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SUMMARY: 
The purpose of this master thesis was to investigate confinement and ductility of lightweight aggregate 
concrete (LWAC) in compression. The main characteristics of LWAC in general are brittleness and 
uncontrolled crack propagation. Because of this, structural applications of LWAC is reduced compared to 
structural applications of NDC.  
 
To test confinement of LWAC, seven over-reinforced beams were loaded in four point bending. To achieve 
confinement of the tested beams, shear reinforcement was introduced. The geometry of the beams was 210 
x 550 x 4500 mm (width x height x length). The test setup was designed to produce a constant moment zone 
of 1 m between the loading points. All the seven beams were designed to fail in compression between the 
two loading points. To compare results, the geometry of the beams was equal to the geometry used in a 
previous experimental study. The main test parameters that have been varied in this experimental study were 
stirrup spacing, amount of compressive reinforcement and size of concrete cover. Stalite with fraction 1/2" 
was used as aggregate for the whole test programme. All beams and small specimens were casted from the 
same batch of concrete. The compressive strength and oven-dry density of the concrete used in this study 
was 65 MPa and 1834 kg/m3 respectively.  
 
Four of the tested beams showed ductile behaviour. The beam without stirrups in the testing zone (between 
the loading points) did not show any ductile behaviour. All the beams were in the range 88-99 \% of the 
calculated capacity. The beams with smaller stirrup spacing in the testing zone, showed more ductile 
behaviour. The beams with the largest concrete cover showed the largest capacity drop after the maximum 
load was reached.  
 
The test results indicated that reduced stirrup spacing gave an increase of ductility, with an exception of 
results from one beam. An increase of concrete cover decreased the confined area, generally leading to a 
reduction of ductility. The beam with a larger amount of compressive reinforcement showed an increase of 
ductility and capacity. Based on the experimental results of this study, it is possible to increase the ductility of 
LWAC structures and bring the application level of LWAC closer to the application level of NDC.  
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SUMMARY: 
Hensikten med denne masteroppgaven var å undersøke omhylling og duktilitet av lettbetong i trykk. De 
viktigste egenskapene til lettbetong er generelt sprøhet og ukontrollert rissutvikling. På grunn av dette 
reduseres anvendelsen av lettbetong i konstruksjoner sammenlignet med vanlig betong. 
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Abstract

The purpose of this master thesis was to investigate confinement and ductility of lightweight
aggregate concrete (LWAC) in compression. The main characteristics of LWAC in general
are brittleness and uncontrolled crack propagation. Because of this, structural applica-
tions of LWAC are reduced compared to structural applications of normal density concrete
(NDC).

To test confinement of LWAC, seven over-reinforced beams were loaded in four point
bending. To achieve confinement of the tested beams, shear reinforcement was intro-
duced. The geometry of the beams was 210x550x4500 mm (width x height x length). The
test setup was designed to produce a constant moment zone of 1 m between the loading
points. All the seven beams were designed to fail in compression between the two loading
points. To compare results, the geometry of the beams was equal to the geometry used
in a previous experimental study [18]. The main test parameters that have been varied in
this experimental study were stirrup spacing, amount of compressive reinforcement and
size of concrete cover. Stalite with fraction 1/2” was used as aggregate for the whole test
programme. All the beams and the small specimens were casted from the same batch of
concrete. The compressive strength and oven-dry density of the concrete used in this study
was 65 MPa and 1834 kg/m3 respectively.

Four of the tested beams showed ductile behaviour. The beam without stirrups in the
testing zone (between the loading points) did not show any ductile behaviour. All the
beams were in the range 88-99 % of the calculated capacity. The beams with smaller stir-
rup spacing in the testing zone, showed more ductile behaviour. The beams with the largest
concrete cover showed the largest capacity drop after the maximum load was reached.

The test results indicated that reduced stirrup spacing gave an increase of ductility,
with an exception of results from one beam. An increase of concrete cover decreased the
confined area, generally leading to a reduction of ductility. The beam with a larger amount
of compressive reinforcement showed an increase of ductility and capacity. Based on the
experimental results of this study, it is possible to increase the ductility of LWAC structures
and bring the application level of LWAC closer to the application level of NDC.
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Chapter 1
Introduction

Lightweight aggregate concrete (LWAC) has been utilized in construction for more than
two thousand years. The Greeks and Romans used natural lightweight aggregates (LWA)
to lighten the mortar. LWAs were eventually manufactured and used more commonly after
1917.

The advantageous relationship between weight and strength for LWAC will in various
cases lead to more cost-efficient structures. LWAC is usually applied in tall buildings or
bridges with long main spans. In spite of many advantageous aspects of LWAC, the use in
design is often limited due to the generally brittle behaviour and low ductility.

This thesis is a part of the research project Durable Advanced Concrete Structures
(DACS), through NTNU’s participation. The purpose of the project is to develop knowl-
edge, methods and tools that allow for sustainable and competitive concrete structures in
an arctic-marine environment. The project is divided in four work packages. This thesis is
a part of the fourth package, Ductile Lightweight Aggregate Concrete.

Stalite is a LWA that is manufactured from expanded argillite slate. The aggregate is
less absorptive compared to other LWAs. The pore structure of Stalite is advantageous
when mixing and pumping concrete.

The focus of this thesis was to investigate how confinement affects ductile behaviour
of LWAC in compression. It was decided to test over-reinforced beams made with Stalite
as aggregate. Seven over-reinforced beams were subjected to compression through a four
point bending test. They were heavily reinforced to resist shear, tension and anchorage
failure. To determine material properties, small cubes and cylinders were tested.
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Chapter 2
Lightweight Aggregate Concrete

The main difference between lightweight aggregate concrete (LWAC) and normal density
concrete (NDC) is the density. By reducing the weight of the concrete by approximately
20 %, LWAC will in many cases be advantageous for use in the construction industry
compared to NDC [14].

However, the lower density is not the only difference between LWAC and NDC. The
formation of cracks differs in a way that makes failure of LWAC more brittle and explosive
compared to NDC. To make LWAC a more competitive material, compressive ductility has
to be increased, so that LWAC provides as safe and reliable structures as NDC.

In addition to brittleness, LWAC has more disadvantages compared to NDC. Lower
tensile strength makes anchoring and lap lengths longer. Another disadvantage is that the
material properties of the concrete strictly depend on the type of LWA.

2.1 Definition
Many codes and standards define LWAC differently. Several of these codes define LWAC
as a concrete with an oven-dry density less than 2000 kg/m3 [14, 28]. Although this is
a maximum limit, LWAC can be produced with a variety of densities, cube strengths and
thermal conductivities. The density can vary from 300-2000 kg/m3 [14, 25][7].

Structural LWAC is covered in the Norwegian Standard NS 3473/1992. In this stan-
dard, concrete containing LWA with an oven-dry density in the range from 1200-2000
kg/m3 is defined as LWAC.
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2.2 History
The utilization of LWA stretches back to before the Christian era. LWA was used both
by Greeks and Romans. The first LWA ever used were pumice and scoria with volcanic
origin. The Pantheon vault in Rome is one example where pumice was applied to lighten
the weight of the mortar. Further examples of magnificent structures built with LWA are
the Sophia Cathedral in Istanbul and the St. Peter’s Basilica in the Vatican.

The industrial production of bricks containing pumice started in Germany in the mid-
dle of the 19th century. Most of the pumice extracted in the world today is exported to
Germany where production of building blocks is continuing. Pumice started being a part
of the building industry in Iceland in 1923 [14, 3].

LWAC was used more commonly after the introduction of a process by S. J. Hayde
in 1917. This industrial process expanded clay using a tubular kiln. Aggregates from
this process were used when constructing ship hulls in World War 1. Also, some hotels,
business buildings and bridges were constructed with LWAC following world war 1 [14,
36]. In Europe, the first clay processing plant was built in Denmark in 1939 and the U.K.
was the first country to produce sintered pure fly ash (PFA) [14, 33].

As world war 2 played out, use of LWAC increased fast. From 1950-1960 structures
began to be built exclusively with LWAC, and some partially with LWAC. Some examples
are 42 story buildings and airport terminals. During recent years, LWAC has been utilized
in construction of parking structures, bridges, floors, roof fills and thin shell structures.
LWAC also has pavement and geotechnical applications. In Norway LWAC is applied
especially for bridges. One of these bridges is the Stolma Bridge shown in Figure 2.1.
This is the longest segmental concrete box girder span bridge in the world. The main span
of the bridge stretches 301 m. The main part of this span is 184 m long and is made from
LWAC. The Sundøy and Raftsundet bridges are other examples of other bridges with main
spans constructed partially from LWAC. LWAC has been applied to balance the weight
difference between the main span and the shorter flanking spans of these bridges [6].

Figure 2.1: Stolmabrua [38]
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2.3 Types of LWA

2.3.1 Natural LWA
Pumice and scoria are volcanic stones with a cellular structure, and are the two types of
natural LWAs that are most commonly used [14, 3]. These LWAs are natural deposits, and
are only handled mechanically by crushing and screening [14, 33].

2.3.2 Manufactured LWA
Manufactured LWA consists of three different subgroups, depending on the origin of their
raw material. The first subgroup is natural materials. Examples are perlite, clay and shale.
The second subgroup is industrial products or by-products. Glass or fly ash being two
examples. The last subgroup is industrial by-products themselves and examples include
PFA, cinder, or expanded slag [14, 33].

There are two types of production principals when manufacturing LWA. By develop-
ing steam or heating minerals to fusion temperature, pyroplasticity and formation of gas
will occur to bloat the aggregate (called ”expansion”). In addition to this, heating of the
materials to temperatures above 1100◦ C causes some of the material to melt, turning it
into aggregate by merging (called ”agglomeration”) [14].

