear span length to
effective height ratio (a/d). The shear loads of all beams at diagonal cracking and at failure were plotted
as a function of the a/d ratio and compared with previous results. Small specimens were also tested to
find the compressive strength, splitting tensile strength, Young’s modulus, and fracture energy. The
beams tested did not show brittle behaviour. After the formation of shear diagonal cracks, the beams
were able to resist increased loading. In general, the beams were more ductile than expected. The results
obtained during this testing show that this type of LWAC has almost the same behaviour as normal
weight concrete.

Keywords: lightweight aggregate concrete, shear capacity, ductility, bending test.



1. INTRODUCTION

1.1 General

This investigation was part of the ongoing research programme, “Durable advanced concrete structures
(DACS)”. One part of this programme is to investigate the structural behaviour of lightweight aggregate
concretes (LWAC), i.e. concretes with an oven-dry density below 2000 kg/m?>. One general characteristic
of LWAC is its very high degree of brittleness at the material level in compression. Brittleness in
concrete is characterized by sensitivity to stress concentrations and rapid crack/fracture development.
This influences the behaviour of concrete where its tensile strength is important, as for instance with its
shear and bond strength.

To investigate the brittleness of LWAC, it was decided to subject beams without shear reinforcement to
shear in a four-point bending test. The main test parameter was the shear span length to effective height
ratio (a/d). The shear loads of all beams at diagonal cracking and at failure were plotted as a function of
the a/d ratio. For comparison, the tests were carried out on beams with the same size and reinforcement
as used in earlier shear tests on other normal density (ND) and lightweight aggregate (LWA) concretes
[1]. In addition, small specimens were used to find the compressive strength [3, 10], splitting tensile
strength [11], Young’s modulus [14], and fracture energy [15].

The project aimed for an oven-dry density of about 1800 kg/m? and a compressive strength of about 60
MPa.

2. EXPERIMENTAL TEST PROGRAMME

2.1 Test specimens

Four reinforced LWA concrete beams without shear reinforcement were subjected to a four point
bending test. The loading system was designed to produce a constant moment in the middle of the beam.
The beams measured (width x height x length) 150 x 250 x 2900 mm. Four beams were tested, two with
a/d = 2.3 and two with a/d = 4.0. In the ratio a/d, a is the length of the shear span and d is the effective
height of the cross section (the distance from the top surface to the centre of the tensile reinforcement),
which in this case was 219 mm. An overview of the test programme is shown in Table 1.

Table 1 — The main test parameters

Tensile reinforcement Shear span Effelctive
Beam Bars Asgo(A]b)Xd) a(mm) dh Z:rlri};t) ald
2.3-1 3016 1.82 876 219 2.3
2.3-2 3016 1.82 876 219 2.3
4.0-1 3016 1.82 504 219 4.0
4.0-2 3016 1.82 504 219 4.0

The beams had three @8 mm stirrups in each anchorage zone (behind the supports) and two in the
constant moment region below applied forces. There were no stirrups in the shear spans. This layout of
transverse reinforcement was used to provide shear failure. Reinforcement on the tension side consisted
of three bars @16 mm. As compressive reinforcement, two @10 mm bars were used. Longitudinal and
cross section details of the beam specimens are shown in Figure 1.

The beams were demoulded 24 hours after casting and further cured in the laboratory under wet burlaps
covered with a plastic sheet. Two days before the testing, the beams were taken out and prepared for
instrumentation. Finally, the beams were painted white for easier detection of cracks

2
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Figure 1 — Reinforcement and cross section details for the beams

To establish the mechanical properties of the LWAC, 12 cubes (with dimensions 100x100x100 mm), 15
cylinders (@100x200mm) and three small beams (100x100x1200mm) were cast to find the stress-strain
diagram, the compressive strength for cube and cylinder, the tensile strength, Young’s module of
elasticity, and the fracture energy. All these small specimens were demoulded after 24 hours and kept in
water until testing day. The compression tests on cubes and cylinders were carried out at the start, in the
middle, and on the last day of beam testing.

2.2 Material and mix properties

The concrete mixture was prepared from one batch. The lightweight aggregate was the 4" fraction from
Stalite [16]. The moisture content and the absorbed water in the Stalite were measured — necessary input
for designing the concrete mix [2, 20]. The moisture content was 8.2%, and the absorption after 24 hours
and 100 hours was 6% and 8.5%, respectively. Table 2 gives the concrete mixture.

Table 2 — Concrete mixture for the LWAC

Constituent Weight [kg/m?]
Cement (Anlegg) 398.21
Silica fume (Elkem Microsilica) 19.62
Water (free) 93.87
Absorbed water (24 hours) 40.12
Sand (Ardal (NSBR) 0.8 mm) 745.56
Aggregate (Stalite 1/2") 618.79
Superplasticizer (Sika ViscoCrete RMC-420) 3.20

The mixing was done using a 0.8 m® laboratory mixer. First cement, silica fume, Stalite and sand were
mixed for approximately 2 min. Water and superplasticizer were then continuously added and adjusted
during mixing, until the desired workability of the concrete was achieved.

Characteristics of the fresh concrete were: density 1990 kg/m?, air content 2.6% [12] and slump 140 mm
[17]. The reinforcement was of the type BSOONC [9]. The yielding stress of the reinforcement was
assumed to be approximately 530 MPa.

2.3 Test setup and procedure

The load was applied through a mechanical screw jack and was transferred to the test beam through a
steel spreader beam, which was supported on two steel rollers extending the entire width of the beam.
The loading point had free rotation transversal to the beam. Steel plates and a 15 mm thick fibreboard
with the same width were used between the jack and the beam surface. The supports were both free for
rotation and displacement in the longitudinal direction. Only steel plates were used between the supports
and the beam. The supports were located 300 mm from the beam ends. To avoid anchorage problems, a
20 mm bar was welded to the tensile reinforcement in this region. The load was measured using
3



electrical load cell under the screw jack with a maximum capacity of 1000 kN. The deflections were
measured using a Linear Variable Displacement Transducer (LVDT). The LVDT was located under the
middle of the beam span. The load cell and the LVDT were connected to a data acquisition system to
record the data. Figure 2 shows the test setup for the beams.

i 2300

Jack

Roller suport
Spreader beam
LVDT

Fixed support
Spherical support

Figure 2 — Test setup of beams

The load was applied to the specimens in steps of 20 kN until failure. The first beam tested (2.3-1) had
loading steps of 10 kN. At each step, the deflection was measured in the middle section and at the
supports for control. The loading time at each step was generally less than 10 minutes. Half of this time
was used to draw the crack progression with a dark pen. The output data were recorded by the data
acquisition system. Pictures were taken after each step and failure. The deflection measurements were
only carried out as a control.

3. EXPERIMENTAL RESULTS

3.1 Results for small specimens

A brief summary of the small-scale test results is given in Table 3. The compressive failures of cubes and
cylinders were very explosive, as for high-strength concrete. Since the concrete class was LC65, this
represents high-strength lightweight concrete [13].

Small specimens were tested after 28 days to determine compressive strength, and after 29 days to
determine tensile strength and Young’s modulus of elasticity. Small beams were tested after 36 days to

determine their fracture energy.

Table 3 — Mechanical properties for LWAC

Saturated density pes = 1980 kg/m3
Dry density pev = 1850 kg/m 3
Cube compression after 7 days fiem.7= 57.3 N/mm?
Cube compression after 28 days fiem 28 = 73.8 N/mm?
Cylinder compression fiem = 67.5 N/mm?
Tensile strength fietm = 4.05 N/mm?
Modulus of elasticity Elem = 24175 N/mm?
Fracture energy Gr= 76.7 Nm/m?




3.2 Capacity of the beams

Table 4 shows the results of the beam tests. The table includes the forces when the first bending crack
occurred (Pr), the force of the diagonal cracking (P.r) and the failure shear force (P.). The shear capacity
of the beam has been calculated in accordance with Eurocode 2 [4, 7, 8] and NS 3473 [5, 6], and these
values are 42.8 kN and 44.6 kN, respectively. The tensile strength used in the calculation was obtained
from the small-scale testing [11] and later interpolated in accordance with NS 3473. For lightweight
concrete, the values are multiplied by a reduction factor (0.30+0.70p/p1), where p is the dry density of the
lightweight concrete and p; = 2400 kg/m?. This means that with a dry density of 1850 kg/m? the reduction
factor was 0.839.

The beams were tested 30 days (2.3-1), 31 days (2.3-2) and 34 days (4.0-1 and 4.0-2) after casting.

Table 4 — First cracking, diagonal cracking and failure loads, and comparison with calculated shear
strengths in accordance with NS3473

Beam | wa | P Pe P, Peate Per/ P./ | Pu/b*d | Pu/b*d
[kN] [kN] | [kN] | [kN] Pealc Pac | [MPa] | [MPa]
(2.3-1) 2.3 25 45 92.25 44.6 1.01 2.07 1.37 2.81
(23-2) 23 22.5 445 127.15 44.6 1.00 2.85 1.35 3.87
(4.0-1) 4 21 36.75 44.35 44.6 0.82 0.99 1.12 1.35
(4.0-2) 4 21 33 62 44.6 0.78 1.39 1.00 1.89

3.3 Load-deflection relationship

The load-deflection curves for the centre point are given in Figure 3 for the four beams. The resemblance
between two identical beams is quite good before failure. As expected, the response depends on the shear
ratio and beams with a low shear ratio have higher capacity. With a low ratio, a concrete strut forms
making a direct load transfer of the point load to the support.

30D, —23M 2300  —4.00) 4.0(11)

t 1 +
15 20 25 30 35 40

Deflection [mm]

Figure 3 —Load-deflection curves for the four beams
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The load and deflection can increase to several times the shear cracking load. However, the ultimate load
is more unpredictable in this case. With a high shear ratio, pure shear governs the failure mode. The
failure loads for these two beams can be defined to be the same. Beam 4.0-2 was able to sustain a higher
load after significant deflection, but it is not possible to rely on such deflection in a design situation.

3.4 Cracking pattern and failure modes

The first flexural cracks in all beams started to develop in the constant moment region on the tension side
at load levels between 20 and 40 kN, depending on the a/d ratio. As the load increased, cracks formed
along the entire length of the constant moment region. Finally, diagonal shear cracks occurred, but the
beams did not immediately fail. The beams with a/d = 2.3 formed diagonally inclined shear cracks. These
cracks appeared suddenly, developing from the tension side of the beam towards the compression side
near the point loads. The diagonal cracks formed at higher load levels in the beams with a/d = 2.3 than in
the beams with a/d = 4.0. In the latter, the diagonal shear cracks propagated from one of the flexural
cracks that had started in the moment region. The beams with the lowest shear ratio had approximately
twice the capacity; see Table 4. The formation of cracks in beams with a/d = 4.0 was fairly equal in both
shear spans, and failure happened suddenly in one shear span. In the beams with a/d = 2.3, shear cracking
was less symmetrical, with more and larger cracks at one end of the beam.

The cracking and failure mechanism in beams without web shear reinforcement, which is usual in NWC,
is that cracks will appear in the shear span with increasing load. Owing to the presence of shear stresses,
they bend towards the axis of the beam. Other secondary cracks due to stress redistribution may also
appear. The development of the diagonal cracks stops at a certain load level when the cracks propagate
into the compression zone. The beam either collapses simultaneously with the appearance of the diagonal
crack or continues to sustain higher load until the concrete in the compression zone is crushed. The term
diagonal cracking load is defined in this paper as the load when the specific shear crack is formed that
goes on to lead to shear failure. The load at which the beam collapses is the ultimate load or the load-
carrying capacity [21, 22, 23].

Due to the brittle nature of LWAC, the diagonal cracking load is usually equal to the ultimate load. In
this experiment, however, the beams could carry increasing load after the diagonal cracks formed [23,
24]. The cracks propagated almost horizontally along the tensile reinforcement and diagonally into the
compression zone. In some cases, the cracks even passed the loading point and entered the constant
moment region. In the final stage, the shear cracks opened wide as the diagonal cracks spread along the
beam and this resulted in the crushing of the concrete close to the loading point, see Figure 4.

(@) (©

b2 ; '.s
SRl T

Figure 4 — Final failure state of beams (a) 2.3-1; (b) 2.3-2; (c) 4.0-1 and (d) 4.0-2
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4. DISCUSSION

Similar tests have been carried out previously for high-strength concrete classes of normal density and
lightweight aggregate concretes. Tables 5 and 6 show these tests compared with the present investigation
on beams with a/d = 2.3 and a/d = 4.0, respectively. The test conditions were the same, including the rig,
the cross section, and the amount of reinforcement [1].

The concrete types tested in the previous investigations were ND65, ND95, LWA75, LWA40 and
LWAC Leca. The ND65 and ND95 concretes had normal density aggregates from Ardal with a
maximum aggregate size of 16 mm. The mean cylinder strengths of these concretes were 54 and 78 MPa,
respectively, and the dry density was between 2300 and 2350 kg/m°.

The LWAT75 concrete had natural sand (0-4 mm) and Liapor 8 (lightweight aggregate [18, 19]) in the
coarse fraction from 4-16 mm. The mean cylinder strength of this concrete was 58 MPa and the dry
density about 1900 kg/m3. The LWA40 had natural sand (0-4 mm) and Leca 700 aggregate (4-16 mm),
while the LWAC Leca also included Leca, but in several fractions: Leca sand (0-4 mm, crushed), Leca
sand (2-4 mm, round), Leca 7 (4-8 mm) and Leca 7 (8-12 mm). The mean cylinder strengths of these
concretes were 37 and 42.7 MPa, and their dry densities were about 1600 and 1320 kg/m’, respectively
[1]. For all of these concretes, capacity was calculated in accordance with NS3473 (Pcaic).

The results of main interest in this comparison are the ratio between the observed shear diagonal cracking
load (P) and the calculated capacity (Pcaic) and the ratio between the observed failure load (P.) and the
calculated capacity (Pcac). Table 5 gives the results for beams with a/d = 2.3 and Table 6 gives results for
beams with a/d = 4.0.

Table 5 — Comparison of the shear strengths for beams with a/d = 2.3

Beam o Pur P, Peale Pu/ P./ P /b*d P, /b*d

[kN] [kN] [kN] Peale Peate [MPa] [MPa]
(2.3-1) 2.3 45 92.25 44.6 1.01 2.07 1.37 2.81
(2.3-2) 2.3 44.5 127.15 44.6 1.00 2.85 1.35 3.87
ND65 23 62.2 71.6 55.1 1.13 1.30 1.88 2.17
ND95 2.3 66.7 103.5 57.3 1.16 1.81 2.02 3.14
LWAT75 2.3 47.1 126.1 52.0 0.91 2.43 1.43 3.82
LWA40 2.3 46.6 77.9 39.3 1.19 1.98 1.41 2.36
LWAC Leca 2.3 34.3 102.9 42.1 0.81 2.44 1.04 3.13

Table 6 — Comparison of the shear strengths for beams with a/d = 4.0

Beam o Po P, Peae P/ P,/ Po/b*d | P./b*d
[kN] [kN] [kN] Peate Pealc [MPa] [MPa]
(4.0-1) 4 36.8 44.4 44.6 0.82 0.99 1.12 1.35
(4.0-2) 4 35 62 44.6 0.78 1.39 1.07 1.89
LWA40 4 38.2 38.2 39.30 0.97 0.97 1.16 1.16
LWAC Leca 4 29.4 44.1 42.10 0.70 1.05 0.89 1.34

For beams with a/d = 2.3, the ratio between P/Pcac was larger or equal to 1.0 for all concretes except
LWAT75 and LWAC_Leca. This indicates that they are on the safe side. For LWA75 and LWAC_Leca,
this ratio was less than 1.0, indicating a higher drop in shear strength than predicted by NS3473. The



ratio between Py/Pcaic for all LWA concretes was almost 2 or higher, which shows that LWA concretes in
general can stand more loading than predicted. For normal density concretes, this ratio was lower.

The ND65, ND95 and LWA75 concretes were not tested at a/d = 4.0. For beams with a/d = 4.0, the ratio
between P./Pcac for both concretes tested was below 1.0 — indicating that beams with a/d = 4.0 have a
certain drop in capacity [1, 5].

In general for the LWA concretes tested, the diagonal cracking load was close to other lightweight
aggregate concretes, while the failure load was higher, especially in the case of a/d = 4.0. The shear
stresses of all beams at diagonal cracking and failure were plotted as a function of the a/d ratio, as shown
in Figure 5.

Figure 5 also includes predictions in accordance with NS3473. For beams with a/d = 2.3, most of the
diagonal cracking values lie below the predicted curves, while for beams with a/d = 4.0 all values are
above. The shear stresses at failure load for all beams with a/d = 2.3 are high above the predicted curves,
and are significantly above the predicted curves for beams with a/d = 4.0. LWA40 has the highest shear
stress at failure, while its shear stress at diagonal cracking is similar to other LWA concretes.
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Figure 5 — The shear stress versus a/d ratio at diagonal cracking (a) and failure (b)
5. CONCLUSIONS

For all concretes tested in this research, the shear stress at inclined cracking of the beams decreased with
an increase in the shear span to effective height ratio (a/d).

The results from small-scale testing were in good agreement with the results obtained from beam testing.
Cracking propagation in the beams showed they were not as brittle as expected and was similar to
cracking in normal density concrete. The beams tested were more ductile than expected, which should
promote increased investigation and structural use of this type of LWAC. In that case, the design strength
for shear in beams and slabs without shear reinforcement should be based on inclined cracking loads.

Comparison with similar tests on other types of lightweight concrete and normal density concretes
showed that the ratio between the load observed at diagonal cracking and the predicted strengths was in
the same range. However, the ratio between the load at failure observed and the strengths predicted was
significantly higher for the lightweight concrete used in this investigation.
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ABSTRACT

Structural lightweight concrete incorporating manufactured lightweight aggregate has been used in bridges
and buildings in the USA and elsewhere in the world for nearly 100 years. Applications include its use in
the central portions of the main span of several of the longest concrete box girder bridges in the world,
including the current world record main span of 301 m for the Stolma Bridge in Norway. However, some
owners, design engineers and contractors are reluctant to use structural lightweight concrete because they
are not familiar with it or they think that it is a new, untested material. This reluctance should be dispelled
by recent data on the material properties of structural lightweight concrete that demonstrate the great
potential for its use for structures exposed to extreme environmental conditions.

This paper discusses properties of structural lightweight concrete that provide potential benefits for bridge
and off-shore structures. The paper focuses on structural lightweight concrete made with lightweight
aggregates manufactured in the US, especially an expanded slate called STALITE. The paper presents test
results for lightweight concrete with compressive strengths up to at least 70 MPa; tensile strengths and
fracture energy comparable to normal weight concrete; creep and shrinkage in the range of normal weight
concrete which confirms use of conventional design expressions for estimating creep, shrinkage and
prestress losses; ductility under seismic loading that meets energy dissipation requirements; long-term
durability resulting from reduced cracking tendency and permeability; a reduced coefficient of thermal
expansion that with other properties would be beneficial for long-span structures exposed to variation in
temperature and also mass concrete.

A better understanding of these properties of modern structural lightweight concrete will encourage bridge
designers to use lightweight concrete to improve structural efficiency and economy, and to obtain longer
lasting structures.

Keywords: Lightweight concrete, bridges, off-shore structures, compressive strength, tensile strength,
modulus of elasticity, creep, shrinkage, durability, ductility, thermal properties, fracture energy

INTRODUCTION

Structural lightweight concrete incorporating manufactured lightweight aggregate has been used in bridges
and off-shore structures in the USA and elsewhere in the world for nearly 100 years. It has been used
successfully in a wide variety of bridges, including major structures such as the central portion of the 301
m-long main span of the Stolma bridge in Norway, which holds the current world record for the longest
main span. However, some owners, design engineers and contractors are reluctant to use structural

1



lightweight aggregate concrete because they are not familiar with it or they think that it is a new, untested
material even though information has been available for many years on the use of lightweight concrete for
bridges [1,2].

Recent test results and production experience for modern lightweight concrete presented in this paper reveal
that the material, which in most cases has properties equal to or superior to conventional concrete, offers
significant opportunities for improved efficiency, economy and durability for bridges and other structures,
even those exposed to extreme environmental conditions. A better understanding of these properties of
modern structural lightweight concrete will encourage bridge designers to use lightweight concrete to
improve structural efficiency and economy, and to obtain longer lasting structures.

After a brief introduction to lightweight aggregate and lightweight concrete, several properties of structural
lightweight concrete are discussed that provide potential benefits for bridge and off-shore structures. The
paper focuses on structural lightweight concrete made with lightweight aggregates manufactured in the US,
especially an expanded slate called STALITE. The paper presents test results for lightweight concrete with
compressive strengths up to at least 70 MPa; tensile strengths, fracture energy and characteristic lengths
comparable to normal weight concrete; creep and shrinkage in the range of normal weight concrete which
confirms use of conventional design expressions for estimating creep, shrinkage and prestress losses;
ductility under seismic loading that meets energy dissipation requirements; long-term durability resulting
from reduced cracking tendency and permeability; reduced coefficient of thermal expansion that with other
properties would be beneficial for long-span structures exposed to variation in temperature and also mass
concrete.

Most of the data reported in this paper are from studies conducted in the USA. Concrete compressive
strengths reported are for cylinders unless noted otherwise.

LIGHTWEIGHT AGGREGATE

Structural lightweight aggregate in the USA is produced using shale, clay and slate. The materials are
expanded at high temperatures in a rotary kiln to produce a porous aggregate in which the vitrified material
has a hardness similar to quartz. Properties of lightweight aggregate vary between sources, but structural
light-weight concrete can be produced using aggregate from all sources.

The bulk density of coarse lightweight aggregate ranges from about 720 to 880
kg/m?, and from about 960 to 1120 kg/m® for fine aggregate. The largest
lightweight aggregate grading used in the USA is 22 mm.

Water absorption of lightweight aggregate (LWA) is greater than the absorption
of normal weight aggregate (NWA), ranging from 6% to more than 25% by mass
depending on the source. Most pores in the aggregate are not connected which
results in the relatively low absorption for such a porous material. To obtain more Figure 1. Lightweight
consistent workability and hardened properties, lightweight aggregate is
generally prewetted prior to batching to satisfy its higher absorption before it is
added to a concrete mixture.

aggregate particle

Internal curing

The water absorbed in prewetted lightweight aggregate is released into the paste as the cementitious
materials hydrate and react. This provides an internal curing effect that improves the properties of the
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concrete and its tolerance to conditions that may cause early cracking. Any lightweight concrete mixture
with prewetted lightweight aggregate provides internal curing, but replacement of a portion of the fine
aggregate in a conventional concrete mixture with prewetted fine lightweight aggregate can be used to
provide internal curing in concrete mixes where reduced density is not required. An introduction to the
concept of internal curing with lightweight fines appears in an article by Weiss, et al. [3].

LIGHTWEIGHT CONCRETE

To make lightweight concrete, lightweight aggregate is used for some or all of the aggregate in a mixture.
Since lightweight aggregate is simply a lighter rock, the same admixtures can be used and batching, placing
and finishing can be accomplished using the same procedures and equipment. Prewetting lightweight
aggregate before batching allows lightweight concrete to be pumped long distances or to high elevations.
With proper mix proportioning, lightweight concrete can have a high flow or even be self-consolidating.

The most common type of lightweight concrete in the USA, “sand lightweight concrete,” uses lightweight
coarse aggregate rather than normal weight coarse aggregate. If all of the aggregate in a concrete mixture,
i.e., both coarse and fine aggregates, is lightweight aggregate, the lowest density is achieved and the mixture
is “all lightweight concrete.” By blending lightweight and normal weight aggregates, a mixture can be
developed with any density in the range between all lightweight and normal weight concrete.

Material Properties

Structural properties of lightweight concrete have been obtained from both research studies and field
production of lightweight concrete for structures. Previous test results for lightweight concrete often
showed a reduction in tensile and shear strengths and an increase in creep and shrinkage. However, recent
test results for these properties of lightweight concrete are much closer to, or even exceed, results for
conventional normal weight concrete. Tests also show that lightweight concrete has essentially the same or
even improved durability compared to normal weight concrete with the same quality and compressive
strength. The modulus of elasticity and coefficient of thermal expansion for lightweight concrete are less
than normal weight concrete, but these reduced properties can be beneficial in some design situations.

The length of this paper is limited, so it is not possible to present much data. Additional information can be
obtained from the references or by contacting the authors.

Density

Normal weight concrete typically has a density of around 2300 kg/m?; sand lightweight concrete generally
has a density in the range of 1750 to 2000 kg/m?; and all lightweight concrete can have a density as low as
1400 kg/m°.

Because lightweight aggregate has a higher absorption, lightweight concrete typically loses mass with time
as excess absorbed water migrates out of the concrete. The mass loss is greater when higher absorption
aggregates are used. Because this mass loss is greater than for normal weight concrete, the term
“equilibrium density” has been defined as the density achieved after moisture loss has occurred [4].
Designers often specify the equilibrium density for lightweight concrete and use it for the dead load of
concrete (plus an allowance for the weight of reinforcement). However, the fresh density of the concrete
must also be known or specified for use as the criterion for material acceptance at placement. For high
strength lightweight concrete using low absorption aggregate, the reduction in density with drying is
expected to be minor and can be neglected.



Compressive Strength

Conventional concrete compressive strengths specified for design are easily achieved with lightweight
concrete. Several projects in the USA have used lightweight concrete in pretensioned bridge girders with
design compressive strengths from 60 to 70 MPa [5.6]. Lightweight concrete mixtures are designed for a
specified compressive strength using the same approach that is used for normal weight concrete.
Lightweight concrete generally requires more cementitious material or a lower w/cm to reach the same
compressive strength as a normal weight mix. Experience with field production of lightweight concrete has
shown strength gain with time is comparable to normal weight concrete.

Tensile Strength

It has long been assumed that the tensile strength of lightweight concrete is less than the tensile strength of
normal weight concrete with the same compressive strength. As a result, design properties of lightweight
concrete related to tensile strength have been reduced in design specifications for quantities such as shear
and development length. However, recent tests reveal tensile strengths for normal and high strength
lightweight concrete that exceed the tensile strength assumed for normal weight concrete with the same
compressive strength.

Recent test data on lightweight concrete bridge deck mixes [7] illustrate this point. Researchers used three
sources of lightweight aggregate for the test mixes. Test results demonstrated that the splitting tensile
strength of the lightweight concrete bridge deck mixes for all of the lightweight aggregate sources and types
of mixture exceeded the splitting tensile strength for the normal weight concrete control mix as well as the
expected splitting tensile strength of normal weight concrete computed using the equation in the 44SHTO
LRFD Bridge Design Specifications [8]. It is interesting to note that the splitting tensile strength of the
normal weight concrete control mixture was 88% of the expected value for normal weight concrete where
the lightweight concrete mixtures were equal to or up to 8% greater than the expected tensile strength.
These results refute the general assumption that the tensile strength of lightweight concrete is less than
normal weight concrete.

The bridge design code in the USA [8] gives designers the option to compute the design modification factor
for lightweight concrete based on a specified splitting tensile strength. If the splitting tensile strength
specified is equal to the expected tensile strength for normal weight concrete, a lightweight concrete
member can be designed with a reduction factor equal to one for shear and other quantities related to
concrete tensile strength. If this is the case, no reduction is made and the design is the same as if the concrete
were normal weight concrete. Based on the data from these tests, this approach could be taken by specifying
a splitting tensile strength of 2,92 MPa which would eliminate the reduction factor for lightweight concrete
by setting it equal to unity.

Modulus of Elasticity

The porous nature of lightweight aggregate reduces its stiffness. Therefore, when lightweight aggregate is
used in concrete, the modulus of elasticity is also reduced. A concrete density term has been included in the
equation for modulus of elasticity in US design codes since the 1960s. A new equation for the modulus of
elasticity has recently been adopted in the US bridge design code [8]. The equation still includes the density
of concrete, but the effect of density is greater because the exponent on the density has been changed from
1,5 to 2. The new equation for the modulus of elasticity, E., gives a better estimate for both lightweight
concrete and high strength concrete [9].

E.=0,0017K, (WC)2~0 (fc)0,33



where: K; = correction factor for source of aggregate; w. = concrete unit weight (kg/m?); and
f'c = concrete compressive strength (MPa) [units conversion by author]

For sand lightweight concrete with a density of 1840 kg/m?, the predicted modulus is 63% of the value for
normal weight concrete (2320 kg/m?) and for all lightweight concrete with a density of 1600 kg/m?, the
predicted modulus is 48% of the value for normal weight concrete. As with normal weight concrete, the
actual modulus of elasticity for concrete may vary significantly from the value computed using the equation.

Creep and Shrinkage

It has generally been assumed that creep and shrinkage of lightweight concrete are greater than for normal
weight concrete with the same compressive strength. Some early data showed this relationship. However,
recent tests [10,11,12] show creep and shrinkage of higher strength lightweight concrete in the range of
normal weight concrete. Figures 2 and 3 present creep and shrinkage data for 70 MPa compressive
strength concrete mixes for prestressed girders.
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It is important to recognize that the lightweight concrete mix discussed above had a total cementitious
content of 363 kg/m? cement plus 61 kg/m? of Class F fly ash for a total cementitious content of 424 kg/m?,
while the normal weight concrete mixture had 341 kg/m> of cement [12]. It is surprising that even though
the lightweight concrete mixture had a significantly greater cementitious content than the normal weight
concrete (nearly 25%), it still had less shrinkage than the normal weight concrete mix.

Tests also show prestress losses for lightweight concrete girders are within the expected range for normal
weight concrete [10,11]. This allows current code expressions for estimating creep, shrinkage and prestress
losses to be used for lightweight concrete without modification.