Leca is a scandinavian LWA based on clay. It is manufactured by the principal of
expansion, where the raw material is dried and heated in a rotary kiln to fusion temperature.
This results in an expansion of the material, where the product has a porous core and a hard
outer surface. Leca is delivered in grain sizes of 2 to 32 mm [39][40][9].

Figure 2.2: Leca [43]

Liapor is a German LWA based on shale. At first, the raw material becomes crushed and
dried. It is then powderized and compressed into a homogeneous mass, and later turned
into pellets of desirable size and coated in limestone. The final part of the production
process involves a rotary kiln where the expansion process of the pellets can be controlled
to provide preferred density [9].
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Figure 2.3: Liapor [42]

2.3.3 Stalite
Stalite is an LWA that has been proven to be a suitable aggregate in structural concrete. The
foothills region of North Carolina is the only place where slate is exhausted 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. The aggregate can
achieve up to 30 % less unit weight than an 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 the absorption of about 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 the quartz [14, 19][11].

Figure 2.4: Stalite [11]
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2.4 LWAC Mix Design
In general, regular routines and methods for mixing LWAC are the same as for NDC.
However, there are some considerations to be made. The density of the LWAC will differ
depending on the mix; the aggregate is absorptive by nature and the final LWAC properties
depend on the LWA material characteristics [14].

The American Concrete Institute (ACI) provides information and knowledge about
alternative ways and important concepts when mixing LWAC. ACI 211.2-91 presents two
different methods of mixing LWAC: the ”Weight method” and the ”Volumetric method”.
Common for both procedures is that they are based on test and fail trial batching [14, 1].

Another important aspect of LWAC proportioning, is to use presaturated LWA. ACI
304.5R-91 favors use of presaturated LWA. The reason for this is to avoid the LWA ab-
sorbing the liquid part of additives [14, 2].

2.5 Properties

2.5.1 Grains
Size, size distribution, and shape of the grains impact strength, the content of cement and
mix water and the workability of the LWAC. Strength generally decreases as grain size
increases, while the amount of cement and mix water depend on size distribution, shape
and the water absorption of the aggregate [14].

When considering bonding between aggregate and paste, it is preferred that the shape
of the aggregate is spherical. The external surface of the aggregate should be solid, closed
and not perfectly smooth (to increase bonding), while the inside should have high porosity
[14, 8]. The reason for this is to create good bonding between aggregate and paste and to
prevent paste from infiltrating into the aggregate [14]. Leca and Liapor are examples of
LWAs that have a spherical shape and a solid outer surface. Stalite is different from these
two. Stalite has a non-spherical shape, and the outer surface is rough and not solid. Later
studies show that this uneven geometry, where aggregate is able to soak paste from the
concrete mix, leads to increased bonding between aggregate and paste. Because of this,
cracking lines can develop through and around the aggregate.

2.5.2 Water Absorption
LWA requires larger amounts of water to be saturated compared to NDA. This is an unique
trait for LWAs and should be accounted for in the production process of the concrete mix.
If the LWA is not desirably saturated before added to the concrete mix, it will absorb
water from the paste. If absorption occurs, workability of the LWAC decreases. However,
full saturation of the LWA can not be achieved, due to lack of connection between pores
[7][14, 3, 29].
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2.5.3 Thermal Properties
The thermal properties of LWAC will in many cases make LWAC a preferable material
compared to NDC. The reason for this is that LWAC shows lower heat capacity and higher
insulating properties than NDC. It also has a lower coefficient of thermal expansion [7].

2.6 Mechanical Properties

2.6.1 Compressive Strength
Due to the homogeneity of the particle-matrix bond, the matrix is very efficient [14, 25].
As the particle and paste moduli are also similar, the fracture line will go through the ag-
gregate as opposed to a fracture in the mortar going around the grains. This characteristic
is usually seen in high strength concrete and not in common concretes [14, 36].

The correlation between cylinder and cube strength of LWAC is related to the type and
amount of LWA. For NDC it is more related to the specimen and how it is stressed [14, 35].
For NDC, some standards use a fixed ratio between the cylinder and the cube strengths,
which may lead to inaccuracies when calculating LWAC strength, because the correlations
are not the same for LWAC and NDC.

The effect of confinement on the compressive strength has been found to be reduced
with approximately 50% for high strength concretes [14, 4].

The problem of high curing temperatures of more than 60-70 degrees is worse in
LWAC than in NDC because of the low heat capacity of LWAC [14, 30].

Because the LWA is the weaker part of the concrete, a lower increase of strength will
be observed by increasing the cement amount. This is when comparing NDC and LWAC
[14, 25].

LWAC normally reaches 80 % of the 28-days compressive strength after 7 days. The
strength growth in the space 28-90 days is considered low because of the strength limiting
effect of the LWA. It is common to exploit the strength properties of the aggregate to the
limit to achieve optimal density/strength ratio in the LWAC [14].

2.6.2 Tensile Strength
The tensile strength is important when considering cracking. As discussed earlier, LWAC
has a different fracture path, as the paths goes through the aggregate. LWAC also has a
higher water content. Because of the higher moisture gradients, a great reduction in tensile
strength can be observed. Flexural strength is more affected than the tensile splitting
strength [14, 25].

Both flexural and tensile splitting strength of LWAC is inferior to that displayed of
NDC, when observing same strength levels for both concretes [14, 44]. LWAC specimens
that are exposed to eccentrically concentrated loads also show inferior results, as this ca-
pacity depends on the density of the concrete [14, 37].

The splitting tensile strength is affected by curing conditions. The strength of cubes
cured in dry conditions are observed to be 10 % lower than for those that are cured under
water [14, 17]. The ratio of tensile/compressive strength is normally in the range 5-15
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% for LWAC with compressive strength higher than 20 MPa. The compressive strength
increases faster compared to the tensile strength [14].

2.6.3 Shear Strength
There is only a small difference between LWAC and NDC when considering shear capac-
ity. Studies have reported that the strength of a LWAC beam is 7 % lower than the strength
of a similar NDC beam. The study compares beams with concrete of identical compressive
cube strength and a 45◦ strut angle [14, 17].

2.6.4 Young’s Modulus
The Young’s modulus is a function of the moduli of all the parts of the concrete, the
proportions of each part and the bond strength between the aggregate and the matrix. Most
LWAs have a low stiffness which results in a lower modulus for LWAC compared to NDC
[14, 44].

2.6.5 Fracture Energy and Fatigue
The energy consumed by creating a unit crack area is defined as the fracture energy. Some
studies show that LWAC only has a slightly lower resistance to cracking than that of NDC.
Other studies have shown contrary results where the resistance were 50 % lower [14,
13][14, 32].

Most studies show that LWAC performs equally or slightly better than NDC when
comparing susceptibility to fatigue. This excludes cyclic tensile-compressive states, where
LWAC showed slightly poorer results [14].

2.7 Creep and Shrinkage
LWAC has been considered as a material showing greater creep and shrinkage compared
to NDC, assuming materials of equal compressive strength [7]. Later studies show that
LWAC that contains porous aggregate has reduced shrinkage. Beyond this, tests on LWAC
with higher strength behave more similar to NDC [12][22][10].

2.8 Ductility and Seismic Applications
LWAC’s low density compared to NDC will essentially make LWAC a preferable material
concerning seismic applications. However, LWAC has shown to be a less ductile material
compared to NDC, considering materials of equal compressive strength. This can in many
cases be limiting for LWAC, especially for structures demanding ductile behaviour [7].
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2.9 LWAC in Eurocode 2
All design rules in every chapter in the standard are applicable for LWAC, unless they are
substituted by the rules given in chapter 11 [26]. Tensile strength, ultimate compressive
strain and Young’s modulus are mechanical properties that are regulated in chapter 11.
These parameters are reduced by use of reduction factors and have an additional index l as
shown under [26]:

flctm = fctmη1 (2.1)

flctk,0.05 = fctk,0.05η1 (2.2)

flctk,0.95 = fctk,0.95η1 (2.3)

where
η1 = 0.40 + 0.60

ρ

2200

Elcm = EcmηE (2.4)

where
ηE = (

ρ

2200
)2

Figure 2.5: Schematic representation of the non-linear stress-strain relation for structural analysis
[26]
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εlcu1 = εlc1 =
kflcm
ElcmηE

(2.5)

where k = 1.1 for sanded LWAC and k = 1.0 for all other LWACs.

Figure 2.6: Parabola-rectangle diagram for concrete under compression [26]

εlcu2 = εcu2η1 (2.6)
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Figure 2.7: Bi-linear stress-strain relation [26]

εlcu3 = εcu3η1 (2.7)

In addition to the reduction of the mechanical properties shown above, other design rules
are also regulated in chapter 11. Rules for creep and shrinkage, concrete cover, shear
capacity, torsional capacity and punching shear capacity of slabs and foundations are, in
addition to some other parameters, regulated in chapter 11 [26].
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Chapter 3
Confinement

Designing of structures is closely related to the term ductility. Ductility is the ability
for a structural member to deform inelastically without significant loss of strength [20].
Concrete itself is not characterized as a ductile material, and reinforcement is introduced
in concrete to provide a certain ductility.

The main characteristics of confined concrete is that both strength and ductility in-
crease with increased confinement. Confinement gives a lateral stress response to a ma-
terial stressed in compression. When concrete is loaded in compression, the material ex-
pands laterally. As concrete has low tensile capacity, the introduction of a lateral constraint
will increase the compressive capacity and the ultimate strain.

Confinement is an improvement of the performance of the concrete by utilization of
various confinement parameters. Examples are: transverse reinforcement (amount, yield
strength, form and diameter), diameter of the longitudinal reinforcement, compressive
strength of the concrete, cross section geometry and concrete cover [16][5].

Figure 3.1 illustrates the difference between the stress-strain relation of unconfined and
confined concrete. Unconfined concrete fail at both lower stress and strain level compared
to confined concrete. The ability to maintain a certain stress level for increasing strains,
after reaching peak stress, shows the increase in ductility of confined concrete.
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Chapter 3. Confinement

Figure 3.1: Stress-strain relation of unconfined and confined concrete [26]

3.1 Stress-Strain Model
To begin with, the compressive strength of confined concrete can be defined as [5]:

fcc = fc0

(
− 1.254 + 2.254

√
1 +

7, 94f ′l
fc0

− 2f ′l
fc0

)
(3.1)

The confined compressive strength is a function of the unconfined compressive strength
fc0, and the effective lateral stress f ′l . The effective lateral stress due to confinement is
defined differently for circular and rectangular cross sections. Only the rectangular cross
section will be covered here.

3.1.1 Effectively Confined Area of Rectangular Concrete Sections
The area within a stirrup, when subtracting the area of the longitudinal reinforcement Asl,
is called the confined concrete area Acc. The area within the stirrup is given as bcxdc
measured from centre to centre of the stirrup. Only a part of the confined concrete area
will be effectively confined. This area is called the effectively confined concrete area Ae.
The area that is not affected by the confinement is called the ineffectively confined concrete
area Ai [5][16].

Acc = bcdc(1− ρcc) (3.2)

where
ρcc =

Asl
bcdc

For a section with n longitudinal reinforcement bars, the ineffectively confined concrete
area can be defined as [5][16]:

Ai =

n∑
i=1

(w′i)
2

6
(3.3)
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3.1 Stress-Strain Model

The accompanying effectively confined concrete area can be defined as [5][16]:

Ae =

(
bcdc −

n∑
i=1

(w′i)
2

6

)(
1− s′

2bc

)(
1− s′

2dc

)
(3.4)

Figure 3.2: Confined concrete area [16]

The lateral confining stress fl from the transverse reinforcement will fully develop only
in the section of the concrete that is surrounded by a stirrup. The lateral stress from the
transverse reinforcement decreases in parts of the concrete between stirrups. In Figure
3.2, the change in stress is illustrated from the parabolic line separating the effectively and
ineffectively confined concrete area. The initial angle of the parabolas is 45◦. In the middle
of the span between two transverse stirrups, the area of ineffectively confined concrete will
be the largest [16].

The effective confinement coefficient ke is introduced to modify the lateral stress into
effective lateral stress, such that [5][16]:

f ′l = kefl (3.5)
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where

ke =
Ae
Acc

=

(
1−

n∑
i=1

(w′i)
2

6bcdc

)(
1−

s′

2bc

)(
1−

s′

2dc

)
1− ρcc

(3.6)

The lateral effective stresses in x- and y-direction are respectively defined as [5][16]:

f ′lx = ke
Asx
sdc

fyh = keρxfyh (3.7)

and

f ′ly = ke
Asy
sbc

fyh = keρyfyh (3.8)

where ρx and ρy is the reinforcement ratio in the respective directions. Finally the effective
lateral stress is defined as the mean value of the effective stresses in each direction and can
be defined as [5][16]:

f ′l =
f ′lx + f ′ly

2
(3.9)

3.1.2 Stress-Strain Curve of Confined Concrete

Figure 3.3: Stress-strain curve of confined concrete [5]

The stress-strain curve consists of three intervals. Figure 3.3 depicts a simplistic graphical
representation of the stress-strain relation. The first interval starts in the origin with an
initial slope Ebc0, and grows towards the peak stress fcc and the corresponding strain εcc0.
The stress in this region can be defined as [5, 31]:
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3.1 Stress-Strain Model

σcc = fcc
kcεc + (k′c − 1)ε2c

1 + (kc − 2)εc + k′cε
2
c

for : 0 ≤ εc ≤ εcc0 (3.10)

where

εc =
εc
εcc0

εcc0 = εc0

[
1 + 5

(
fcc
fc0
− 1

)]

kc =
Ebc0εcc0
fcc

Ebc0 = 11000 3
√
fcc

k′c = kc − 1

Following this peak, the curve declines with the slope Eslope [16] until it reaches 65 % of
the stress fcc. The strain at this point is ε65 [5].

σcc = fcc − Eslope(εc − εcc0) for : εcc0 < εc ≤ ε65 (3.11)

where

Eslope =
fcc
εcc0

ε65 =
0.35fcc
Eslope

+ εcc0

After the third and final interval is reached, the curve remains at a constant stress level as
the strain increases towards the ultimate strain εccu. The confined ultimate strain εccu can
be defined as [5]:

εccu = εcu + 0.4
f ′l
fc0

(3.12)

The effective transverse lateral stress f ′l , the unconfined compressive strength fc0 and the
ultimate unconfined concrete strain εcu determines the confined concrete ultimate strain.

As mentioned earlier, there are several factors that affect how effectively the concrete
is confined. In this research study, the amount of transverse reinforcement, the diameter
of the compressive reinforcement and the concrete cover will be varied to observe each
parameter’s influence on the ductility of the LWAC beams.
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To investigate the ductility of LWAC beams, it was decided to subject 7 over-reinforced
beams to compression through a four point bending test. This testing produced a constant
moment zone of 1 meter in the middle of each beam. For comparison, the geometry of the
beams were equal to what has been used in previous experimental work [18]. A detailed
description of cross section and reinforcement layout for each beam is given in appendix
A.1.

All the beams were subjected to the same loading. The main testing parameter was
the spacing of the stirrups in the constant moment zone. In addition to this, the effect of
different concrete covers and compressive reinforcement were investigated.

Small specimens were tested to find the material properties of the LWAC.

4.1 Test Specimens

4.1.1 Small Specimens
Cubes with dimensions 100x100x100 mm and cylinders with dimensions φ100x200 mm
were tested to find the density, compressive strength and tensile splitting strength. Both
the small specimens and all the beams were casted from the same batch of concrete.

The small specimens were demoulded 24 hours after casting and kept under water until
the day of testing. They were removed from the water just before testing and the surface
was dried. The cylinders were additionally grained on both sides to create smooth and
parallel surface areas.

The procedures described in NS-EN 12390-3:2009, NS-EN 12390-6:2009 and NS-EN
12390-7:2009 were followed in testing. The specimens were tested 7, 28, 38, 44, 49, 55
and 59 days after casting.
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Compressive Strength

The compressive strength of the LWAC flc, was determined from equation 4.1. Ac was the
surface area subjected to loading and Fc was the applied force. The units were MPa, mm2

and N respectively.

flc =
Fc
Ac

(4.1)

The computerized ToniTechnik machine preloaded the specimens to about 1 % of the fail-
ure load. Thereafter, the test continued without pause with a loading speed of 0.8 MPa/s.
The cylinders were tested in the same way as the cubes to determine compressive strength.

Figure 4.1: Cube and cylinder in the ToniTecknik machine

Young’s Modulus

EC2 gives equation 4.2 for calculation of the Young’s modulus of LWAC. The formula is
based on a correlation between the compressive strength and the Young’s modulus. fcm
was the mean value of the compressive strength and ρ was the oven-dry density of the
LWAC.

Elcm = EcmηE (4.2)

where
Ecm = 22

[fcm
10

]0.3
ηE = (ρ/2200)2

From a previous similar study [23], it was discovered that the measured Young’s modulus
for this type of concrete differed significantly from the calculated value using equation 4.2.
The Young’s modulus used in this experimental study will be the value measured in the
previous study. The previous study used a LWAC with the same aggregate and the same
compressive strength.
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Tensile Splitting Strength

The tensile splitting strength of the LWAC flct, was determined from equation 4.3. F was
the force applied, L was the length of the cylinder and d was the diameter of the cylinder’s
cross section. The units were MPa, N, mm and mm respectively.

flct =
2F

πLd
(4.3)

To measure the capacity, a Mohr Federhaff Losenhausen compression machine was used.
To ensure correct loading, the specimens were placed centrically in the machine and
wooden pieces were placed beneath and above the specimens. The loading rate was 0.06
MPa/s.

Figure 4.2: Cylinder in the Mohr Federhaff Losenhausen machine

Oven-Dry Density

The volume of the test specimens were found by submerging them in water. The vol-
ume was calculated using equation 4.4. ma was the specimen mass in air. mw was the
submerged specimen mass. The density of water ρw was 998 kg/m3.

V =
ma − [(mst +mw)−mst]

ρw
=
ma −mw

ρw
(4.4)

The density D of the specimens were calculated using the following formula:

D =
ma

V
(4.5)

The oven-dry density ρ of the specimens were found by drying the specimens at 105◦C.
When the mass of the specimen did not change more than 0.2 % from the last measuring,
this mass was used to calculate the oven-dry density. The specimens were dried in the
oven 24 hours between each measuring of the mass.

21



Chapter 4. Methodology

4.1.2 Beams
The test programme included seven over-reinforced LWAC beams. The geometry of the
beams were 210x550x4500 mm (width x height x length). Detailed technical drawings
of the beam geometries and reinforcement layouts are given in appendix A.1. The beam
geometries and reinforcement layouts were equal to what was used in a previous experi-
mental study [18].