Durability

For bridges and off-shore structures, long-term durability is always a concern because of the extreme
conditions to which these structures are exposed. While durability of concrete depends on a wide range of
factors, two primary factors are permeability and cracking. Compared to normal weight concrete with the
same quality and compressive strength, lightweight concrete has been shown to have reduced cracking
tendency and reduced permeability as discussed below.

The properties of lightweight concrete that contribute to enhanced durability include its reduced modulus
of elasticity and reduced coefficient of thermal expansion (which is discussed below). The internal curing
effect when prewetted lightweight aggregate is used provides improved hydration of cement and more
complete reaction of supplementary cementitious materials for more effective use of cementitious materials
and reduced permeability. The improved bond between lightweight aggregate particles and the paste, along
with the more complete hydration, improve the quality of the interfacial transition zone (ITZ), significantly
reducing the porosity of the ITZ that contributes to increased permeability in conventional concrete. The
reduced stiffness of lightweight aggregate provides a more homogeneous stiffness of the concrete
composite, reducing micro-cracking around the perimeter of aggregate particles, a major source of higher
permeability. An extended discussion of the durability of lightweight concrete is available [13].

Ductility and Seismic Applications

Lightweight concrete has obvious benefits for bridges designed for seismic loadings because its lower
density reduces the mass of a structure and therefore the seismic demand on the structure. Material tests
often show lightweight concrete to have more brittle behaviour than normal weight concrete with the same
compressive strength, especially for lower compressive strength mixes. Therefore, some designers expect
lightweight concrete to have limited use for structures where ductility is required during a seismic or other
extreme loading event.

Tests of seismically loaded lightweight concrete bridge piers demonstrated “that lightweight concrete, when
properly detailed, will perform as well as normal weight concrete ...” [14] A later series of tests reported
showed that “the strength of the lightweight concrete shear-resisting mechanism appears to be lower than
the normal-strength mechanism when subjected to reversed cyclic loads™ and strength reduction factors
were proposed for use in design [15]. While the recommended concrete strength reductions were
significant, the reduced mass of a lightweight concrete structure would significantly reduce the seismic
lateral forces to which a structure would be subjected during a seismic event. Therefore, it was concluded
that the “reduction in shear demand will more than compensate for the reduced strength of the concrete
shear-resisting mechanism.”



Thermal Properties

The coefficient of thermal expansion for structural lightweight concrete is less than for normal weight
concrete with the same strength. The reduced thermal expansion can be beneficial for mass concrete
elements, highly restrained structures, and long-span structures exposed to variations in temperature.

Thermal properties have been measured for sand lightweight and all lightweight concrete mixtures
representing typical bridge deck mixes. Behavior of these mixes were compared to a normal weight
concrete mixture [7]. The lightweight concrete mixtures used lightweight aggregate from three sources, one
manufactured from each of the following raw materials: shale, clay and slate. Results indicated that the
coefficients of thermal expansion for sand lightweight concrete and all lightweight concrete mixtures were
about 80% and 65%, respectively, of the coefficient for the normal weight concrete control mixture. Results
were very similar between the three types of lightweight aggregate.

Because of its insulating properties, lightweight concrete responds to changes in ambient temperature more
slowly than normal weight concrete. The combination of a reduced response to temperature change and a
reduced strain associated with a change in temperature (coefficient of thermal expansion) should decrease
daily thermal movements of long bridges constructed with lightweight concrete.

Furthermore, the combined effect of the reduced coefficient of thermal expansion with a reduced modulus
of elasticity for lightweight concrete may provide benefits for mass concrete placements and structures that
have a high degree of internal restraint, such as off-shore structures or pontoons for floating bridges. With
this combination of properties, the stress caused by a change in temperature will be reduced because the
stress is proportional to the product of the coefficient of thermal expansion and the modulus of elasticity,
both of which are reduced for lightweight concrete. The result may be that larger temperature differentials
within mass concrete elements could be allowed before cracking is expected to occur if lightweight concrete
were used. In highly restrained sections, the equal or possibly reduced shrinkage for lightweight concrete
mixtures further increases the reduced cracking tendency of lightweight concrete.

Fracture Energy and Characteristic Length

Term of fracture energy, Gy, is used as a materials characteristic to describe the resistance of concrete
subjected to tensile stresses, or, more accurately, the energy required to propagate a tensile crack of unit
area. This characteristic is mostly influenced by aggregate type, kind of matrix, age of concrete, and curing
conditions. In fib model code [16] indicates that for lightweight concrete the maximum crack opening
depends on the type of aggregate and the kind of matrix. The effect of aggregate type is caused by the
transition from the interfacial fracture to the trans-aggregate fracture. The utilization of high strength and
homogeneous aggregate, even if they are light, leads to an increase of the Gr values. Thus, tests to determine
fracture energy [17] are mandatory if related information on lightweight concrete is used for analysis and
design. In software for nonlinear calculations and design, especially when lightweight aggregate is used,
fracture energy is one of required input data.

The effect of aggregate replacement and how it influenced fracture energy is more evident from Figure 4
which shows test results for normal weight and lightweight concrete mixtures. In those tests, reference
concrete was the normal density concrete (ND). In subsequent test, the aggregate in the ND concrete was
replaced with stronger aggregates (granite, quartzite and basalt). MIX indicates a combination of STALITE
lightweight aggregate and sand in a proportion of 50% of each. LWA symbol indicates lightweight concrete
with either Liapor or STALITE aggregates [18,19,20].

An additional parameter, the characteristic length la, is used to better characterize the brittleness of
concrete. It corresponds to the half of the length of a specimen subjected to axial tension, in which just
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enough elastic strain energy is stored to create one complete fracture surface. An increase of the concrete
brittleness is indicated by the decrease of the characteristic length. An increase in fracture energy also
results in an increase in the characteristic length. The brittleness number (B) of a structure is defined as the
ratio of the “'L-length™" of a part of the structure to the characteristic length of the material (B = L/la).
Characteristic lengths calculated for the concrete mixtures described above are shown in Figure 5.
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CONCLUSIONS

The information presented in this paper provides insight into the properties of modern lightweight concrete.
The properties discussed provide justification for using lightweight concrete in bridges for obvious reasons
related to reduction of weight, but also for improved durability from reduced cracking and permeability.
The successful completion of many bridges, as reported in a paper submitted to the Concrete Innovation
Conference by some of the same authors, gives further support for the increased use of the material. With
a better understanding of the properties of modern structural lightweight concrete, designers can use this
material to achieve greater economy, longer spans, and increased service lives for bridges.
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ABSTRACT

The main disadvantages of lightweight aggregate concrete (LWAC) compared with normal
weight concrete are its brittleness at the material level in compression and uncontrolled crack
propagation. This experimental investigation consists of beams with lightweight concrete with
Stalite as aggregate. Main goal were to investigate beams without shear reinforcement subjected
to shear in four-point bending test and compare those results with previous experimental work.
The main test parameter was the shear span length to effective height ratio (a/d). Tested beams
did not show brittle behaviour. Beams were more ductile than expected, and cracking was
similar as for normal weight concrete beams.

Keywords: Lightweight Aggregate Concrete, Testing, Shear Reinforcement, Shear capacity,
Ductility.

1. INTRODUCTION

This investigation was part of the ongoing research programme, “Durable advanced concrete
structures (DACS)”. One part of this programme is to investigate the structural behaviour of
lightweight aggregate concretes (LWAC), i.e. concretes with an oven-dry density below 2000
kg/m3. A general

characteristics of LWAC is its very high degree of brittleness at the material level in
compression, which result in sensitivity to stress concentrations and rapid crack/fracture
development. This influences the behaviour of concrete where its tensile strength is important,
as for instance with its shear and bond strength. To investigate the brittleness of LWAC, beams
without shear reinforcement were subjected to shear in a four-point bending test. The main test
parameter was the shear span length to effective height ratio (a/d). For all beams, the shear loads
at diagonal cracking and at failure were plotted as a function of the a/d ratio and compared with
previous results. For comparison, tested beams were the same size and with the same
reinforcement as in earlier shear tests on other normal density (ND) and lightweight aggregate
(LWA) concretes [1]. To produce the concrete, a lightweight aggregate Stalite was used to
achieve an oven-dry density of about 1800 kg/m? and a compressive strength of about 60 MPa.



2. EXPERIMENTAL TEST PROGRAM AND RESULTS

The experimental program consist of four reinforced LWAC beams without shear
reinforcement, which were subjected to a four point bending test, to produce a constant moment
in the middle of the beam. The program and results are given in Table 1. The beams measured
(width x height x length) 150 x 250 x 2900 mm. Longitudinal and cross section details of the
beam specimens are shown in Figure 1.

Table 1-Test parameters and results for diagonal cracking, failure loads and calculated shear
strengths in accordance with NS3473[2]

Beam a d a/d Pcr Pu Pcalc Pcr / pu/
[mm]  [mm] [kN] [kN] [KN]  Peaic  Pealc
1 876 219 2.3 45 92.3 446 1.01 2.07
2 876 219 2.3 44.5 127.2 4.6 1.00 2.85
3 504 219 4 36.8 44 .4 446 0.82 0.99
4 504 219 4 33 62 44,6 0.78 1.39
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Figure 1 — Reinforcement and cross section details for the beams

The shear capacity of the beam has been calculated in accordance with NS 3473 [2] and
Eurocode 2 [3], and these values are 42.8 kN and 44.6 kN, respectively.

3. DISCUSSION

The cracking and failure mechanism in beams without web shear reinforcement, which is usual
in NWC, is that cracks will appear in the shear span with increasing load. The term diagonal
cracking load is defined in this paper as the load when the specific shear crack is formed that
goes on to lead to shear failure. The load at which the beam collapses is the ultimate load or the
load-carrying capacity. Due to the brittle nature of LWAC, the diagonal cracking load is usually
equal to the ultimate load. In this experiment, however, the beams could carry increasing load
after the diagonal cracks formed. The cracks propagated almost horizontally along the tensile
reinforcement and diagonally into the compression zone. In the final stage, the shear cracks
opened wide as the diagonal cracks spread along the beam and this resulted in the crushing of
the concrete close to the loading point.

Similar tests have been carried out previously for high-strength concrete classes of normal
density concretes ND65 and ND95 and lightweight aggregate concretes LWA75, LWA40 and
LWA_Leca mix. Table 2 shows these tests compared with the present investigation on beams
with a/d = 2.3 and a/d = 4.0, respectively. The test conditions were the same, including the rig,



the cross section, and the amount of reinforcement [1]. For all of these concretes, capacity was
calculated in accordance with NS3473 (Pcarc).

Table 2 - Comparison of the shear strengths for beams with a/d = 2.3 and 4.0

Cylindar Pcr Pu Pcalc Pcr / Pu/

Beam/Aggregate  a/d S[t]r\?[rlli‘;h [KN] [KN] [KN] Peatc Peatc
1/Stalite 2.3 67.5 45 92.3 44.6 1.01 2.07
2/Stalite 2.3 67.5 44.5 127.2 44.6 1.00 2.85
ND65/Ardal 2.3 54 62.2 71.6 55.1 1.13 1.30
ND95/Ardal 23 78 66.7 103.5 573 1.16 1.81
LWAT75/Liapor 8 2.3 58 47.1 126.1 52.0 0.91 243
LWAA40/Leca 2.3 37 46.6 77.9 39.3 1.19 1.98
LWA_Leca_mix 2.3 42.7 343 102.9 42.1 0.81 2.44
3/Stalite 4 67.5 36.8 44.4 44.6 0.82 0.99
4/Stalite 4 67.5 35 62 44.6 0.78 1.39
LWAA40/Leca 4 37 38.2 38.2 39.30 0.97 0.97
LWA Leca mix 4 42.7 29.4 44.1 42.10 0.70 1.05

The results of main interest in this comparison are the ratio between the observed shear diagonal
cracking load (P¢r) and the calculated capacity (Pcaic), and the ratio between the observed failure
load (Pu) and the calculated capacity (Pcarc).

For beams with a/d = 2.3, the ratio between Pc/Pcaic was larger or equal to 1.0 for all concretes
except LWA75 and LWA_Leca_mix. This indicates that they are on the safe side. For LWA75
and LWAC_Leca_mix, this ratio was less than 1.0, indicating a higher drop in shear strength
than predicted by NS3473. The ratio between Py/Pcac for all LWA concretes was almost 2 or
higher, which shows that LWA concretes in general can stand more loading than predicted. For
normal density concretes, this ratio was lower.

The ND65, ND95 and LWAT75 concretes were not tested with ratio a/d = 4.0. For beams with
a/d = 4.0, the ratio between Pc/Pcac for both concretes tested was below 1.0 — indicating that
beams with a/d = 4.0 have a certain drop in capacity [1,2].

For tested LWA concrete with Stalite as aggregate, the diagonal cracking load was close to other
lightweight aggregate concretes, while the failure load was higher, especially in the case of a/d =
4.0.

In comparison with normal density concretes ND65 and ND95, the diagonal cracking load for
normal concretes ware approximately 30% higher, while failure load for LWAC with Stalite
was significantly higher. In general, here is actually from high importance the fact that after
shear diagonal crack were formed beams can stand increase of load from 30 to 50 %.

4. CONCLUSIONS

For all concretes tested in this research, the shear stress at inclined cracking of the beams
decreased with an increase in the shear span to effective height ratio (a/d). Cracking propagation
in the tested beams showed they were more ductile than expected, which should promote
increased investigation and structural use of this type of LWAC. According to this experimental



investigation, the design strength for shear in beams and slabs without shear reinforcement
should be based on inclined cracking loads. Comparison with similar tests on other types of
lightweight concrete and normal density concretes showed that the ratio between the load
observed at diagonal cracking and the predicted strengths was in the same range. However, the
ratio between the load at failure observed and the strengths predicted was significantly higher
for the lightweight concrete used in this investigation.
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ABSTRACT

The main disadvantages of lightweight aggregate concrete (LWAC) compared with normal
weight concrete (NDC) are its brittleness at the material level in compression and uncontrolled
crack propagation. This experimental investigation consists of six beams with lightweight
concrete with Stalite as aggregate. Main goal were to investigate cracking and strain level in
compression of the beams subjected in four-point bending test. Compressive strain level was much
higher than expected, and cracking was similar as for normal weight concrete beams.

Key words: Lightweight Aggregate Concrete, Testing, Bending, Strain level, Shear
Reinforcement.

1. INTRODUCTION

1.1 General

This investigation is part of the ongoing research program “Durable advanced concrete structures
(DaCS)”. One part of this program is to investigate structural behaviour of lightweight aggregate
concretes (LWAC), concretes with an oven dry density below 2000 kg/m3. General characteristic
of LWAC is the very high degree of brittleness at the material level and especially in compression.
The brittleness of concrete is characterized by sensitivity to stress concentrations and a rapid
crack/fracture development. This influences the behaviour of concrete where the tensile strength
is important, as for instance the shear and bond strength [1,2].