Figure 4.3: Beam geometries and reinforcement layouts between the loading points. All dimensions
are in [mm]

The numbering system of the beams is as follows:
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The beams were subjected to a four point bending test. The load situation was chosen
to produce a constant moment zone in the middle part of the beams. The beams were
designed to fail in bending and were over-reinforced as in the previous experimental study
[18]. The complete beam test programme is given in Table 4.1.

Table 4.1: Test programme

Size of Stirrups
Beam Beam concrete Stirrup Longitudinal Compressive reinforcement

number identification cover spacing reinforcement reinforcement diameter
[mm] [mm] [mm]

1 LWAC65 20 0 20 - 10φ32 2φ12 12
2 LWAC65 20 200 20 200 10φ32 2φ12 12
3 LWAC65 20 60 20 60 10φ32 2φ12 12
4 LWAC65 20 100 20 100 10φ32 2φ12 12
5 LWAC65 40 60 40 60 10φ32 2φ12 12
6 LWAC65 40 100 40 100 10φ32 2φ12 12
7 LWAC65 40 200 40 200 10φ32 2φ25 12

Beam 1-4 had concrete cover 20 mm. Beam 5-7 had concrete cover 40 mm. All the beams
were reinforced with φ12 stirrups. Outside the constant moment zone the stirrup spacing
for all the beams was 70 mm all the way out to the supports.

Between the loading points the stirrup spacing was 200 mm, 60 mm and 100 mm
respectively for beam 2, 3 and 4. Beam 1 was created without shear reinforcement between
the loading points. The stirrup spacing was 60 mm, 100 mm and 200 mm respectively for
beam 5, 6 and 7.

In beam 7 the diameter of the compressive reinforcement was increased to φ25. The
beam had additional transverse reinforcement of φ25 bars attached to the stirrups between
the loading points. Detailed drawings are given in appendix A.1.

All the beams were casted from the same batch of concrete. The concrete was poured
in wooden forms in three layers because of the beam height. The concrete was vibrated
to ensure that it filled the forms adequately. The beams were covered with plastic sheets
immediately after casting. The beams were demoulded after 24 hours and kept covered
with wet burlaps under plastic sheets for 31 days. The beams were then painted white in
order to better observe cracking. On the east side of each beam, an area was marked with
black dots for strain field observation using DIC. This is shown in Figure 4.4.
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Figure 4.4: Side of beam marked for DIC

4.2 Material and Mix Properties

4.2.1 Concrete Mix Recipe and Goal
Expected oven-dry density was 1900 kg/m3 and expected compressive strength was 65
MPa. The required amount of LWAC used in this project, including small specimens and
beams, was 5.7 m3. In order to calculate the concrete mix recipe, moisture content and
absorption of the LWA were measured. The sieve curve for the LWA was also determined.

Since the concrete was prepared at a stationary plant, the sieve curve and data concern-
ing moisture content for sand (both 0-2 mm and 0-8 mm) were determined at the plant.
For 0-2 mm and 0-8 mm sand, the moisture content was 5.5 % and 7.7 % respectively. The
sieve curves are given in appendix B.3.

4.2.2 Measurement of Moisture and Absorption of Stalite
The type of LWA used in this project was Stalite. Since Stalite is an absorptive LWA,
measurement of moisture and absorption is necessary when designing the concrete mix.
In order to obtain the values for moisture and absorption, 750 g of Stalite were taken from
each batch (there were four batches in total) and mixed into one sample of 3000 g, in
accordance with ASTM C127-07 [27].

For measurement of the moisture content of the LWA, two samples of 3000 g each
were dried at 110◦C for 24 hours. The samples were weighed after drying, and equation
4.6 was used to calculate the moisture content:

cm =
mw −md

md
· 100% (4.6)

where cm was the moisture content, mw was the mass of a tested sample before drying
and md was the mass of an oven-dry test sample in air. The average moisture content was
11.4%.
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The same samples used for measurement of moisture content were later used to mea-
sure the absorption. The samples were sieved and washed in a 4 mm sieve in order to
eliminate fine particles. Later, the samples were dried for approximately 19 hours. After
drying, the samples were weighed and put in water. After 24 and 100 hours in water, the
samples were surface dried and absorption was calculated using equation 4.7:

a =
ms −md

md
· 100% (4.7)

where a was the absorption, ms was the mass of a saturated surface dry test sample and md

was the mass of an oven-dry test sample in air.
The average absorption after 24 and 100 hours were 6.5% and 8.3% respectively.

4.2.3 Determination of Sieve Curve for Stalite
The same samples used for measurement of moisture content and absorption were used to
determine the sieve curve. The samples were sieved by machine for 10 minutes, with sieve
sizes 16, 11.2, 8, 4, 2, 1, 0.5, 0.25, 0.125 and 0.063 mm. See Table 4.2 and Figure 4.5 for
detailed results.

T27/C136, which is a standard method of testing for sieve analysis of both fine and
coarse aggregate, was used.

The obtained result for the sieve curve matched well with the technical sheet from
Stalite. The technical sheet is given in appendix B.3.

Table 4.2: Values for sieve curve for Stalite

Sieve size [mm] Rest [%] Passing [%]

16 0 100
11.2 0.3 99.7

8 22.0 78.0
4 76.8 23.2
2 94.4 5.6
1 96.1 3.9

0.5 96.8 3.2
0.25 97.3 2.7

0.125 97.9 2.1
0.063 98.4 1.6
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Figure 4.5: Sieve curve for Stalite

4.2.4 Final Concrete Recipe
The final concrete recipe is shown in Table 4.3. All measurements mentioned above were
included in an Excel calculation sheet given in appendix B.3. Table 4.4 shows the different
ratios between water, cement and binder.

Table 4.3: Final concrete recipe mix

Constituent Weight [kg/m3]

Cement (Norcem Anlegg FA) 430.75
Silica fume (Elkem Microsilica) 22.38
Water (free) 123.33
Water (absorbed) 55.17
Sand (Ramlo 0-8mm) 595.31
Sand (Ramlo 0-2mm) 249.65
Aggregate (Stalite 1/2”) 550
Superplasticizer (Mapei Dynamon SR-N) 5.40
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Table 4.4: Ratios

Ratios Value

water
cement 0.29

water + absorbed water
cement 0.41

water
binder 0.39

4.2.5 Methodology for Concrete Preparation
The truck was filled with Stalite at the lab at NTNU before taking mortar at the stationary
plant. First, the truck was sprinkled with water and later filled with completely saturated
Stalite. There was no mixing of the Stalite during the transport to the stationary plant.

The whole amount of mortar was prepared at the stationary plant. First, all dry particles
(sand, cement and silica fume) were added in a twin shaft pedal mixer and mixed for 30
seconds. Then, water and superplasticizer were added during continuously mixing. The
mixing process of the mortar took three minutes in total.

The mortar was poured in the truck and the concrete mix was mixed with maximum
velocity for six minutes (approximately one minute pr. m3). During the 20 minutes long
transport back to NTNU the concrete mix was mixed continuously, followed up by three
minutes of mixing with maximum velocity upon arrival.

The prepared concrete was very flowable, similar to self-compacting concrete. The
paste was able to move the LWA and there was enough paste for compaction. In addition,
the concrete was pumpable.

Slump, saturated density and air content were measured before casting. Slump was 23
cm, saturated density was 2013 kg/m3 and air content was 1.4 %.

4.2.6 Reinforcement
S500 was the quality of the reinforcement for the beams. Because there was no tensile
testing of the reinforcement, the yield strength was set to be 550 MPa. From previous ex-
perience with this steel, the yield strength was set to be this value. This value was used for
all the reinforcement in all calculations of capacities. Because of the total reinforcement
weight for each beam being approximately 450 kg, the beams had to be lifted with crane.
To avoid altering any aspect of the reinforcement layout when lifted, the longitudinal bars
were welded to the stirrups. In order to have the testing zone (between the loading points)
act appropriately, the reinforcement was attached with steel wires between the loading
points and approximately 50 cm beyond each loading point.

The tensile reinforcement requires a certain anchoring length. The longitudinal bars
extended 230 mm beyond the support. To ensure enough anchoring capacity, the required
anchoring length was verified. The procedure from EC2 was followed. Characteristic
values were used in calculations to get a capacity close to expected capacity in laboratory.
Equation 4.8 was applied when calculating the basic required anchoring length:
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lb,rqd =
φ

4

σsd
fbd

(4.8)

From EC2, the additional force in the longitudinal reinforcement was calculated as:

∆Ftd = 0.5VEd(cotθ − cotα) (4.9)

where cotθ was in the range 1-2.5. It was in this verification conservatively assumed to be
2.5. α is the angle between the shear reinforcement and the beam axis perpendicular to the
shear load. In this experiment α was 90◦ as the stirrups were not tilted.

lim
α→90◦

cotα = 0

The function above shows that cotα = 0 in this experiment. The shear force V = P was
here conservatively assumed to be 900 kN. The additional force in the reinforcement was
calculated:

∆Ftd = 0.5VEd(cotθ − cotα)

= 0.5 · 900 · (2.5− 0)

= 1125 kN

σsd is the design stress in the longitudinal reinforcement at the point where the anchoring
is measured from. It is given by equation 4.10:

σsd =
∆Ftd
As

(4.10)

The longitudinal reinforcement consists of 10 φ32 bars, leading to a stress in the reinforce-
ment at the support equal to:

σsd =
∆Ftd
As

=
1125 · 103

10 · π · 162

= 140 MPa

The ultimate bond stress is given by:

fbd = 2.25η1η2fctd (4.11)

η1 = η2 = 1.0 for normal conditions. For LWAC the tensile strength is given by:

flctd =
0.85flctk,0.05

1.5
(4.12)

where

flctk,0.05 = fctk,0.05 · η1
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and

η1 = 0.40 + 0.60
ρ

2200

With an expected compressive strength of 65 MPa and expected oven-dry density of 1900
kg/m3 characteristic tensile strength was calculated:

η1 = 0.40 + 0.60
ρ

2200

= 0.40 + 0.60 · 1900

2200
= 0.918

flctk,0.05 = fctk,0.05η1

= 3.15 · 0.918

= 2.89MPa

As mentioned, characteristic values were used, leading to the following calculation of the
ultimate bond strength:

fbk = 2.25η1η2flctk,0,05

= 2.25 · 1.0 · 1.0 · 2.89

= 6.50MPa

Lastly, the basic required anchoring length was calculated

lb, rqd =
φ

4

σsd
fbk

=
32

4
· 140

6.50

= 172mm

To acquire additional anchoring capacity, so that anchorage failure would not occur, the
longitudinal bars were welded to steel plates with dimensions 30x60x330. Each pair of
longitudinal bars were welded together at several points to act as one member. Each bar
was welded to the plate in two points as shown in Figure 4.6.
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Figure 4.6: Connection of plate and reinforcement
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4.3 Test Setup and Procedure

4.3 Test Setup and Procedure

4.3.1 Four Point Bending Test
The static load situation for the LWAC beams in four point bending is illustrated in Figure
4.7. This load situation results in a constant moment M = P·1500 mm between the loading
points and a constant shear force V = P between the supports and the point loads.

Figure 4.7: Four point bending

The LWAC beams were subjected to the two point loads by a mechanical jack with maxi-
mum capacity of 1800 kN. The force from the jack was distributed by a stiff steel spreader
beam through two supports. The stiff steel spreader beam was supported by a roller sup-
port and a fixed support. The distance between the supports of the steel spreader beam
was 1 meter. The LWAC beams were supported by a roller support and a spherical sup-
port. The distance between the supports of the LWAC beams was 4 meters. Figure 4.8 and
4.9 illustrate the setup.
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Figure 4.8: Setup on the west side of the beam.

Figure 4.9: Setup on the east side of the beam.

The load was applied step-wise like shown in appendix B.1. At each load step, a three
minute break was made before adding the next load increment. The loading rate of the
jack was deflection controlled with a speed of 1.2 mm/min.

4.3.2 Setup of Measuring Devices
Strain Gauges and Linear Variable Differential Transformers

The beams were equipped with six strain gauges attached to the middle longitudinal bars
for strain measurement of the reinforcement. Both the compressive and the tensile zone
had three strain gauges each. In the compressive zone, one strain gauge was placed at the
midspan of the beam, while the two others were placed one on each side, 400 mm from the
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midspan. In the tensile zone, all three strain gauges were placed at the midspan. Two were
placed on the lower bar and one on the top bar. The strain gauges were of the type FLA-
6-11-5L and were 6 mm long. The gauge factor was 2,12±1% and the gauge resistance
was 119,5±0,5Ω. In addition to strain gauges, five linear variable differential transformers
(LVDT) were used for strain measurement of the concrete. The LVDTs measured deflec-
tion over a distance of 200 mm. In total, five LVDTs were used, three for measurement
of strains in the compressive zone and two for measurement of strains in the tensile zone.
Additionally, three LVDTs measured deflections under the beams. See Figure 4.10 for
detailed illustration.

Figure 4.10: Measuring devices at the middle of the beam

Digital Image Correlation

Digital image correlation (DIC) is a method for measuring surface deformations of an
object subjected to forces. This method involves comparison of images taken of a prede-
termined area during loading. An image of the predetermined area of inspection is divided
into small subareas (also called ”subsets”). By registering the change in position and
deformation of the subareas during loading, the full deformation field can be measured
[15, 24, 21]. The strain field can be calculated from the deformation field. See Figure 4.11
for illustration.

33



Chapter 4. Methodology

Figure 4.11: Subareas (or subsets) before and after deformation [21]

The predetermined areas on the beams were dotted with black markers. Two cameras were
used for the observation. One camera was placed orthogonally on the concrete surface
(providing a 2D-observation) while the other was placed with a certain angle (providing a
3D-observation). The computer controlling the cameras was connected to the mechanical
jack by an analog signal. This connection ensured that the pictures that was taken could
follow the load-deflection curve. The cameras registered one photo every two seconds.
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4.3.3 Calculation of Capacities
For all calculations of capacities, strength values measured from small specimen testing
were used to get calculated capacities as close to laboratory results as possible.

Moment Capacity

The moment capacity calculation was based on EC2 [26]. The stress-strain relation shown
in figure 2.6 was used. Figure 4.12 shows the strain distribution and the forces that are
acting on the cross section during bending. It is assumed linear strain distribution and
neglectable tensile capacity of the concrete. The real parabolic stress distribution of the
concrete is approached by a stress block which height depends on the scaling factor λ, the
effective height d, the ultimate concrete strain εcu and the tensile reinforcement strain εs.
It is assumed that failure will occur when the concrete reaches ultimate compressive strain
εcu.

Figure 4.12: Bending of cross section

From the strain distribution in figure 4.12 we get

εcu
x

=
εs

d− x
↓

x =
εcu

εcu + εs
d

and by introducing
α =

εcu
εcu + εs

we get
x = αd. (4.13)
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The value for x is introduced in the relation

εcu
x

=
ε′s

x− d′

gives
ε′s =

εcu
αd

(αd− d′). (4.14)

The characteristic compressive strength fck was found from small specimen testing. The
stresses σc, σ′s and σs were calculated from:

σc = ηfck (4.15)

σ′s = ε′sEs (4.16)

σs = εsEs (4.17)

The forces Fc, F ′s and Fs were calculated from:

Fc = λbαdσc (4.18)

F ′s = σ′sA
′
s (4.19)

Fs = σsAs (4.20)

where
λ = 0.8− fck − 50

400

and

η = 1− fck − 50

200

To achieve horizontal force equilibrium, the value of εs at failure was calculated using
Excel. The moment capacity of the cross section was calculated by moment equilibrium
about the bottom edge of the cross section:

MR = Fczc + F ′sz
′
s − Fszs (4.21)

where zc, z′s and zs are the internal moment arms between the respective forces and the
bottom edge of the cross section.

The moment capacity MR of the different cross sections and the maximum calculated
load Pcalc are presented in Table 4.5. The accompanying tensile reinforcement strains
εs are also presented. All the strain values are smaller than the yield strain εyk = 2.5 h
which implies over-reinforced cross sections [34]. All calculations are given in appendix
C.1.
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Table 4.5: Calculated moment capacities and maximum calculated load

Beam Concrete cover [mm] Compr. reinf. MR [kNm] Pcalc [kN] εs [h]

1 - 4 20 2φ12 1093 729 1.71
5 - 6 40 2φ12 1088 726 1.71

7 40 2φ25 1200 800 1.84

Shear Capacity

The shear capacity was calculated in accordance with EC2 [26].
The shear capacity for LWAC for cross sections without shear reinforcement is the

larger value of following formulas:

VlRd,c = ClRd,cη1k(100ρlflck)
1
3 bwd (4.22)

and

VlRd,c = vl,minbwd (4.23)

where

ClRd,c = k2

k = 1 +

√
200

d
≤ 2.0

ρl =
Asl
bwd
≤ 0.02

vl,min = 0.466MPa

η1 = 0.4 + 0.6
ρ

2200

Asl is the cross sectional area of the tensile reinforcement. Calculated shear capacity
for cross sections without shear reinforcement was 764 kN. The calculation is given in
appendix C.2. The shear capacity for cross sections with shear reinforcement is the smaller
value of following formulas:

VlRd,s =
Asw
s
zfywdcotθ (4.24)

and

VlRd,max =
αcwbwzν1fcd
cotθ + tanθ

(4.25)

where
ν1 = 0.5(1− fck

250
)

z = 0.9d
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Asw is the cross sectional area of the shear reinforcement, s is the stirrup spacing, z is the
internal moment arm, fywd is the design yield strength of the shear reinforcement, θ is the
angle between the compression strut and the horizontal axis, αcw depends on the stress
state in the compression strut, bw is the width of the cross section and ν1 is a strength
reduction factor for concrete exposed to shear forces.

Equation 4.24 was used to calculate the required stirrup spacing. By assuming VlRd,s
= P = 900 kN, the required stirrup spacing s was 72 mm. By applying stirrup spacing s =
70 mm the shear capacity was 925 kN. All calculations are given in appendix C.2.