To investigate the cracking and strain level of LWAC in compression, six beams with different
reinforcement layout were subjected in a four-point bending test. The test setup was designed to
produce a constant moment zone of 1 m between the loading points.The size of the beams were
(width x height x length) 210-330 x 550 x 4500 mm. The main test parameters were the stirrup
spacing, amount of compressive reinforcement and size of concrete cover. All the beams failed in
compression between the two loading points. Cracking of the compression area in the beams
depending the most of the reinforcement detailing. Cracking of the beam without shear



reinforcement in compression area was the largest, while beam that contain shear reinforcement
at the dense spacing had the smallest cracking. Strain level in the concrete and reinforcement were
recorded with strain gauges (SG) and Linear Variable Differential Transformers (LVDT) at one
side of the beam. On the other side Digital Image Correlation (DIC) method was used [3.4].
Average compressive strain level recorded in all the beams was in scope 3,4%o and 3,8%o. In
addition, for control of the material characteristics small specimens were tested. To produce the
concrete, a lightweight aggregate Stalite was used to achieve an oven-dry density of about 1850
kg/m3 and a compressive cylinder strength of about 65 MPa.

2. EXPERIMENTAL TEST PROGRAM AND RESULTS

The experimental program consist of six reinforced LWAC beams which were subjected to a four
point bending test, with a constant moment zone of 1m between the loading points. Main test
parameters that were varied in the testing zone were the stirrup spacing, amount of compressive
reinforcement and size of concrete cover. All the beams were overreinforced in order to provide
the bending failure. Outside of the testing zone, all the beams had the same stirrups distribution
designed to avoid shear failure. The program and results are given in Table 1. The beams measured
(width x height x length) 210-330 x 550 x 4500 mm. Detailed test setup of the beams and
reinforcement layout of cross section are shown in Figure 1.

Table 1-Test parameters and results
C flc,cube Pfcr Pcr l)u Pca]c l)u/ & &

Beam ) fmm] A [MPa] [KN] [KN]  [KN]  [KN] Pege [%o] [%]
1 _ 20 2012 742 53 318 724 729 099 3.70 -
2 200 20 20l2 742 54 350 645 729 0.88 3.77 2.04
3 60 20 2012 742 78 319 707 729 097 3.74 241
410020 2012 742 69 324 700 729 096 3.75 2.8
5 100 40 2012 742 64 339 6634 726091 3.61 2.17

6 200 40 2025 742 64 250 750 800 094 34 235
where s is stirrup spaceing; c -size of concrete cover; Ac—compresive reinforcement; fic.cuve-compressive cube
strength; Pr-— load level for first bending crack; Po— load level for first shear crack; P,— load level of maximum
load; Pcac— calculated load acoording EC2[5]; & — average concrete compressive strain; & — average concrete
tension strain;
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Figure 1 — Detailed test setup of beams and cross sections with the reinforcement layout



The moment and shear capacity of the beams has been calculated in accordance with Eurocode 2
[5], and these values are 729 kN, 726 kN and 800 kN respectively. The strain level which is used
in calculation was 2,52%o.

3. DISCUSSION

The first bending crack was observed in the constant moment region on the tension side between
the loading points. As the load was increased, new bending cracks propagated symmetrically until
they reached the top of the beam flange. Development of bending cracks slowed down when shear
cracks appeared. The first shear cracks appeared in the middle of the shear zone, between the
neutral axis and the beam flange. Additional loading lead to further crack propagation of both
bending and shear side. In beam 6, shear cracks appeared from bending cracks, which was
different from the other beams. Crack propagation for certain load steps are very similar for all
the tested beams. Only difference was in cracking of the compression zone and that depend from
tests parameters. Failure happened when compression zone between loading points cracks. This
type of failure is defined as compressive failure in the bending moment zone, see Figure 2. In
general, observed cracking in all the beams were very similar like for normal weight concrete
beams, because all beams were able to stand almost doubled load after formation of diagonal shear
cracks. Beams with reduced stirrup spacing and lower concrete cover showed the lowest spoiling
and decrease in crack propagation. The beam containing the largest compressive reinforcement
resisted the largest load but crack propagation and spoiling were the similar like for the beam with
same stirrup spacing and concrete cover. The beam 1, which do not contain stirrups in testing area
showed the largest brittle spoiling and uncontrolled crack propagation, typical for LWAC [1,2].

& R 0 I e

Figure 2— Final failure state of beam 4

By using DIC, detailed strain fields of the observed compressive zones have been recorded, see
Figure 3. In general, measuring devices were in a good agreement but in a failure faze larger
strains and localization were measured using DIC, compared to the strain values measured with
the SGs and LVDTs. Localization of strains actually present nice picture of formed cracks and
strains development between them. In addition, it is visible that reinforcement layout will
influence the most the crack development and that cracks which will actually lead till failure were
formed between stirrups. Average compressive strain level recorded in all the beams was in scope
3,4%o and 3,8%o. Having in mind that EC2 [5] has special rules for LWAC, which are reduction
factors applied to regular design criterion, the results in this study indicate that EC2
underestimates LWAC. Recorded maximum strains in the tested beams were for 30-50 % larger
than the allowed maximum strain for this type of concrete.

4. CONCLUSIONS
For all tested beams in this research, cracking of the beams were the similar except for the testing

area. All beams showed the ductile behaviour since they were able to stand more loading after
formation of shear cracks.
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Figure 3— Detailed strain field from 3D-DIC (element size 23mm, colorbar scaling from 1%o-
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Cracking of the testing area depend from the test parameters varied in this experiment. Beams
with the dense stirrup spacing showed small, shallow cracks and spoiling were the smallest. In
beams where cover was deeper spoiling and cracking were larger. The beam containing the largest
compressive reinforcement resisted the largest load.

In general, characteristics of LWAC mostly depend on the type of used lightweight aggregate
(LWA). EC2 do not differentiate between types of LWAs used in LWAC. From the experimental
results in this experiment, it is indicated that EC2 underestimates strain level 30-50% from one
proposed for designing. Since in this study LWAC showed behaviour similar to NDC, further
investigation of LWAC as a structural material should be continued. In addition, the way how
EC2 treats different types of LWAC should especially be investigated.
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Abstract

The use of lightweight aggregate concrete (LWAC) is limited as a mainstream construction material in
structural applications. One reason is the more brittle post-peak material behaviour and uncontrolled crack
propagation compared to normal density concrete (NWC). In general, concrete itself'is not a ductile material.
Without reinforcement, the concrete is not able to offer significant resistance in the inelastic domain of the
response. To improve the ductility of reinforced concrete structures the confinement effect from
reinforcement must be taken into account. This paper presents the influence of different factors on the
effectiveness of confinement in compression. To test confinement of LWAC, six over-reinforced beams
were subjected to four point bending test. The geometry of the beams were 210-330 x 550 x 4500 mm (width
x height x length). The experiment setup was designed to produce a constant moment zone of one meter
between loading points, where all the beams should collapse. The main parameters varied in the testing zone
were: spacing of transversal reinforcement, amount of longitudinal compressive reinforcement and size of
concrete cover. From the achieved experimental results, spacing of transverse reinforcement had the largest
influence on the ductility. In general, it is possible to increase the ductility of LWAC structures by
appropriate reinforcement detailing and lead them close to the response of NWC structures. Having in mind
the major advantage of LWAC, which is reduced weight and high strength-to-weight ratio compared to
conventional concrete, structural applications using LWAC should be increased significantly.

Keywords: Confined lightweight concrete, ductility, transversal reinforcement, longitudinal reinforcement,
concrete cover.

1 Introduction

Lightweight aggregate concrete (LWAC) is defined as concrete with an oven dry density below 2000 kg/m3
and with maximum strength about 80 MPa [1-4]. The major advantage of LWAC is reduced weight.
Regardless, the use of LWAC is limited as a mainstream construction material in structural applications due
to more brittle post-peak material behaviour, uncontrolled cracking and reduced ductility [5]. Ability of the
material to sustain significant inelastic deformations after the peak load without a significant variation in
the resisting capacity prior to collapse is known as ductility. To be able to evaluate the ductility of concrete
structures a knowledge of the complete stress-strain curve in compression including the descending portion
in necessary [5-7]. It is available very little information about complete curve of lightweight aggregate
concrete. Main reason is the difficulty to capture post-peak behaviour with the conventional testing
techniques and machines. When testing small samples in compression from even conventional concrete
failure is often brittle. When reinforced concrete sections are subjected to large deformations, their ability
to carry load depends primarily on the behaviour of confined concrete [8]. Confinement in any concrete is
achieved by the suitable placement of reinforcement. Effectiveness of confined reinforced concrete member
depends on: cross-sectional properties of the structural member, stress-strain behaviour of concrete and steel
and type and loading rate and strain gradient [7-9]. This paper presents results from experimental testing of
ductility of high strength LWAC concrete beams to investigate confinement in the compression zone. Six
over-reinforced LWAC beams were subjected to four point bending test in order to create constant
compression zone between loading points. The test set-up is created in order to capture post peak behaviour
in compression. The testing zone were analyzed to study the effect of different stirrup spacing, size of
concrete cover and amount of longitudinal compressive reinforcement, on beam carrying capacity and
ductility.



The geometry of the beams were 210-330 x 550 x 4500 mm (width x height x length). In addition, small
samples cubes, cylinders and small beams were casted to follow the material properties [10]. The ultimate
capacity was evaluated by following the rules in Eurocode and the Norwegian code [3], [4] for design of
concrete structures. All the tested beams failed in compression between the two loading points.
Reinforcement detailing influenced the cracking of the compression zone in the beams. The beam without
transversal reinforcement showed very explosive and brittle behaviour while all other beams showed ductile
behaviour. The strain level in the concrete and reinforcement were measured with strain gauges (SG) and
Linear Variable Differential Transformers (LVDT) at one side of the beam. On the other side, Digital Image
Correlation (DIC) method was used [11], [12]. To produce the concrete, a lightweight aggregate argillite
slate from North Carolina, called Stalite [10], was used to achieve an oven-dry density of about 1850 kg/m3
and a compressive cylinder strength of about 65 MPa.

2 Experimental program and methodology

2.1 Test parameters

The experimental program consist of six reinforced LWAC beams with a constant moment zone of 1m
between the loading points. This type of experimental program was proposed in order to eliminate the effect
of frictional restraint on post-ultimate deformation, what is typical for uniaxial compression tests [7]. This
testing technique allow lateral expansion of the central zone in all directions and provide testing of the
LWAC under multiaxial states of stress. Size of the compressive testing zone was approximately 300x1000
mm. Parameters varied in the testing zone were the stirrup spacing, amount of compressive reinforcement
and size of concrete cover. The program are given in Table 1.

Table 1. Test parameters

Beam Concrete Tension Compression | Stirrup Pesac
Identification cover reinforcement |reinforcement| spacing capacity
c At As s [kN]
(mm) (mm)

1 20 10832 2012 - 729

2 20 10232 2912 200 729

3 20 10932 2912 60 729

4 20 10232 2912 100 729

5 40 10232 2912 100 726

6 40 10232 2925 200 800

The moment and shear capacity of the beams has been calculated in accordance with Eurocode 2 [2] and
Norwegian code [3]. The beams measured (width x height x length) 210-330 x 550 x 4500 mm. All the
beams were over-reinforced, using 10032, in order to provide the bending failure by concrete crushing in
compression zone. Outside of the testing zone, all the beams had the same stirrups 912/70mm, designed to
avoid shear failure. In compressive zone, all beams 1-5 had two longitudinal bars 612 mm and beam 6 two
bars 025 mm. Short longitudinal bar 68 mm were set in testing compressive zone in all the tested beams as
the carrier of the strain gauges. This bar was able to move together with concrete since it was not fixed at
the edges. Stiff anchorage of tension reinforcement at the support was provided with a welding steel plate.
Fig. 1 gives the beam geometry. Fig. 2 illustrate the testing area where have been wearied tests parameters.
On the same figure is also shown the middle beam cross section.

To record the strain in the mid span cross section combination of digital image correlation method (DIC),
linear variable displacement transducers (LVDT) and strain gauges (SG) have been used. The results of
interest from the testing are load level at the peak 1 (P1) when spoiling of the concrete cover on top of cross
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section occurred and load level at the peak 2 (P»), when sides of cross section spoiled and final failure was
reached. p p
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Fig. 1 Beam geometry. Dimensions are in [mm].

All the beams and small samples, cubes and cylinders, were cast from the same concrete batch. The beams
were demolded 24 hours after casting, and stored in the laboratory at approximately 20°C under wet burlaps
covered with a plastic sheet. They were uncovered two days before the testing. Finally, the beams were
painted white for easier detection of cracks and prepared for instrumentation. The test age of the beams
varied from 37 to 59 days.

To establish the mechanical properties of the LWAC, cubes (with dimensions 100x100x100 mm), cylinders
(©100x200mm) and small beams (100x100x1200mm) were casted to find the stress-strain diagram, the
compressive strength for cube and cylinder, the tensile strength, Young’s module of elasticity, and the
fracture energy. All these small specimens were demolded after 24 hours and kept in water until testing day.
In order to follow material characteristics compression tests on cubes and cylinders were carried out
continuously with the beam testing.

2.2 Concrete mix and reinforcement

The concrete mix was prepared from one batch at a concrete stationary plant and in a concrete truck mixer.
Lightweight aggregate was first placed in a concrete truck and later mortar was added. Mixing and transport
was done in a concrete truck mixer. The lightweight aggregate was 2" fraction from Stalite , argillite slate
from North Carolina. In order to design concrete mix the moisture content and the absorbed water in the
Stalite were measured. The moisture was 11.43%, and the absorption after 24 hours and 100 hours was
6.54% and 8.32%, respectively. Table 2 gives the concrete mix recipe. The mixing was done using
combination of concrete stationary plant capacity 4 m3 and concrete truck mixer 6 m3. Characteristics of
the fresh concrete were: density 2013 kg/m3, air content 2.4% and slump 230 mm. The reinforcement was
of the type B5S0ONC [1]. Assumed yielding stress of the reinforcement was 530 MPa.