Load-Deflection Curve

Before testing the beams, a model of the load-deflection relation was established. For
relatively small loads, the stresses in tension will be smaller than the tensile capacity and
the concrete will not crack. This is defined as stadium I. As the load increases, the concrete
tensile capacity will be exceeded and the concrete will crack. This is defined as stadium
2. It was assumed in this model that the concrete did not have any tensile capacity. The
bending stiffness for both stadiums were calculated by using appropriate equations and
parameters. The transition between uncracked and cracked state is represented by tension
stiffening. The model used in calculations of the load-deflection curve was based on EC2
and is presented in ”Betongkonstruksjoner” [34].
First, the material stiffness ratio and reinforcement ratio was calculated:

η =
Es
Ecm

(4.26)

ρl =
Asl
bd

(4.27)

Then, the bending stiffness of uncracked cross section was calculated.
The neutral axis depth was calculated as:

αd =
0.5Ach+ ηAsld

Ac + ηAsl
(4.28)

The concrete’s contribution to the second moment of area was calculated as:

Ic1 =
bh3

12
+ bh

(
αd− h

2

)2
(4.29)

The reinforcement’s contribution to the second moment of area was calculated as:

Is1 = Asl(d− αd)2 (4.30)

This led to the expression for the bending stiffness of uncracked cross section:

(EI)1 = EcIc1 + EsIs1 (4.31)

This in turn led to the expression for deflection of uncracked cross section [41]:

δI =
Pa

24(EI)1
(3L2 − 4a2) (4.32)
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The deflection is based on a general case where a simply supported beam is exposed to
two symmetrical point loads, shown in Figure 4.13:

Figure 4.13: Simply supported beam loaded symmetrically [41]

The bending stiffness of cracked cross section was then calculated.
Compressive zone part of effective height was calculated as:

α =
√

(ηρl)2 + 2ηρl − ηρl (4.33)

The equivalent second moment of area of the concrete was calculated as:

Ic =
1

2
α2
(

1− α

3

)
bd3 (4.34)

This led to the expression for the bending stiffness of cracked cross section:

(EI)2 = EcIc (4.35)

leading to the deflection of cracked cross section being [41]:

δII =
Pa

24(EI)2
(3L2 − 4a2) (4.36)

When tension stiffing is taken into account, the deflection can be expressed as:

δ = ζδII + (1− ζ)δI (4.37)

where

ζ = 1− β
(
Mcr

M

)2

and

Mcr =
Ic1 + ηIsl
h− αd

fctm

β = 1, 0 for a single short term load
β = 0, 5 for a long term or cyclic load

Lastly, critical load when cracking occurs was calculated as:

Pcr = 2
Mcr

a
(4.38)
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a being the distance from support to the point load. Figure 4.14 shows graphically the
calculated relation between load and deflection of the beams. The tension stiffening curve
represents the load-deflection relation of the beams. All calculations are given in appendix
C.3.

Figure 4.14: Calculated load-deflection curve

Compressive Capacity of Confined Concrete

In order to predict the magnitude of increase in compressive capacity from confinement,
the formulas for confined concrete were utilized. Since the configuration of the cross sec-
tion of the tested beams were different than what was presented in chapter 3, modifications
regarding the confined area were applied. The presented equations in chapter 3, cover con-
crete cross sections in compression. As the tested beams were exposed to bending, only
a part of the cross section was subjected to compression, making it impossible to directly
apply some of the formulas. Figure 4.15 explains visually how the effectively confined
concrete area was calculated.
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4.3 Test Setup and Procedure

Figure 4.15: Effectively confined concrete core

When applying the formulas, the first step consisted of calculating the confined compres-
sive capacity of the concrete. This was done for each beam and is summarized in Table
4.6.
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Table 4.6: Confined compressive capacity

Confined Increase of
Beam Beam compressive capacity capacity

number identification [MPa] [%]
1 LWAC65 20 0 65 0
2 LWAC65 20 200 67.6 4
3 LWAC65 20 60 99.4 53
4 LWAC65 20 100 81.4 25.3
5 LWAC65 40 60 101.9 56.8
6 LWAC65 20 100 82.4 26.7
7 LWAC65 20 200 67.3 3.5

The next step was to calculate the stress-strain curve for all the beams. These curves are
all given in Figure 4.16. The formulas and procedure from chapter 3 were utilized in
calculation of these curves.

Figure 4.16: Calculated stress-strain curve of all tested beams
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Chapter 5
Results

This chapter will present the results of all testing done in the laboratory. All small speci-
mens and beams were casted from the same batch of concrete at the same day. This made
all material properties representative for all beams. The recipe introduced in chapter 4 was
utilized in the final concrete mix. The procedures presented in chapter 4 was followed to
achieve the results presented.

5.1 Material Properties

Table 5.1: Material properties

Saturated density ρcs = 2013 kg/m3

Oven-dry density ρcv = 1834 kg/m3

Cube - compressive strength after 7 days flcm,7 = 56.7 MPa
Cube - compressive strength after 28 days flcm,28 = 74.2 MPa
Cylinder - compressive strength after 28 days flcm = 65.1 MPa
Tensile strength flctm = 4.03 MPa
Young’s modulus Elcm = 24175* MPa
* Value was taken from previous experimental work [23].

Table 5.1 gives an overview of all average material properties of the concrete mix utilized
in testing. All experiments were conducted between 28 and 59 days after casting, with the
exception of compressive strength after 7 days.
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5.1.1 Compressive Strength
Cubes

Cubes were given identification numbers in the order they were tested. Only cubes that
showed adequate failure modes were included in this study. Most of the tested specimens
showed a symmetrical hourglass failure shape. This implies centric loading.

Table 5.2: Compressive strength of cubes

Specimen number t [days] flc [MPa]

1 7 56.20
2 7 57.32
3 7 56.52
4 28 72.86
5 28 76.21
6 28 73.48
7 38 74.45
8 38 74.63
9 38 77.13

10 44 76.30
11 44 77.88
12 44 76.99
13 49 78.02
14 49 79.15
15 49 77.78
16 55 80.75
17 55 81.73
20 59 80.06
21 59 77.60
22 59 75.27
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5.1 Material Properties

Figure 5.1: Development of compressive strength of cubes

Table 5.2 and Figure 5.1 show how the compressive strength of cubes developed over time.
The capacity did not change dramatically after 28 days. Figure 5.1 shows average values
of the cubes tested each day.

Figure 5.2: Failure of cubes in compression
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Cylinders

Cylinders were given identification number in the order they were tested. Four cylinders
were tested after 28 days to measure average compressive capacity. All tested cylinders
were grained on the top and the bottom surface to make sure both sides were parallel. All
four specimens showed adequate failures.

Table 5.3: Compressive Strength of Cylinders

Specimen number t [days] flc [MPa]

1 28 64.71
2 28 63.83
3 28 66.71
4 28 65.16

Figure 5.3: Failure of cylinders in compression

5.1.2 Tensile Splitting Strength
Four cylinders were tested to find the tensile splitting strength. All specimens displayed
adequate failures. The fracture line propagated through the whole diameter. The test was
conducted 28 days after casting.
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Table 5.4: Tensile splitting strength of cylinders

Specimen number t [days] flct[MPa]

1 28 3.96
2 28 4.18
3 28 3.96
4 28 4.00

Figure 5.4: Failure of cylinders in tension
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5.2 Beams
The beams were unwrapped 31 days after casting, and later painted white in order to see
crack propagation clearer during testing. On the day of testing, each beam was placed in
the test rig and the steel spreader beam was connected to provide the desired load situation.
In some of the graphs in the following section, some LVDTs or strain gauges did not work.
In these cases, the values of the measuring devices will be registered until destruction.

Compressive and tensile strains in both concrete and reinforcement were measured
during the tests. Vertical deflections were also measured.

Peak one was defined as the load level when the concrete cover on top between the
loading points spalled. Immediately after the beams reached this peak, the LVDTs on top
of the beams were not able to record strains. Some of the beams were able to redistribute
the forces and continue to deflect, for an increased or a constant load level, after peak one.
Failure occurred when the concrete cover on the sides spalled. This was defined as peak
two.

The same development of cracks occurred for beam 1-6. The first bending crack was
observed in the tensile zone 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
cracks. In beam 7, shear cracks appeared from bending cracks, which was different than
for the other beams. Figure B.1 - B.7 show crack propagation and loading steps for each
beam.

Linear strain distributions over the height of the cross section were calculated for all
the beams at different load levels. The lines were created from measured strain values in
compression and tension using linear interpolation. The strains measured in the reinforce-
ment was used to create the lines.

With the exception of beam 5, all the beams failed in compression between the loading
points. This type of failure is defined as compressive failure in the bending moment zone.

By using DIC, it was possible to observe the marked strain field just before spalling
of each beam. It can be noticed that the strains measured by the DIC in general showed
larger strains than the strains measured by LVDTs. The maximum strains on top of the
beams measured by DIC were between 4 and 4.5 h for all the beams. It can be observed
from the pictures that the strains were localized in small areas.

Detailed tables of loading steps and accompanying deflections and strains for each
beam is given in table B.1 - B.6. Table 5.5 gives a summary of the testing results.
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Table 5.5: Summary of testing results

Stirrup Compressive Bending Shear Max load Failure Calculated
Beam Beam spacing cube strength crack crack registered load max load Pmax

Pcalc

number identi- s flcm,28 Pcr Pcr,V Pmax Pu Pcalc
fication [mm] [MPa]* [kN] [kN] [kN] [kN] [kN]

1 LWA65 20 0 - 74.2 53 318 724 717 729 0.99
2 LWA65 20 200 200 74.2 107 350 645 629 729 0.88
3 LWA65 20 60 60 74.2 78 319 707 687 729 0.97
4 LWA65 20 100 100 74.2 69 324 700 691 729 0.96
5 LWA65 40 60 60 74.2 - - 505 505 726 0.69
6 LWA65 40 100 100 74.2 64 339 663 589 726 0.91
7 LWA65 40 200 200 74.2 64 250 750 653 800 0.94

* Mean cube strength after 28 days.

Figure 5.5: Location and designated names for each measuring device

Figure 5.5 shows the location and the designated names for each measuring device. All
devices will be referred to in this way throughout this chapter.

5.2.1 Beam 1 - LWAC65 20 0
The first beam was tested 37 days after casting with a loading rate of 1 mm/min. As a
precaution, more loading steps than necessary were used. The first bending crack appeared
at load level P = 53 kN. The first shear crack appeared at load level P = 318 kN.

The north support of the steel spreader beam of setup 1 was not sufficiently con-
structed. This led to yielding of the bottom flange making the load situation eccentric,
in turn leading to torsion of the concrete beam. The test was then stopped and continued
after correct installation of the steel spreader supports. When the load P approached 550
kN, it was apparent that the steel beam did not have sufficient capacity to transfer the load.
Moments after, the web of the steel spreader beam started to yield.
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(a) Yielding of bottom flange (b) Yielding of web

Figure 5.6: Yielding of steel spreader beam for setup 1

The test was stopped at approximately P = 650 kN. There was also observed local spalling
of the concrete under the north support. The beam was left in the rig for 12 days. During
these days, a new steel spreader beam was constructed to transfer the load from the jack.
No plastic deformations or further propagation of cracks were observed after the resting
days. Figure 5.8, 5.10 and 5.12 was created from data of setup 1. Figure 5.7a and 5.7b
show setup 1 and 2 of beam 1.

(a) Setup 1 (b) Setup 2

Figure 5.7: First and second setup of beam 1

When testing was continued, beam 1 was loaded without pause to P = 650 kN. The loading
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rate was changed to 1.2 mm/min. Beam 1 failed in compression between the loading points
during the relaxation period after load level P = 725 kN. The failure was very explosive
and brittle.

Figure 5.8: Load-deflection curves setup 1 for beam 1

Figure 5.9: Load-deflection curves setup 2 for beam 1
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Figure 5.8 and 5.9 show the load-deflection curves. The deflection under each loading
point was almost equal throughout the test. This implies symmetrical loading of the beam
and that a constant moment zone was achieved between the loading points. The displace-
ment at midspan was larger than under both loading points. The same situation is seen in
figure 5.9. However, some spalling under the north support occurred. This indicates that
the loading was not symmetrical or that the concrete was locally weaker at this support.
It can be seen that beam 1 was not able to resist any loading after reaching peak 1, as the
failure happened immediately. The beam showed no ductile behaviour.

Figure 5.10: Load-compressive strain curves setup 1 for beam 1
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Figure 5.11: Load-compressive strain curves setup 2 for beam 1

Figure 5.10 and 5.11 show the load-compressive strain curves. Unequal strain values were
measured at different points along the beam axis. The strain was higher closer to the
support where the spalling of the concrete occurred. A difference in strains was also
observed for the strains measured at the same height of the cross section. The strains on
the east side were larger. This is in accordance with the fact that the beam was subjected
to torsion when tested with the first setup. The strains in the compressive bar in the second
setup was more equal along the beam axis. This implies more symmetrical loading the
second time.
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Figure 5.12: Load-tensile strain curves setup 1 for beam 1

Figure 5.13: Load-tensile strain curves setup 2 for beam 1

Figure 5.12 and 5.13 show the load-tensile strain curves. The tensile strains for the west
and east side of the beam differed significantly, as seen in table B.1. This implies torsion
during testing. The strains decreased closer to the neutral axis. The tensile reinforcement
did not yield as the maximum strain was lower than 2.5 h.
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Figure 5.14: Strain distribution at different load levels for beam 1

Figure 5.14 shows the strain distribution over the height of the cross section calculated
from strain measurements at different load levels.

Figure 5.15: Beam 1 - Whole beam, failure
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Figure 5.16: Beam 1 - Test zone, failure

Figure 5.15 and 5.16 show beam 1 after failure as well as step wise crack development.
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Figure 5.17: Strain field from DIC

Figure 5.17 shows the strain field of the compressive zone from DIC just before peak one.
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5.2.2 Beam 2 - LWAC65 20 200
The second beam was tested 50 days after casting with a loading rate of 1.2 mm/min. The
first bending crack appeared at load level P = 107 kN. The first shear crack appeared at
load level P = 350 kN. The beam failed in compression between the loading points at load
level P = 645 kN.

Figure 5.18: Load-deflection curves for beam 2

Figure 5.18 shows the load-deflection curves. The deflections under the loading points
developed almost identically. This indicates that the load situation was symmetrical and
that a constant moment zone was achieved between the loading points. The figure shows
that the deflection at midspan was larger than under both loading points. From figure 5.18,
it can be seen that after the maximum load was reached, the displacement increased for
a nearly constant load. The figure shows a small displacement plateau before reaching
failure load. This indicates a certain ductile behaviour of the beam.
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Figure 5.19: Load-compressive strain curves for beam 2

Figure 5.19 shows the load-compressive strain curves. The figure shows good agreement
between the strains measured at the same height of the cross section. The strains measured
at different points along the beam axis also show good agreement. It can be noticed that
SG-C2 stopped working at load level P ≈ 415 kN. The agreements of strains both laterally
and longitudinally show that torsion did not occur and that a constant moment zone was
achieved between the loading points. Smaller strains were observed closer to the neutral
axis. After reaching strain level 2.5 h, the reinforcement yielded.
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Figure 5.20: Load-tensile strain curve for beam 2

Figure 5.20 shows the load-tensile strain curves. The figure shows different strains for the
same height of the cross section. The tensile reinforcement did not yield as the maximum
strain was lower than 2.5 h.

Figure 5.21: Strain distribution at different load levels for beam 2

Figure 5.21 shows the strain distribution over the height of the cross section calculated
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from strain measurements at different load levels.

Figure 5.22: Beam 2 - Whole beam, failure

Figure 5.23: Beam 2 - Test zone, failure

Figure 5.22 and 5.23 shows beam 2 after failure as well as step wise crack develop-
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ment.

Figure 5.24: Strain field from DIC

Figure 5.24 shows the strain field of the compressive zone from DIC just before peak one.

62



5.2 Beams

5.2.3 Beam 3 - LWAC65 20 60
The third beam was tested 50 days after casting with a loading rate of 1.2 mm/min. The
first bending crack was observed at load level P = 78 kN. The first shear crack was ob-
served at load level P = 319 kN. The beam failed in compression between the loading
points at load level P = 687 kN.

Figure 5.25: Load-deflection curves for beam 3

Figure 5.25 shows the load-deflection curves. The figure indicates that a constant moment
zone was achieved as the deflections under both loading points were close to equal. The
deflection at midspan was larger than under the loading points. From the figure we observe
a deflection plateau after the maximum load level was reached. The deflections increased
for a minor increase of the load, shown as two peaks on the curves. The failure of the
beam was ductile.
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Figure 5.26: Load-compressive strain curves for beam 3

Figure 5.26 shows the load-compressive strain curves. The strains measured at different
points along the beam axis were equal. This indicates that a constant moment zone was
achieved between the loading points. The strains measured at the same height of the cross
section were also equal. This indicates that the beam was not exposed to torsion. The
compressive reinforcement yielded after 2.5 h.

Figure 5.27: Load-tensile strain curves for beam 3
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Figure 5.27 shows the load-tensile strain curves. From Table B.3 it can be seen that the
concrete strains measured at the same height of the cross section differed significantly.
The strains on the west side of the beam were larger than on the east side. This indicates
that the beam was exposed to torsion. The average concrete strains were quite similar to
the reinforcement strains measured at the same height. The strains decreased closer to the
neutral axis. The tensile reinforcement did not yield as the strains were lower than 2.5 h.

Figure 5.28: Strain distribution at different load levels for beam 3

Figure 5.28 shows the strain distribution over the height of the cross section calculated
from strain measurements at different load levels. There was no available strain measure-
ments to calculate the linear strain distribution at failure load.
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Figure 5.29: Beam 3 - Whole beam, failure

Figure 5.30: Beam 3 - Test zone, failure

Figure 5.29 and 5.30 show beam 3 after failure as well as step wise crack development.
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Figure 5.31: Strain field from DIC

Figure 5.39 shows the strain field of the compressive zone from DIC just before peak one.
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5.2.4 Beam 4 - LWAC65 20 100
The fourth beam was tested 55 days after casting with a loading rate of 1.2 mm/min.
The first bending crack was observed at load level P = 69 kN. The first shear crack was
observed at load level P = 324 kN. The beam failed in compression between the loading
points at P = 690 kN.

Figure 5.32: Load-deflection curves for beam 4

Figure 5.32 shows the load-deflection curves. The deflection under each loading point
were almost equal. This indicates that a constant moment zone was achieved between the
loading points. The deflection at midspan was larger than under both loading points. After
reaching the maximum load, the load dropped as the deflection increased. The curves do
not show a deflection plateau, but a force redistribution can be observed.
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Figure 5.33: Load-compressive strain curve for beam 4

Figure 5.33 shows the load-compressive strain curves. The figure shows good agreement
between the strains at the same height of the cross section. However, the strains in the
reinforcement differed compared to the strains in the concrete. The agreement between the
strains measured at different points along the beam axis indicates that a constant moment
zone was achieved between the loading points. The compressive reinforcement yielded
after 2.5 h.
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Figure 5.34: Load-tensile strain curves for beam 4

Figure 5.34 shows the load-tensile strain curves. The tensile strains measured at the same
height of the cross section differed in the concrete and in the reinforcement. The strains
decreased closer to the neutral axis. The tensile reinforcement did not yield as the strains
were lower than 2.5 h.

Figure 5.35: Strain distribution at different load levels for beam 4
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Figure 5.35 shows the strain distribution over the height of the cross section calculated
from strain measurements at different load levels.

Figure 5.36: Beam 4 - Whole beam, failure
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Figure 5.37: Beam 4 - Test zone, failure

Figure 5.36 and 5.37 shows beam 4 after failure as well as step wise crack development.