Table 2. Concrete mix for LWAC 65

Constituent Weight [kg/m3]
Cement (Norcem Anlegg FA) 430.75
Silica fume (Elkem Microsilica) 22.38
Water (free+absorbed 24 hour) 123.33+55.17=178.5

Sand (Ramlo 0-8 mm) 595.31

Sand (Ramlo 0-2 mm) 249.65
Aggregate (Stalite %2") 550
Superplasticizer (Mapei Dynamon SR-N) 5.4

2.3 Test set-up of measuring devices
The load was applied by mechanical screw jack and transferred to the test beam through a steel spreader beam.
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Two steel rollers supported the beam and covered the entire width of the beam. The loading point has free
rotation transversal to the beam. Between jacks and the beam surface, it was used a 100 mm wide steel
plates and a 15 mm thick fibreboard with the same width. The supports were both free for rotation and
displacement in the longitudinal direction. At the supports, only steel plates were between the support and
the beam. The supports were placed 250 mm from the beam-ends. To avoid anchorage problems, tension
reinforcement bars were welded to the steel plate dimensions 30x60x330mm in this region. The load was
measured by an electrical load cell under the screw jack with a maximum capacity 2000 kN. Three linear
variable displacement transducers (LVDT), one at the mid-span and two above each loading point measured
the deflections of the beam. Additional five LVDTs measured strain at the concrete surface. Three of them
measured strains in the compressive zone and two strains in the tensile zone. The LVDTs were placed in
the middle cross section and they measured deflection over a distance of 200 mm. In addition, six strain
gauges (SG, type FLA-6-11-5L with gauge resistance of 119.5+0.5Q2) were inserted on the compressive bar
08 and tensile reinforcement, inside of the middle cross section. All measuring devices (LVDTs and SGs)
together with the load cell were connected to HBM 8 channel spider to record the data. From here, data
were forwarded to computer using a specific software program, where they are processed and stored in a
text file. The load was applied step-wise, with load increments of 100 kN up to 70% of calculated capacity.
The load increments were then reduced to 50 kN until failure. The rest periods at each load level were three
minutes and mainly used to draw the crack progression with dark pen and taking of photos. The tests were
displacement con-trolled with a loading rate 1-1.2 mm/minute, thus, the deflection measurements were
carried out as a control during all tests. Fig. 3 shows the experimental setup and fig. 4 middle beam cross
section with all measuring devices.
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Fig. 3 Experimental set-up of the beam test. Dimensions are in [mm)]. Fig. 4 Middle beam cross section with

measuring devices

3. Experimental results

3.1 Results for small specimens

Small specimens were tested after 28 days for determination of compressive strength, tensile strength and
Young’s modulus. Small beams for fracture energy were tested after 71 days. A brief summary of the small-
scale test results is given in Table 3. Concrete class measured from small samples was LC65 and which
represents a high strength lightweight concrete. The compressive failures of cubes and cylinders were very
explosive which is typical for high strength and lightweight concrete.



Table 3. Material properties for LWAC 65

Saturated density Pes = 2013 kg/m®
Oven dry density Ocv = 1834 kg/m?
Compression cube after 7 days fiem7 = 56.7 N/mm?
Compression cube after 28 days flem28 = 74.2 N/mm?2
Compression cylinder ficm = 65,1 N/mm?2
Tensile strength fitm = 4.03 N/mm?2
Modulus of elasticity Eiecm = 24175 N/mm?2
Fracture energy Gr = 70,5 Nm/m2
Characteristic length leh = 104 mm

3.2 Results for the beams

The beams were tested 37 days (beam 1), 50 days (beam 2 and 3), 55 days (beam 4), 57 days (beam 5) and
59 days (beam 6) after casting. Each beam experienced spalling of the concrete cover in compression
between the loading points. Spalling defines the first load peak in the load-deflection curves. The load
decreased at this stage for some minutes, before the applied load again increased. The load, then, continued
to increase until the concrete cover in the web started to spoil. This defines as a second load peak and is a
smoother peak. The second spalling resulted in a larger drop in the load bearing capacity and deformations
increased fast. Any attempt to increase load after second peak was not possible and residual capacity of the
beam decreased until the final failure. Table 4 shows the results of the tested beams, where Ps.cr correspond
the force when the first shear crack occurred , P; is force of first peak load level and P> force of the second
peak load level. The table also gives average strains (&) recorded by two LVDTs placed in the compression
zone. Value of recorded maximum strains correspond to first peak load level. The average tension strain (£y)
represents the two LVDTs placed on both bottom beam sides in the tensile zone. The bending capacity
(Pcapacity) for all the tested beams was calculated according to Eurocode 2 and Norwegian standard [3], [4].
When calculating the capacity of the beams compressive strength, tensile strength, E-modulus and strains
in a concrete were multiplied by a reduction factors n, ng.

Table 4. Test parameters and results

Cover Stirrup spacing (s)
Compress.reinf.(As) Pcapacity Ps.cr. P1 Pz Sc St
Beam | (o) flocune | ——r . [kN] | (KN] | KNI | [kN] | D] | [%o]
(MPa) (mm)
1 20 75.4 2012 - 729 318 724 - 3.70 -
2 20 78.3 2¢12 200 729 350 645 629 3.77 | 2.04
3 20 78.3 2012 60 729 319 707 687 3.74 | 2.41
4 20 79.4 2012 100 729 324 700 - 3.75 | 2.08
5 40 79.4 2012 100 726 339 663 589 3.61 2.17
6 40 79.4 2025 200 800 250 750 653 3.40 | 2.35

4 Discussion

Fig. 5 showed the cracking of the testing area. The first bending cracks observed in the constant moment
region on the tension side, was at load levels from 25 til 53 kN. First cracking depends on the stirrups density
in testing area. Since beam without any stirrups in testing area did not have any confinement this beam



cracked for lowest load level. As the load increased, new bending cracks propagated symmetrically until
they reached the top of the beam flange.
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Fig. 5 Cracking of the testing area between loading points.

Development of bending cracks slowed down when shear cracks appeared. The first shear cracks appeared
in the middle of the shear zone, between the neutral axis and the beam flange. Additional loading lead to
further crack propagation of both bending and shear area. Crack propagation for certain load steps are very
similar for all the tested beams. From Table 4 it is obvious that beams which contain the stiff compressive
reinforcement and most stirrups in testing area was able to sustain the largest load before spalling of the
concrete cover. The compressive longitudinal reinforcement yielded in all the tested beams before first peak
spoiling happened. The phase when spilling of the concrete cover on the top of cross section happened is
defined as a spoiling at the first peak load (Py). See fig. 6 where are shown all the cracking phases and
remaining cross section after final failure.

Phase 1=1. Peak

—— Phase 2=2. Peak

neutral axis neutral axis

neutral axis neutral axis |

Fig. 6 Cracking phases and remaining cross section after final failure.

Spoiling of the concrete cover at the sides of the cross section happened for the second load level (P). This

was at the same final failure of the beam. Beams with large stirrup spacing and small concrete cover showed

the fastest spoiling and increase in crack propagation. When the applied load reached first peak load, the

cross section for all the beams was reduced due to the spalling of the top concrete cover with load
7



automatically decreasing. It is obvious that beams with large concrete cover has higher drop in capacity and
the second peak load level was lower. In finale face, spoiling of the web occurred and load drop very fast,
while deformations increased, see Fig. 6 and. Beams with more dense stirrups can sustain more loading after
first peak and they showed behaviour that is more ductile. In beam without stirrups in testing area and with
low concrete cover second peak load was not registered. The beam failed immediately after first peak load
level. Since all the beams were over-reinforced, tensile reinforcement did not yield.
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Fig. 7 Left side of the figure shows graph where is plotted total applied load versus deflection at the mid-span. At the
right side are plotted strain fields recorded by digital image correlation method for the first peak load level.

From Fig. 7 and Table 4 it can be concluded that strains recorded by measuring devices LVDTs and DIC
was the same. Ultimate compressive strain registered in the beams was in range 3.4-3.8%o. By using DIC,
detailed strain fields of the observed compressive zones have been recorded, and DIC was able to measure
strain after spoiling of the top concrete cover together with LVDTs. From the detailed strain field it can be
seen localisation of the largest strains in areas prior to failure. It is also visible that strains distribution
followed reinforcement detailing. In a beam with the largest compressive reinforcement, strains were
deeper. The same holds for concrete cover, with larger cover, large strains are deeper and spalling of
concrete follows reinforcement layout. In addition, it is visible that reinforcement layout influence the most
crack development.

In general, observed cracking in all the tested beams were very similar as could be expected in normal
weight concrete beams, see fig. 5.

5 Conclusion

All the tested beams showed ductile behaviour since they were able to withstand increase of loading after
formation of shear cracks (load level for first shear crack Ps. ). Cracking was similar in all the tested beams.
By decreasing stirrup spacing, the ultimate capacity, deflection and ductility increased. Beams with larger
concrete cover withstand larger load. However, due to a reduced concrete core, capacity and ductility
decreased. Concrete confined with increased longitudinal compressive reinforcement showed the largest
ultimate capacity, but post-peak behaviour was influenced by stirrups spacing. Stirrups distribution provide
greater lateral pressure on compressive zone and thus, greater ultimate compressive strength and ductility.

Test set-up together with measuring devices were able to capture the ultimate compressive strain in LWAC
beams. The obtained ultimate compressive strain, €., was much higher than typically given in design codes
for LWAC. In general, the characteristics of LWAC depend on the type of lightweight aggregate. EC2 does
not differentiate between types of aggregate used in LWAC. From the experimental results, it can be seen
that EC2 underestimates ultimate strain level.



This study showed that it was possible to increase the ductility of LWAC structures by appropriate
reinforcement detailing. For all the tested beams failure occurred when the compression zone between the
loading points started to crack. This type of failure defines a compressive failure in the bending moment
zone. Cracking of the compression zone was different for each beam depending on the test parameters:
stirrup spacing, size of concrete cover and amount of the compressive reinforcement. Cracking of the testing
area depend on the test parameters varied in the experiment. Bending behaviour observed in this
experimental work is similar to NDC. Further investigations of LWAC as a structural material should
therefore continued.
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Abstract

Production of lightweight aggregate concretes (LWAC) requires specific knowledge and
processes in order to achieve good workability of paste and concrete. A particularly demanding
case is high strength lightweight aggregate concrete, i.e. having 28-day characteristic
compressive strength in the range 60-80 N/mm? with oven dry density equal or less than 2000
kg/m3. Coarse manufactured lightweight aggregates themselves often lack particles smaller
than 2 mm, which together with open aggregate porosity causes a certain loss of workability
during the first minutes after mixing. An efficient way of improving this is by particle-matrix
proportioning. The desired concrete workability can be obtained by combining the filler
modified paste with a suitable amount of coarse aggregate particles. In order to investigate this,
several different LWAC mixes have been tested with the lightweight aggregate Stalite, an
argillite slate from the US. We found that the particle-matrix proportioning approach can give
desired workability of the LWAC mixes. This methodology is economical since no increase in
cement and admixtures dosage is needed.

Keywords: Lightweight aggregate concrete, Crushed fines, Proportioning, Workability of
paste, Concrete

1. Introduction

The material properties of lightweight aggregate concrete (LWAC) are mainly depending on
the properties of the used lightweight aggregate (LWA). LWA has different water absorption
properties, geometry, surface, shape, rigidity, porosity and density compared to normal density
aggregate, which all together have impact on LWAC [1]. One of the main challenges in
preparation of LWAC is to achieve good workability and stability of the mix. Two main
challenges encountered when making the LWAC are different density of the LWA and the paste
that may cause LWA segregation by floating, and estimation of mix water absorption of LWA
that can cause very unstable concrete and lack of control of effective mass ratio. Most of the
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lightweight aggregates are split to several fractions. Coarser fractions of the lightweight
aggregates are often very precisely fractioned and do not contain fines. One more challenge is
to provide good packing of aggregate and paste, which might be difficult when using just one
specific fraction of prefabricated LWA. Porosity of the LWA is in the range from 2 till 30% of
volume, which in a mix, if not presaturated, absorbs a large amount of mix water from the fresh
paste [2,3]. The most demanding case is preparation of high strength lightweight aggregate
concrete. In order to achieve desired strength of LWAC, larger sizes of LWA, > 8mm, are
required, which often are in lack of particles smaller than 2 mm. Together with open porosity
and high absorption, this causes a certain loss of workability during the first minutes after
mixing. A previous investigation has found that when pre-wetted LWA is used, the workability
is influenced little by the LWA type [5]. The aggregate used in this investigation was Stalite,
fraction 1/2". The dry aggregate density is 805 kg/m> and the saturated surface dry density is
833 kg/m>. This paper investigates how the desired concrete workability can be obtained by
combining lightweight coarse aggregate particles with a suitable amount of crushed fines, by
using the method of particle-matrix proportioning. Several different mixes have been prepared
where the amount of the fines were varied, and the workability has been measured according
to the well-known slump procedure [4]. In addition, the total amount of water in the mixes have
been controlled by measuring the moisture of the aggregate itself.

2. Methodology and results

The workability of the fresh concrete was measured, as well as visual inspection of the stability,
in a series of LWAC mixes. The main idea when designing the LWAC mixes was using the
particle-matrix proportioning method to obtain necessary workability (slump and stability
against LWA floating) in high-strength LWAC mixes, by using a suitable paste. The 1/2 "
fraction Stalite, an argillite slate-based LWA, was used in all the mixes, see sieve curves in Fig.
2. The experimental program was made up of four different batches of LWA. For determination
of workability the slump test method was used [4], see Fig.1. The stability has been controled
by visual inspection.

Figure 1: Slump method

2.1 Grading
Structural-grade Stalite LWA is made from various raw materials, including suitable slates, fly
ashes, or blast furnace slags. The Stalite used in this investigation is first mined from naturally
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deposits of argillite slate and later pyroprocessed in a rotary kiln process. After manufacturing
the material is divided into proper sizes (3/4”, 1/2” and 3/8” with respectively maximum
aggregate sizes 18, 12.5 and 9.5 mm, and then their moisture contents is adjusted to a
predetermined level. The fraction 1/2 " is used in this investigation. Figure 2 shows particle size
distributions from 4 different batches used in this study showing good agreement with each
other, even though the batches were purchased and transported from different localizations and
at different times. Fig 2 also shows that the Stalite has a low content of fines.
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Figure 2: Sieve curves for aggregate Stalite fraction 1/2 ", batches 1-4,

2.2 Particle-matrix proportioning

Particle-matrix proportioning is a model that is dividing concrete into two phases: a matrix
phase and a particle phase. The matrix phase consists of all solid particles less than 125 microns,
as well as water and additives. The particle phase consists of all solid particles larger than 125
microns. In the particle-matrix model, the matrix phase fills all voids between the aggregate
particles. Workability and consistency of the LWAC follow from the ratio between the phases
[4]. This tool, particle-matrix proportioning, is making concrete production more sustainable
and economical, optimizing concrete properties by controlling the composition of the particles
and the matrix. By adjusting the amount and grading of the fines in the paste and varying
volume fraction of the paste, the concrete workability can be controlled and improved
substantially [6]. In addition, when using particle-matrix proportioning the stability of LWAC
mixes can be improved. When increasing the amount of fines, the internal cohesion increases
and that prevents bleeding, paste separation and segregation of LWAC [4]. In this investigation,
LWA Stalite is used in all the mixes. Due to the splitting process, the Stalite is in lack of fine
particles. A 0-2 mm sand was added to some of the mixes, in order to avoiding gap-graded
aggregate and hence reduce the volume fraction of paste needed to obtain workable concrete.

2.3 Experimental program and results
The experimental program consists of eleven different LWAC mixes, see Tab. 1 and Tab. 2.
Tab. 1 shows nominal, uncorrected proportions. In Tab. 2 are given properties of fresh concrete.
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Mix Cement Microsilica Free Batch Aggregate Sand Sand Absor Superplas.
No. Norcem FElkem Water No. Stalite  Ardal Ramlo bed Mapei
Anlegg 12" 0-8 0-2  water Dyn. SR-N
FA mm mm Stalite [m.% of
[kg] [kg] (kg [kg] [kg] [kg] +sand  cem.]
M1 3995 19.8 167.7 1 571.9 720.3 40.1 0.64
M2 420.7 21.9 193.5 2 537.1 543.0 2324 492 1.23
M3 420.8 222 1957 2 521.8 543.6 2329 48.0 1.21
M4  431.8 20.4 1764 2 566.9 730.1 51.0 1.33
M5 4244 22.3 1742 2 575.6 507.6 1904 413 1.06
M6  423.8 223 174.0 2 585.1 516.0 1935 525 1.19
M7 4277 22.5 2004 2 564.6 560.1 1245 50.6 1.13
M8  431.8 20.3 176.5 2 581.4 705.0 52.1 1.25
M9 4275 22.5 203.7 4 514.0 535.5 2294 472 0.73
MI10 4422 23.3 146.0 4 515.4 536.8 230.0 6.1 0.75
MI11 4403 232 180.8 3 517.5 539.0 231.0 3838 0.89
Table 2: Fresh concrete mix parameters
Mix Matrix w/b  W/p ptheoretical/Pmeasured  Slump Stalite  Stability: Stability:
No. volume test Moisture Floating Bleeding/
[% of dry of Halo*
[Vm?] [mm] aggregate] LWA*
Ml 350 0.40 0.33 1920/ 1993 140 8.2 Yes Yes
M2 375 0.44 0.39 1967 /2013 230 11.43 No No
M3 375 0.44 0.39 1967 / - 240 11.43 No No
M4 365 039 0.33 1968 / - 210 8.5 Yes Yes
M5 360 0.39 0.33 1943 / - 200 6.2 No Yes
M6 360 0.39 0.33 1921/ - 250 8.5 No Yes
M7 376 0.44 0.40 1930/ - 230 11.43 No No
MS§ 365 039 0.33 1922/ - 210 8.5 Yes Yes
M9 378 0.45 0.41 1967 /1927 250 12.5 No No
M10 326 031 0.28 1929 /1989 170 0.1 Yes No
MI11 360 0.39 0.35 1967 /2015 190 6.3 No No

* Visual qualitative assessment
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The main parameters varied in the mixes were the amount of fines, incorporated in the sand
Ramlo 0-2mm, SP-dosage, as well as the moisture content of the LWA Stalite. Pre-wetted LWA
Stalite was used in all the mixes, except in mix M 10, where Stalite was very dry with a moisture
content of 0.1%, see Tab. 2. Aggregate absorbed water was not considered as free water.
Measured workability was in the range from 140 mm to 250 mm. This workability experiment
has been done in combination with a casting experiment, and mixers with different capacities
have been used, depending on the necessary concrete amount. Mix M1 has been mixed in an
800 litres capacity mixer, while mixes M9-M11 has been produced in a 250 litres capacity
mixer, both with vertical pedals. The mortar in mix M3 has been produced at a concrete plant,
and mixed together with the Stalite in the concrete truck mixer. The remaining mixes are trial
mixes, performed in a mixer with a capacity of 10 litres with vertical pedals.

In addition, stability of LWAC was controlled, by visual qualitative assessment. In the mixes
M1, M4, M8 and M10 it was noted coarse aggregate separation, when LWA particles float on
the paste [4]. In the mixes M1, M4, M5, M6 and M8 it was observed slight bleeding as a sheen
on the concrete mass and presence of the Mortar Halo [7], see Tab. 2.

3. Discussion

The particle-matrix proportioning method resulted in good workability in terms of stability and
slump of the LWACSs, by increased matrix volume and content of fines. From Tab.1 and Tab.
2 we see that matrix volumes and admixture dosages seem to explain the observed slump values,
since the proportioned w/b- and w/p- ratios not are varying to a large extent among the mixes,
as respectively from 0.31-0.45 and 0.28-0.41. The low slump of M1 relates to its low matrix
volume and SP dosage. The higher slump of M4 and M8 correspond to high matrix volume and
SP dosages. Finally, for M2, M3, M7 and M9 a higher slump is measured due to higher matrix
volumes. For M5, M6 and M11 the matrix volumes are all the same but for the mix with lower
slump, M11, the SP dosage were lower than for M5 and M6. Mix M10 has the lowest matrix
volume due to lower water content in the LWA, i.e absorption of mix water.

For the mixes without fine sand from 0-2 mm, mixes M1, M4 and M8 floating of the LWA and
slight bleeding as a water sheen at the edges of the concrete mass and poor paste viscosity were
observed. Floating of the LWA was also observed for mix M10 where the Stalite was dry.
Floating of the LWA on the paste might be caused by the density differences between the paste
and the aggregate. From tab. 2 it is obvious the difference between the theoretical and measured
density and they are often offset by 40-50 kg/m3. This huge difference is due to the releasing
of water from aggregate during the drying process.

From all mentioned above it is obvious that by using the particle-matrix method, workability
and stability may be improved significantly. When controlling the amount of fine sand in the
mix it is possible to achieve desired workability, without increasing amount of cement and
silica, and particle-matrix proportioning is hence more economical and practice.
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4. Conclusions

Desired workability and stability was achieved in almost all LWAC mixes, expect for the mixes
without any fine sand. The mix with the dry aggregate obtained desired workability as a result
of additional fines. By adding fines, it is possible to reduce the amount of water in the mix
significantly, and still maintain good workability. Mixes without fine sand from 0-2 mm did
not achieve enough stability, it is observed floating of the LWA and slight bleeding as a water
sheen at the edges of the concrete mass. In general, particle-matrix proportioning by increasing
the matrix volume by addition of sand is an economical and practical method, since sand is a
more widespread and cheaper ingredient than cement and silica. In addition, methodology is
not fully developed and future research have to be carried out.
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Abstract

Modern society and infrastructure are facing an increased demand for fast construction. A
number of viaducts are aged and will need to be replaced in near future. When considering
this replacement task, lightweight, slender bridge is the solution. Dead load reduction and
high-strength to weight ratio are the main advantages when using the lightweight aggregate
concrete (LWAC). Still, structural applications of LWAC are lacking. The main disadvantage
of LWAC compared to regular concrete, which refrains its wider structural application, is its
brittleness and uncontrolled crack propagation, especially when LWAC is exposed to
compression. One of the ways to improve brittleness and increase the ductility of concrete is
by addition of fibers. In this research, preliminary study is performed where fiber reinforced
LWAC mixture was designed and tested. The mix consisted of lightweight aggregate Stalite,
leading to high-strength LWAC and polyvinyl alcohol fibers (PVA) providing reduced
brittleness and explosive failure. Results on fracture behavior and compressive strength with
the increased amount of fibers were investigated and showed promising behavior. In future,
structural tests (e.g. compression tests on prisms and beams) will be performed to further
verify the benefits of combining aggregate Stalite with PVA fibers for structural applications
of high-strength LWAC.

Keywords: Lightweight aggregate concrete, Fibres, Brittleness, Ductility, Slender bridges,
Innovative bridge design

1. Introduction

Nowadays, the demand for fast construction increases. A special task is that a majority of the
bridges and viaducts are aged and will need to be replaced in the near future. Many countries
worldwide face a similar problem and a solution for dealing with it is urgently needed. In this
context, new materials and techniques can provide cost-effective solutions thereby
minimizing the construction time and reducing the traffic hinder. When considering
replacement task high-strength lightweight, slender bridge can be an optimal solution [1].
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Lightweight aggregate concrete (LWAC) has been used successfully for structural purposes
for many years. The preferable structures are floating offshore platforms, marine structures
and bridges [2,3]. The main advantage that classified lightweight concretes as a desired
material for use is reduced dead weight of a structure, and in long-span bridges and high-rise
buildings, dead load is a significant portion of the design load. By reducing the weight of the
structure, lightweight concrete also reduces bearing, substructure and foundation design loads
that may contribute to cost savings in the structure. For the projects where seismic events
must be considered in design, reduction of weight is especially significant since it lead to
reduction in seismic design load [4,5]. Another important application for the reduced density
of lightweight concrete is its use for concrete elements that are prefabricated (precast) to
facilitate easier handling and faster construction [2]. High strength lightweight aggregate
concrete, i.e. having 28-day characteristic compressive strength in the range 60-80 N/mm?
with oven dry density equal or less than 2000 kg/m?>.

Apart from many foreseen benefits and advantages when using LWAC, structural applications
is still lacking. The main reason for that compared to normal weight concrete (NWC) is its
brittleness and uncontrolled crack propagation, especially faced when LWAC is exposed to
compression. The brittleness of concrete is characterized by sensitivity to stress
concentrations and a rapid crack/fracture development. This is attributed to the difference in
fracture behaviour of two types of concretes: in regular concrete, cracks are formed around
the aggregates, following aggregate-paste interface zone whereas in LWAC cracks propagate
through the aggregate. As a result, more tortuous cracking route is made in regular concrete
leading to more stable crack propagation and higher fracture energy. For structural analysis, it
is essential to know the complete stress-strain curve under uniaxial compression including the
descending branch. The main concern for designers when using LWAC is steep and short
descending branch, since concrete behave in a brittle manner. Therefore, additional brittleness
introduced by LWAC should be certainly avoided. In order to improve this disadvantage of
the LWAC concrete, a case study on several LWAC mixes was performed, whereby
lightweight aggregate Stalite was combined with polyvinyl alcohol fibers (PVA) [6].

2. Future replacement task

In the past, many cast in-situ reinforced concrete plate bridges were built. The main advantage
of this bridges were higher slenderness because of multiple intermediate supports over a
single span bridge. At the time when cast in-situ plate bridges were built, the construction
time and traffic hindrance was not a serious issue as today. Keeping in mind that many of
these bridges and viaducts are constructed for a design service life of 50 years, the
replacement is needed. Nowadays, with expansion of the road network and serious
implications due to traffic hindrance, the main replacement requirements become more
demanding. Rebuilding of cast in-situ plate bridges is due to its impact on traffic, undesirable
solution and should be avoided. In this context, new materials and techniques can provide
cost-effective solutions thereby minimizing the construction time and reducing the traffic
hinder. The main requirements for the replacement of the existing structures are: to keep the
same traffic profile without additional ground work, to minimize the work on existing
foundations and to ease transportation during the construction process and provide joining of
separate elements of the bridge. Having in mind all aspects mentioned above, high-strength
lightweight, slender bridge can be an optimal solution. With this type of bridge it is possible
to keep or reduce bridge height, where traffic profile stays the same of increase. Using of the
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prefabricated LWAC box girders reduce the weight of concrete elements, making the use of
precast elements more feasible by reducing requirements for shipping, handling and erection.
In addition traffic impact is reduced to a minimum during construction time.

3. Case study - LWAC with fibres

3.1 Lightweight aggregate concrete (LWAC)

Structural lightweight aggregate concrete is made when normal weight aggregate (NWA) is
replaced with lightweight aggregate (LWA). That is simply lighter a rock, produced using
shale, clay or slate, so the same batching and admixtures are used for preparation of
lightweight aggregate concrete like the same procedures and equipment as a for conventional
concrete. Typical LWAC mixtures that use coarse LWA and conventional sand have a oven-
dry density of 1750 to 2000 kg/m3, followed by compressive strength up to 70 MPa (based on
cylinder strength). Water absorption of LWA is higher than the absorption of NWA, in the
range from 6 % to 25 %. Because LWA has a higher absorption, lightweight concrete
typically loses mass with time as excess absorbed water migrates out of the concrete. The
oven-dry density as the density achieved after moisture loss has occurred is used for design
criteria. As a result of lower density of aggregate, density of LWAC is reduced in range from
25-30% compared with NWA. That is significant in areas where dead load is one of the
largest determinative factor, especially in seismic areas. This feature allows the reduction of
cross sections, improve structural efficiency and economy.

Density of the LWA is lower than density of the cementitious paste, which require extra care
during the production of LWAC. Control of absorption and moisture during production is
necessary to produce concrete with consistent properties. LWAC generally requires more
cementitious material and lower water-cement (w/c) ratio to achieve higher compressive
strength. The porous nature of lightweight aggregate reduces its stiffness. In hardened
LWAC, strength and rigidity of the aggregate is lower than that of the paste, leading to crack
distribution through aggregate, lower strength development and lower ductility. As a result of
that phenomena, fracture energy, tensile strength and E-modulus are lower for LWAC [2-5].
In addition, LWAC have brittle nature, uncontrolled crack/fracture development followed by
an explosive failure. Together with the main stress-strain curve under uniaxial compression,
where the descending branch is steep and short, this is main concern for the designers when
using LWAC as preferable material. One of advantages when using lightweight concrete is
improved fire resistance. This feature is significant for building construction where structural
elements are often required to provide a certain resistance to fire exposure. The insulating
properties of lightweight concrete allow a smaller (and also lighter) thickness of concrete to
provide the same resistance as for NWA [2,5]. The significant benefit with respect to
durability when using the lightweight concrete is reduced shrinkage. This is provided due to
internal curing from the water that is absorbed and stored in aggregate itself [5].

3.2 Tensile strength and shear capacity of LWAC with Stalite as aggregate

Previous experimental investigation dealt with the tension behaviour of LWAC with Stalite as
aggregate. Behaviour and ductility of beams with and without shear reinforcement were
observed in 4-point bending test. The main test parameters that were varied in those tests were
the shear span length to effective height ratio (a/d) and amount of shear reinforcement. All the
tested beams showed ductile behaviour because they were able to withstand significant
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increase of load after formation of shear splitting cracks. Crack formation in the tested beams
were similar as for normal weight concrete. By qualitative visual inspection for all the tested
beams without shear reinforcement it was observed explosive, loud and brittle failure [7].
When observing the cracked area, propagation of cracks goes through and around LWA,
leading to higher tensile strength and fracture energy [5,7]. High-strength LWAC with Stalite
as aggregate showed promising behaviour.

3.3 Polyvinyl alcohol fibres (PVA)

Polyvinyl alcohol fibers (PVA) is mostly use to improve the inherent brittleness of
cementitious materials and to control cracking. They have very little effect on the flexural
strength and deflection capacity. The compressive capacity is slightly reduced while concrete
surface of the elements become extremely ductile [8].

3.4 Experimental program, results and discussion

Small experimental program have been created in order to create non brittle and ductile high-
strength LWAC. The main concern was to deal with brittleness, explosive failure and to
improve ductility of LWAC. Because of that PVA fibres was introduced in range 0.5 to 1 %
at volume fractions. PVA was type “Kuralon RSC15”, 8 mm long with E-modul of 36 MPa.
All the concrete mixes have been prepared from the same batch of LWA Stalite, argillite slate
from North Carolina.

Table 1: Concrete mix compositions (kg/m3) and fresh concrete properties.

Constituent LWAC65 FLWAC65 FLWAC65* FLWAC6S
with 0.5 % with 0.5 %  with 1%
fibres fibres fibres
Cement (Norcem Anlegg FA) 431.1 414.4 397.5 435.5
Silica fume (Elkem Microsilica) 22.7 21.8 20.9 22.9
Water (free) 177 170.1 163.2 206.3
Absorbed water *sand+aggregate 53.6 493 46.7 45.6
Sand (Ramlo 0-8 mm) 552.6 559.1 531 517.5
Sand (Ramlo 0-2 mm) 236.8 239.6 377.3 221.8
Aggregate (Stalite }2") 530.5 536.72 493 496.8

Superplasticizer

(Mapei Dynamon SR-N) 34 31 6.2 6
Synthetic fibres (% of volume) - 6.5 6.5 13
Fresh concrete properties

Matrix volume [I/m?] 360 360 360 400
Slump [mm] 240 35 40 10
Fresh density [kg/m?] 2013 1900 2011 1663
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Stalite was completely saturated to avoid water exhaustion from the paste and in addition
have been controlled moisture and absorption of the aggregate just before the mix preparation.
One concrete mix (LWAC 65) was prepared as a reference one without addition of the fibres,
while three mixes contain fibres. Tab. 1 shows all the concrete mixes and fresh concrete
characteristics. All the mixes have been prepared in laboratory controlled conditions, in a
mixer with vertical pedals and capacity 25 liters. In order to provide good distribution of the
fibres in FLWAC, first was prepared paste where were added fibres and later was introduced
aggregate with continuous mixing. From the LWAC and FLWAC mixes have been casted
several cubes and cylinders for the testing and following of compressive strength at 7, 14, 28,
38 and 46 days. At age of 28 days cylinders from all the prepared concretes were tested under
compression to get E modulus [9]. From that test it was plotted stress-strain diagram, see Fig.
1. It can be noticed that LWACG65 showed brittle behaviour, when failure happened load
immediately failed down, while all other mixes with fibres showed ductile behaviour with
very smooth peak load where load goes slowly down and samples can sustain additional
loading .

70
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Figure 1: Stress-strain diagram for all the tested mixes at age 28 days

When testing lightweight aggregate concretes it was noticed that by adding the fibres, even in
small amounts, workability of the concrete mix was significantly reduced. Concrete like this
is very tough to cast, especially in sections that contain a lot of reinforcement is tough to
embed this concrete. Mix FLWAC 65* contain more fine sand, fraction 0-2mm, in order to
provide more stable paste and concrete, but still workability was very low. That happens
because fibres arrest water which is wrapped around them. From the other side through
qualitative visual inspection of the fracture, all tree FLWAC concretes did not showed any
brittleness and explosive failure compared to LWAC 65. It was surprising that all the
FLWAC cubes and cylinders kept together afterwards and can sustain additional loading. By
adding the fibres in amount of 0.5% compressive strength is very slightly reduced while effect
on the brittleness is the same like for mix with 1% of the fibres. For the FLWAC mix that
contain 1% of the fibres compressive strength is significantly reduced, almost 18%.
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4. Conclusions

When using the LWAC the weight of the structure can be reduced for the 25-30 %. Having
this in mind, like all the other mentioned advantages, LAWC seems to be a promising
material for any structural applications, especially for the replacement bridge task. By
introducing a small amount of PVA fibres, just 0.5%, the lightweight concrete became non
brittle and without an explosive behaviour. In addition small amount of fibres did not
influenced the compressive strength of concrete. In the future, structural tests (e.g.
compression tests on prisms and beams) will be performed to further verify the benefits of
combining aggregate Stalite with PVA fibers for structural applications of high-strength
LWAC.
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ABSTRACT

The use of lightweight aggregate concrete (LWAC) is limited as a mainstream construction
material in structural applications. Partly this is related to the brittleness in compression compared
to normal density concrete. Research done in the DACS-project has shown that high strength
LWAC with Stalite as aggregate has much higher compressive strain levels than expected [1]. A
strain gradient test, by loading prisms centrically and eccentrically, has been used to investigate
strains and ductility in compression. The obtained strain level was much higher than expected.

Key words: Lightweight Aggregate Concrete, Testing in Compression, Strain level, Centric and
Eccentric Loading, Strain Gradients

1. INTRODUCTION

This investigation is part of the ongoing research program “Durable advanced concrete structures
(DaCS)”. The part of this program is to investigate structural behaviour of lightweight aggregate
concretes (LWAC), concretes with an oven dry density below 2000 kg/m?. The use of lightweight
aggregate concrete (LWAC) is limited as a mainstream construction material in structural
applications. A reason for that is related to the steepness of the descending branch of the stress-
strain curve in compression [2]. Material models for compressive failure of concrete are normally
based on a uniaxial compressive stress-strain curve obtained from tests, where the main
assumption is uniform deformation of the concrete specimens. This assumption is reasonable for
the ascending branch of the stress-strain curve, while for the descending branch is not realistic as
it is always accompanied by significant lateral deformations. The lateral deformations are mainly
caused by splitting cracks, which are formed and expand during the test. LWAC is characterized
by more brittle post-peak material behaviour and uncontrolled crack propagation compared to
normal density concrete (NWC).

In order to describe more in detail the compressive behaviour and to measure compressive strains,
the effect of a strain gradient was introduced and varied in an experimental program. Strain
gradients influences both the strength and the ductility [3]. Beam experiments tested in the



DACS-project has shown that high strength LWAC with Stalite as aggregate obtained much
higher compressive strain levels than expected [1]. The present experimental program included
three batches of LWAC for the production of 21 prisms. The batches differed in using dry (0,10
% moisture content) or saturated (7,9 % moisture content) aggregate. The third batch included a
small amount of polyvinyl alcohol fibres. Lightweight aggregate argillite slate, called Stalite,
fraction size 2 inch, from North Carolina have been used. The geometry of the prisms were 100
x 140 x 480 mm (width x length x height). All samples were loaded centrically and eccentrically
in compression. From the achieved experimental results it is visible that the lateral deformation
of the most stressed fibre is counteracted by the less stressed fibres and that confine compressive
stress. Close to the peak load the lateral deformations near the free surface become pronounced.
Finally, in the post-peak region two different fractures developed and ultimate strains increased.
In general larger eccentricity lead to increased strains (recorded strains in prisms test was in range
from 3,08%o and 6.82%o).

2. EXPERIMENTAL TEST PROGRAM AND RESULTS

The experimental program consist of 21 prisms, dimensions 100 x 140 x 480 mm (width x length
x height), of plain LWAC which were loaded centrically and eccentrically in compression. This
study looks at the differences of using dry-DLWAC (0,10 % moisture content) or saturated —
WLWAC (7,9 % moisture content) aggregate, and the influence of adding 0.5% per cement mass
of polyvinyl alcohol fibres — FLWAC, influence the compressive behaviour. Strain level at the
concrete area were recorded with strain gauges (SG) and Linear Variable Differential
Transformers (LVDT) at two sides of the prism. On the other two sides Digital Image Correlation
(DIC) was used [4]. All the prisms were loaded in an electro-hydraulic, servo-controlled
displacement machine with a capacity of 1000kN. Prisms were first preloaded with 100kN and
later load was constantly applied with a loading rate of 0.3 mm/minute until failure. Average
compressive strain levels recorded in all the prisms was between 3,08%o and 6.82%o. In addition,
for control of the material characteristics, compressive strength, tensile strength, E-modulus and
fracture energy specimens were tested. To produce the concrete, a lightweight aggregate Stalite
was used from the same batch to achieve an oven-dry density of about 1850 kg/m3 and a
compressive cylinder strength of approximately 65 MPa. Test program and results are given in
Table 1. Detailed test setup of the prisms is shown in Figure 1.

Table 1-Test program and results

Prism Type of Al\z/[gifsetg flc,cube flc,prism Eccentl‘iCity Prax Peatc SC.LVDT SC,DIC
Nr. concrete (%] " [MPa] [MPa] [mm] [kN] [kN] [%o] [%0]
1-3 e=0 804 763 2.69 3.12
4-6 DLWAC 0.1 77.9 57.5 e=7.77 668 513 2.51 3.47
7-9 e=23.33 495 382 2.70 3.81
1-3 e=0 746 791 2.59 3.40
4-6 WLWAC 7.9 80.7 53.5 e=7.77 648 531 2.19 3.69
7-9 e=23.33 541 395 2.96 4.53

1 e=0 653 760 2.46 2.94
2 FLWAC 7.9 77.6  46.7 e=7.77 669.9 511 2.18 4.54
3 €=23.33 577.8 380 3.38 6.82

Where fic.cuve is compressive cube strength; fic prism is compressive prism strength (Puax divided with prism cross
cestion 100x140mm) ; Pyax— load level of maximum load; Peuc— hand calculation of maximum load; &.rvpr—
maximum concrete compressive strain recorded with LVDT; & pic — maximum concrete compressive strain
recorded with DIC;
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Figure 1 — (a) Detailed test setup of prisms with loading conditions, (b) setup of measuring
devices at all four sides, (c) detailed strain field recorded with DIC just before failure and
failure of prism

3. DISCUSSION AND CONCLUSIONS

This study investigates at the differences using dry or saturated aggegatee, and the effect of
polyvinyl alcohol fibres on the compressive behaviour of LWAC. Crack propagation depended
on the loading conditions. Prisms subjected to centrically loading experienced large cracks and
the lowest ultimate compressive strain., while prisms loaded eccentrically only cracked at the
most stressed part with higher strains. By using DIC, detailed strain fields of the observed
compressive zones have been recorded, see Figure 1(c). In general, measuring devices were in a
good agreement, but close to failure larger strains and localization were measured using DIC,
compared to the strain values measured with the SGs and LVDTs. The concrete with the water
saturated aggregate had somewhat higher strains and ductility than the concrete with dry
aggregate. Through qualitative visual inspection of the fracture, it was observed that the concrete
with the saturated aggregate had the most explosive fractures. By introducing a small amount of
fibres (0,5% of the cement mass) the concrete became significantly more ductile, with a maximum
compressive strain of 6,82 %o, and the fracture was not explosive. Eurocode 2 [5] does not differ
between lightweight concrete with different types of aggregates, and underestimated the largest
strains in this experiment by 75-88 %.

The experimental setup of the prisms and the eccentricities were the same as in an earlier
experiment and are therefore comparable [3]. The earlier studies looked at the lightweight
concrete Liapor 8 and different types of normal weight concrete. Table 2 compare new and old
experiments. A ductility index D is calculated as:

D =t 1009 (1

el

where €, is maximum compressive strain and €, is strain corresponding to elastic state. It is clear
that LWAC with Stalite showed more ductile behaviour compared with LWAC with Liapor 8.
Compared to normal density concretes the ductility is very similar while registered strains are
much higher. When adding just small amount of polyvinyl alcohol fibres the ductility is doubled.



Table 2 - Comparison with experimental work from 1993 [2]

Type of Eccentricity  fic prism fic.cube € D vpr D.pic
concrete [mm] [MPa] [MPa] [%o] [%] [%]
e=0 3.12
DLWAC e=7.77 57.5 77.9 3.47 11.2 13.3
e=23.33 3.81
e=0 3.40
WLWAC e=7.77 535 80.7 3.69 15.1 14.9
e=23.33 4.53
e=0 2.94
FLWAC e=7.77 46.7 77.6 4.54 37.2 37.6
e=23.33 6.82
e=0 3.12
Liapor 8 e=7.77 86.8 93.8 341 9.6
e=23.33 3.55
Gneis/ =0 261
Granitt e=7.77 81.4 104.1 2.97 14.5
e=23.33 3.16
e=0 2.72
Basalt e=7.77 89.0 105.1 3.31 31.7
e=23.33 3.45
e=0 2.47
Kvartsitt e=7.77 86.5 106.7 2.81 14.8
€=23.33 2.84

Where ficprism is compressive prism strength; fic.cuve is compressive cube strength; o, — maximum concrete compressive
strain ; D rypr— ductility index calculated from maximum concrete compressive strain recorded with LVDT; D pic —
ductility index calculated from maximum concrete compressive strain recorded with DIC;
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ABSTRACT

This study investigates the effect of loading rate on the fracture energy of lightweight aggregate
concrete (LWAC) in the laboratory using three-point bending test. In addition, the effect of
aggregate moisture and water/cement ratio on loading rate sensitivity was followed. Results show
that increasing the loading rate leads to enhancement of the load-bearing capacity and fracture
energy of the concrete. These results are promising having in mind that LWAC and especially
high strength LWAC have brittle nature and fast crack/fracture development.

Keywords: Lightweight Aggregate Concrete, Three-point bending, Fracture energy, Loading rate
1. INTRODUCTION

This investigation is part of the ongoing research program “Durable advanced concrete structures
(DaCS)”. The part of this program is to investigate structural behaviour of lightweight aggregate



concretes (LWAC), concretes with an oven dry density below 2000 kg/m? [1]. One of the main
problem considering the use of LWAC is brittleness followed with fast crack/fracture
development. In order to test behaviour of LWAC under different loading rates special
experimental program was created. Three sets of test specimens were produced using lightweight
aggregate argillite slate from North Carolina, called Stalite, fraction size 'z inch, from the same
batch, where the water content in aggregate varied by 0.1%, 7,9% and 12.5%. From each concrete,
16 small beams and small samples (i.e. cubes and cylinders) were produced. The geometry of the
beams was 50 x 50 x 550 mm (width x height x length). All samples were pre-notched and loaded
under three-point bending. The loading rate was varied from 0.1 mm/min to 100 mm/min.

2. EXPERIMENTAL TEST PROGRAM AND RESULTS

The experimental program consist of 48 small beams, dimensions 50 x 50 x 550 mm (width x
height x length). Beams were produced from three different lightweight aggregate concretes
marked as dry-DLWAC (contain lightweight aggregate (LWA) with 0.10% moisture content) and
saturated one marked as WLWAC-1 (LWA with 7.9% moisture content) and WLWAC-2 (LWA
with 12.5% moisture content). Concrete recipes are given in Table 1.

Table 1 — Concrete mixture for DLWAC, WLWAC-1 and WLWAC-2

Constituent DLWAC WLWAC-1 WLWAC-2
Weight [kg/m*]  Weight [kg/m®] Weight [kg/m?]

Moisture of the aggregate [%] 0.1 7.9 12.5
Water/cement ratio [w/c] 0.32 0.33 0.37
Cement ( Norcem Anlegg FA) 442.2 440.3 427.5
Silica fume (Elkem Microsilica) 23.3 23.2 22.5
Water (free) 146 180.8 203.7
Absorbet water Stalite+sand (24 hours) 6.1 38.8 47.2
Sand (Ramlo) 0-2 mm) 230 231 229.4
Sand (Ardal (NSBR) 0-8 mm) 536.8 539 535.5
Aggregate (Stalite 1/2") 515.4 517.5 514
Superplasticiser (Mapei Dynamon SR-N) 3.3 3.9 3.1

Prior to the fracture tests, a set of cylindrical specimens were tested for each type of concrete
using compressive and tensile tests to obtain the compressive and tensile strengths of the studied
concretes. According to the test results, the compressive strengths were 82 MPa (DLWAC), and
84.8MPa (WLWAC-1) and 74.6MPa (WLWAC-2) and tensile strengths were 4.72 MPa
(DLWAC), 4.86MPa (WLWAC-1) and 4.09MPa (WLWAC-2).

All the prisms were loaded under three point bending with an electro-hydraulic, servo-controlled
displacement machine with a capacity of 100kN (see Figure 1). Testing span was 500 mm and
beams were pre-notched in middle span, with notch length of 20 mm. Load was constantly applied
with four different loading rates of 0.1, 1, 10 and 100 mm/min until failure. The applied load and
the corresponding displacement in the middle span were recorded with the load cell during the
whole test.

3. DISCUSSION AND CONCLUSIONS

The loading rate dependency of the fracture energy in three different lightweight concretes namely
DLWAC, WLWAC-1 and WLWAC-2 with different moisture levels of lightweight aggregates
has been investigated in this research. The representative load-displacement plots of the tested
concrete specimens are illustrated in Figure 2.



F iure 1 — Three-point bending test configuration.
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Fig. 2. Representative load-displacement response of the tested pre-cracked concrete specimens
under three-point bending.

All the prisms showed ductile behaviour, after peak load was reached load slightly fail down until
final failure happened. Through qualitative visual inspection of the fracture, it was observed that
the concrete with the saturated aggregate (i.e. WLWAC-2) had the most explosive fractures. These
results are of special interest having in mind that here was tested high strength LWAC,
compressive strength above 60 MPa [1].

The fracture energies of the tested concretes were then calculated using the standard procedure
proposed by SINTEF [2] and the results are given in Fig. 3. According to the SINTEF standard
for fracture testing, the fracture energy G, was calculated as:

Wy+2:0,4p9.81:8 N
Gy = HerEatitt oy M

m2



where W, is positive area under load-displacement graph, and p is weight of the concrete samples,
6 is maximum recorded dilatation and b, h are measured width and height of fracture area.
According to Figure 2, increasing the loading rate results in higher peak load values in all three
different concrete specimens, having 28%, 21% and 41% higher peak load values under 100
mm/min loading rates compared to 0.1 mm/min loading rate for DLWAC, WLWAC-1 and
WLWAC-2, respectively. The same trend of improvement was observed dealing with the fracture
energies of the tested specimens (see Figure 3).

Although fracture energy of the tested DLWAC, WLWAC-1 and WLWAC-2 specimens under
standard static loading rate of 0.1 mm/min [2] was 87.6, 93.8 and 72.1Nm/m?, however, increasing
the loading rate up to 100 mm/min increased these values to 136, 128.2 and 125.8 Nm/m? having
and enhancement of 55%, 36% and 74%, respectively. According to the test results, increasing
the loading rate from 0.1 mm/min to 1 mm/min resulted in enhancement of the fracture energies,
however, only limited changes were observed when the loading rate was increased from 1
mm/min to 10 mm/min. In general, the lowest and the highest fracture energy values were
obtained for the case that the specimens were tested under 0.1 mm/min and 100 mm/min.

The concrete with the low water saturated aggregate (i.e. WLWAC-1) had somewhat lower
loading rate sensitivity than the concrete with dry aggregate. This can be related to the lower
ductility of the mentioned concrete compared to DLWAC. On the other hand, increasing the
moisture of the aggregate to a higher level in WLWAC-2 results in higher water to cement ratio
leading to lower strength of the concrete making it the most loading rate sensitive concrete in this
study.
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Fig. 3. Fracture energy versus loading rate for the tested pre-cracked concrete specimens under
three-point bending.
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ABSTRACT

The use of lightweight aggregate concrete (LWAC) is limited as a mainstream construction
material in structural applications due to more brittle post-peak material behavior and
uncontrolled crack propagation compared to normal density concrete (NWC). To improve the
ductility of LWAC structures the confinement effect from reinforcement was considered.
Confinement in lightweight aggregate concrete was achieved by suitable placement of the
transverse reinforcement in conjunction with longitudinal reinforcement. In addition, influence
of concrete cover is checked. By interpreting in qualitative and quantitative terms the results
achieved, it is possible to increase the ductility of LWAC structures by appropriate
reinforcement detailing.

Keywords: Confined lightweight concrete, ductility, transversal reinforcement, longitudinal
reinforcement, concrete cover.

1. INTRODUCTION

The ability of the structure or its components, or the used material itself, to offer the resistance
in the inelastic domain of response is called by the general term “ductility”. Generally, concrete
itself is not a ductile material and to improve that the confinement effect from reinforcement
must be introduced [1]. Lightweight aggregate concretes (LWAC), i.e. concretes with an oven-
dry density below 2000 kg/m?, are generally characterized with very high degree of brittleness at
the material level, and with decreased ductility, especially in compression [2]. This paper
presents the influence of different factors on the effectiveness of confinement in compression in
bending for LWAC concrete beams. To test confinement of LWAC, six over-reinforced beams
were subjected to four-point bending test. The experiment setup was designed to produce a
constant moment zone of one meter between loading points, where all the beams should
collapse. The testing zone were analysed to study the effect of different stirrup spacing, amount
of longitudinal compressive reinforcement and size of concrete cover, on beam ductility and
carrying capacity. To produce the concrete, a lightweight aggregate Stalite was used to achieve



an oven-dry density of about 1850 kg/m® and a compressive strength of about 65 MPa. The
reinforcement was of the type BSOONC and the yielding stress of the reinforcement was
assumed to be approximately 530 MPa. The aim of this paper is to study, the influence of
different factors in the confined concrete behavior.

2. EXPERIMENTAL TEST PROGRAM AND RESULTS

The experimental program consists of six reinforced LWAC beams with a constant moment
zone of 1m between the loading points. The geometry of the beams were 210-330 x 550 x 4500
mm (width x height x length). Parameters varied in the testing zone were the stirrup spacing (s),
amount of compressive reinforcement (As) and size of concrete cover (c). All the beams were
over-reinforced, using 10032, in order to provide the bending failure by concrete crushing in
compression zone. Outside of the testing zone, all the beams had the same stirrups spacing,
designed to avoid shear failure. The experimental program with test parameters and results are
given in Table 1. Experimental set-up with detail cross sections of the testing zone are given at
Figure 1. To record the strain in the mid span cross section combination of digital image
correlation method (DIC), linear variable displacement transducers (LVDT) and strain gauges
(SG) have been used.

Table 1-Test parameters and results

Stirrup spacing (s) , ,
. Pca]c‘ fcc €x] fcc calc Pl PZ Scu Et

B. c Siceuve | Compres.reinf(As) oxp ’ N .

(mm) | (MPa) A 5 (mm) [KN] | [MPa] | [MPa] | [KN] | [KN] | [%o] | [%o]

20 754 | 2012 - 729 80.3 65 7241 - 1370 -

20 78.3 2012 200 729 73 66.6 | 645 | 629 | 3.77 | 2.04

20 78.3 2012 60 729 87.4 87.6 | 707 | 687 | 3.74 | 2.41

20 79.4 2012 100 729 70.2 75.4 | 700 3.75 12.08

40 794 | 2012 100 726 83.4 75.8 | 663 | 589 | 3.61 | 2.17

AN | |W [N | —

40 79.4 | 20235 200 800 83.4 65.9 [ 750 | 653 | 3.40 | 2.35

The results of interest from the testing are load level at the peak 1 (P1) when spoiling of the
concrete cover on top of cross section occurred and load level at the peak 2 (P2), when sides of
cross section spoiled, and final failure was reached. The technical elements that served as a
judgement foundation were: confined concrete compressive strength (fcc), ultimate compressive
strain (€cu) and lead level at peak 1 and 2. Experimental confined concrete compressive strength
(f'ccexp) 1s calculated during test from the results that were recorded by LVDT and SG in
compression zone. Confined concrete compressive strength (feccac) Was calculated with
adjusted theoretical stress-strain model proposed by Mander [3]. Referring to Figure 1. the
arching action occurs horizontally between longitudinal reinforcement and vertically between
layers of transverse hoop bars. The effectively confined area of concrete at hoop level is found
by subtracting the area of the parabolas containing the ineffectively confined concrete.

3. DISCUSSION AND CONCLUSIONS

The confinement mechanism is quite complex and should be understood in detail, considering
every possible influencing factor, based on stress-strain model. Tests have shown that the
confinement of concrete by suitable arrangement of transverse and longitudinal reinforcement
results in a significant increase in both the strength and ductility of compressed concrete.
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Figure 1 — Experimental set-up of the beam test. Cross section details with reinforcement for the
beams. Dimensions are in [cm].



All the tested beams showed ductile behaviour since they were able to withstand increase of
loading after formation of shear cracks. Strength and ductility in structural members are the
function of the qualities of the constituent material. Test results showed that the transvers
reinforcement is the most important confining factor and the ‘‘beating heart’’ of the confinement
mechanism. By decreasing stirrup spacing, confined concrete compressive strength, ultimate
compressive strain, deflection and ductility increased. The concrete cover is unconfined and will
eventually become ineffective after the compressive strength is attained, but the core concrete
continues to carry stress at high strain. Beams with larger concrete cover withstand larger load
and confined concrete compressive strength was higher while ultimate compressive strain was
lower, because remaining section was smaller. However, due to a reduced concrete core,
capacity and ductility decreased. Concrete confined with increased longitudinal compressive
reinforcement showed the largest ultimate capacity, but post-peak behaviour was influenced by
stirrups spacing. The presence of several longitudinal bars well distributed around the perimeter
of the section, tied across the section will also contribute the confinement of the concrete.
Stirrups distribution provide greater lateral pressure on compressive zone and thus, greater
ultimate compressive strength and ductility. Generally, the obtained ultimate compressive strain,
€cu, was much higher than typically given in design codes for LWAC [4]. The main conclusion
from the testing program given above is that it is possible to increase significantly the ductility
and strength of LWAC structures by appropriate reinforcement detailing.
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Gjor letthetong
mer anvendbar

Den storste ulempen med lettbetong (LWAC) sammeniignet med normal betong (NDC) er sprghet og ukontrollert
sprekkutbredelse. Det gir lave trykkteyninger og redusert duktilitet. Gjennom storskala bjelkeprgving har vi vist at
ulempen kan utlignes med smartere armeringsbruk. 3

Jelena.Zivkovic
og Jan Arve @verli
Inst. for konstruksjonsteknikk

Lettbetong

Lettbetong innehalder lett, grovt
tilslag, sand eller noen ganger til
og med lett sand. Tilslaget gir en
lav ovnsterr betongdensitet pé
300-2000 kg/m3. Sammenlignet
med normal betong kan lettbetong
oppnd 20% lavere vekt, noe som
gir en rekke fordeler. Blant annet
kan betongen bli mer gkonomisk
& anvende.

Det finnes flere typer lettilslag.
| vart eksperimentet er Stalite be-
nyttet. Stalite blir produsert i North
Carolina fra ekspandert skifer. Pro-
sessen gir tilslaget porer, som er
en fordel under blanding og pum-
ping av betongen.

Preveprogram

For & kvantifisere og forklare duk-
tilitet (plastisk deformasjon) i kon-
struksjoner av lettbetong er begre-
pet omhyllingseffekt innfert. For &
oppnd forskjellige omhyllingsef-
fekter har vi variert bayleavstand,
mengde trykkarmering og sterrel-
sen pa overdekning. Vi begynte
forst & kvantifisere duktilitet pa
materialnivd, men konkluderte fort
med at effekten kun viser seg pa

store elementer. Derfor gikk vi over
til & teste bjelker. Siden det krev-
de store og mange testbjelker, var
flere masterstudenter involverte.

Det eksperimentelle program-
met bestod av syv overarmerte
lettbetongbjelker med dimensjo-
ner 4500x550x210 mm? (leng-
de x heyde x bredde). Disse ble
péfert last giennom en firepunkts
beyetest. Betongens oppfersel i
trykksonen mellom punktlastene
ble observert. Trykksonelengden
var en meter. Ph.d.-kandidat Jele-
na Zivkovic produserte, og under-
spkte oppferselen til, alle bjelkene
sammen med masterstudentene
Simon Andre Petersen, Henrik Ne-
sje Johannesen, Khaled al Bastami
og Jonas Andés Belayachi.

Resultater

Previngen viste at det er mulig &
gjere lettbetong mer anvendbar i
retning av normal betong ved &
variere avstanden mellom skjeer-
beyler, mengde trykkarmering og
starrelse pad overdekning. Maksi-
male trykktayninger i alle bjelke-
ne var omtrent 40% heyere enn
tillatt teyning beregnet etter Euro-
kode 2 for denne typen betong.
Alle bjelkene med skjeerarmering
i testsonen viste duktil oppfersel.
De klarte & motvirke en gitt last for
wkte teyninger for de gikk il brudd.

T
[ | |lLastfordetingsbjetke
™ Fasl opplager

Jonas Andds Belayachi,
Khaled al Bastami, Jelena
Zivkovic, Simon Andre
Petersen og Henrik Nesje
Johannesen (NTNU) stu-
derer bruddteyning i trykk
og duktilitet av lettbe-
tongbjelker ved 4-punkts
lostsituasjonstest.

Foto: 8. Seehuus (NTNU)

mrisk opplager
CES

4,5 m lang lettbetongbjelke ved 4-punkts lastsituasjonspreving.

Generelt vil type tilslag avgjere hvil-
ke egenskaper betongen fr. Siden
Eurokode 2 ikke tar hensyn til ulike
tilslag, vil Eurokoden undervurdere
noen typer lettbetong.

DaCS-prosjektet

Undersekelsen av duktilitet i lett-
betong er en del av forskningspro-
sjektet: Durable advanced Con-
crete Solutions (DaCS). Mélet for
prosjektet er & utvikle kunnskap,
metoder og verktey som mulig-
gjor beerekraftige og konkurran-
sedyktige betongkonstruksjoner
som téler strenge miljepéakjennin-
ger i et arktisk marint milje. Den
omtalte previngen inngér i ar-
beidspakken «Ductile Lightweight
Aggregate Concrete (LWAC)». Her
deltar Kvaerner, NTNU, Statens

BYGGEINDUSTRIEN NR.17-2017

fllustrasjon: J. Zivkovic.

vegvesen, SINTEF, Multiconsult,
Axion AS, Norcem, AF Gruppen,
Skanska, Veidekke, Unicon, Ma-
pei, NorBetong og Concrete Struc-
tures. Disse er ogsd finansielle
partnere sammen med Norges
forskningsrad.

Hovedmal

Det endelige mélet med vér
forskningsaktivitet er & kunne
modellere omhyllingseffekten for
dimensjonering av lettbetong-
konstruksjoner. Dette krever en
kombinasjon av eksperimentelle
resultater og numerisk analyse.
Hovedmalet er & skaffe et godt
nok grunnlag for & kunne benyt-
te lettbetong pé en effektiv méte.
Prosjektet skal veere ferdig i 2019.
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Most of this PhD thesis is based on experimental work. To enable further research and potential use
of the results, they were stored in the Zenodo database approved by NTNU. The link to the data base

is:

http://doi.org/10.5281/zenodo.4117937

Database structure:

1. Experiment 1 - Stress strain gradients test
Concrete mix

Small-scale results

Large-scale results

Manuals
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