Figure 5.38: Load-time curves for all the beams
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Table 5.6

First peak Second peak Time difference
Beam Beam T1 T2 T2 - T1

number identification [s] [s] [s]
1 LWAC65 20 0 1070 - -
2 LWAC65 20 200 3858 3894 36
3 LWAC65 20 60 4224 4380 156
4 LWAC65 20 100 4448 4564* 116
6 LWAC65 40 100 3100 3164 64
7 LWAC65 40 200 4614 4816 202

* Not considered as a peak, only a second vertical drop in the load-time curve

Figure 5.38 shows the load-time curves for the beams. Table 5.6 shows at what time each
peak occurred and the time difference between them. Beam 4 did not reach a second peak.
From Figure 5.38 and Table 5.6, a certain time interval between the first peak and the load
level where the load drops vertically a second time, can be observed. This shows that
beam 4 resisted a certain load level over a certain time interval after reaching peak one,
even though the load was constantly decreasing. By visual inspection during testing of
beam 4, the concrete on top spalled at T1 and the concrete on the sides spalled at T2.

Figure 5.39: Strain field from DIC
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Figure 5.39 shows the strain field of the compressive zone from DIC just before peak one.

5.2.5 Beam 5 - LWAC65 40 60
The fifth beam was tested 56 days after casting with a loading rate of 1.2 mm/min. At
load level P = 505 kN the beam unexpectedly failed between the loading point and the
north support. This fracture is defined as a compressive failure in the shear zone. After
further investigation of the fracture area, it was apparent that the casting of the beam was
not adequate. Big air pockets were discovered in the part of the cross section where the
beam failed. This is shown in Figure 5.40. It was decided that the results would not be
representative for the further investigation of the beam.

Figure 5.40: Visual pockets of air in the concrete
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Figure 5.41: Beam 5 - Whole beam, failure

Figure 5.42: Beam 5 - Test zone, failure
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5.2.6 Beam 6 - LWAC65 40 100
The sixth beam was tested 57 days after casting with a loading rate of 1.2 mm/min. The
first bending crack was observed at a load level P = 64 kN. The first shear crack was
observed at load level P = 339 kN. The beam failed in compression between the loading
points at load level P = 589 kN.

Figure 5.43: Load-deflection curves for beam 6

Figure 5.43 shows the load-deflection curves. The deflection under both loading points
coincide until reaching the maximum load. This indicates that a constant moment zone
was achieved between the loading points. The deflection at midspan was larger than under
both loading points. After reaching the maximum load, the load dropped before the beam
continued to deflect at a constant load level until failure. From the graphs, two load peaks
and a deflection plateau can be observed. The failure of the beam was ductile.

76



5.2 Beams

Figure 5.44: Load-compressive strain curves for beam 6

Figure 5.44 shows the load-compressive strain curves. The agreement between the strains
measured at different points along the beam axis shows that a constant moment zone was
achieved between the loading points. The compressive reinforcement yielded after 2.5 h.
The strains measured at the same height of the cross section differed significantly. This
indicates that the beam was subjected to torsion.

Figure 5.45: Load-tensile strain curves for beam 6

Figure 5.45 shows the load-tensile strain curves. The average values of the strain in the
concrete and reinforcement coincide well. However, the strains on each side of the beam

77



Chapter 5. Results

did not match, as seen in Table B.5. This also indicates that the beam was subjected to
torsion. The strains decreased closer to the neutral axis.

Figure 5.46: Strain distribution for different load levels for beam 6

Figure 5.46 shows the strain distribution over the height of the cross section calculated
from strain measurements at different load levels.
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Figure 5.47: Beam 6 - Test zone, failure

Figure 5.47 shows beam 6 after failure as well as step wise crack development.
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Figure 5.48: Strain field from DIC

Figure 5.48 shows the strain field of the compressive zone from DIC just before peak one.
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5.2.7 Beam 7 - LWAC65 40 200
The seventh beam was tested 59 days after casting with a loading rate of 1.2 mm/min.
The first bending crack was observed at load level P = 64 kN. The first shear crack was
observed at load level P = 250 kN. Spalling was observed under the south support at load
level P = 550 kN. The beam failed in compression between the loading points at load level
P = 653 kN.

Figure 5.49: Load-deflection curves for beam 7

Figure 5.49 shows the load-deflection curves. The deflection under each loading point
differed. This implies minor asymmetrical loading of the beam and that the moment zone
was nearly constant between the loading points. The displacement at midspan was larger
than under the loading points. After reaching the maximum load, the load dropped before
the beam continued to deflect at a nearly constant load level until failure. Two load peaks
and a certain deflection plateau can be observed from the curves. The failure of the beam
was ductile.
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Figure 5.50: Load-compressive strain curves for beam 7

Figure 5.50 shows the load-compressive strain curves. The strains measured at different
points along the beam axis differed significantly. The reason for this might be the short
transversal reinforcement acting as supports for the longitudinal reinforcement. Asymmet-
rical loading might also be the reason for this. The amount of compressive reinforcement
was very large. This led to a unique behaviour of the compressive zone, resulting in match-
ing concrete strains for the top and the sides of the beam. The compressive reinforcement
yielded after 2.5 h. It can be observed that SG-C2 stopped working at load level P ≈ 250
kN.
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Figure 5.51: Load-tensile strain curves for beam 7

Figure 5.51 shows the load-tensile strain curves. The strains decreased closer to the neutral
axis. The average strains in the concrete differed a lot from the average strains in the
reinforcement at the same cross-sectional height. The concrete strains on each side of the
beam also differed, as seen in Table B.6. This implies that the beam was subjected to
torsion during testing.

Figure 5.52: Strain distribution for different load levels for beam 7
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Figure 5.52 shows the strain distribution over the height of the cross section calculated
from strain measurements at different load levels.

Figure 5.53: Beam 7 - Whole beam, failure
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5.2 Beams

Figure 5.54: Beam 7 - Test zone, failure

Figure 5.53 and 5.47 shows beam 7 after failure as well as step wise crack development.
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Figure 5.55: Strain field from DIC

Figure 5.55 shows the strain field of the compressive zone from DIC just before peak one.
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5.3 Calculated Confined Concrete Capacity Revisited

5.3 Calculated Confined Concrete Capacity Revisited

Figure 5.56

After the beam testing it was concluded that the confined concrete area that had been
calculated was too large. By inspection of the fracture area, it was decided to exclude
the rectangular concrete area below the construction reinforcement. Calculated results
obtained from that cross section are in better agreement with experimental results.
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Table 5.7: Confined concrete compressive capacity

Confined Increase of
Beam Beam compressive capacity capacity

number identification [MPa] [%]
1 LWAC65 20 0 65 0
2 LWAC65 20 200 66.8 2.8
3 LWAC65 20 60 89.7 38.1
4 LWAC65 20 100 76.5 17.7
5 LWAC65 20 60 89 36.9
6 LWAC65 20 100 75.9 16.8
7 LWAC65 20 200 68.8 5.8

Table 5.7 shows the confined concrete capacity calculated without the lower rectangular
part. The calculations are given in appendix C.4.

Figure 5.57: Updated calculated stress-strain curves for all the tested beams

Figure 5.57 shows the updated stress-strain curves for all the tested beams. When com-
pared to Figure 4.16 it can be observed that the maximum stresses are reduced.
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Chapter 6
Discussion

The following chapter will be a discussion of the results presented in chapter 5. All the
parameters varied in the testing will be discussed separately. The parameters that were
varied in this test were stirrup spacing, size of concrete cover and amount of compressive
reinforcement. The results will also be compared with earlier experimental work.

6.1 Stirrup Spacing
Confinement can be described as a set of parameters improving concrete utilization. Stir-
rup spacing is one of these parameters. According to the model presented in chapter 3,
the concrete will be more confined when the free distance between the stirrups is reduced.
From Figure 3.1, confinement leads to failure at both higher stress and strain level. EC2
states that increased confinement leads to increased ductility [26].
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Figure 6.1: Load-deflection curves for all the beams

Figure 6.1 shows the load-deflection curves for all the beams at midspan. Table 6.1 shows
deflections at midspan at first and second peak and the difference between them. Beam 1
only reached one peak as the failure was brittle and explosive. Beam 2 showed a certain
ductile behaviour and reached a small second peak. Beam 3 had the most ductile behaviour
and the largest increase in loading between peak one and two. Beam 4 showed a slow
failure that cannot be defined as ductile as there was no inelastic deflection without strength
loss. Beam 6 showed a ductile failure and a displacement plateau. Beam 7 showed a ductile
failure and the largest load difference between first and second peak.

As beam 1 had no stirrups between the loading points, a brittle failure was expected.
As beam 2 had large stirrup spacing, the ductility should only be slightly increased or not
affected at all. Beam 3 was expected to be the most ductile as the stirrup spacing was small.
Beam 1, 2 and 3 showed expected results. After testing beam 2 and 3, beam 4 was expected
to show a ductile behaviour that was superior to beam 2 and inferior to beam 3. Beam 4
did not show ductile behaviour, but the capacity was larger than in beam 2. Beam 6, on
the other hand, showed the behavior expected of beam 4. The only difference between
beam 4 and 6 was the concrete cover. Even though they had the same stirrup spacing,
they did not show the same ductile behaviour. Beam 7 also showed ductile behaviour and
had the largest capacity due to the largest compressive reinforcement. From experimental
investigation regarding the stirrup spacing, beams with smaller stirrup spacing showed
more ductile behaviour.
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6.2 Concrete Cover

Table 6.1: Deflections at peaks and deflection plateaus

Defl. at midspan Avg. defl. under load
Beam Beam δM,1 δM,2 δM,2 − δM,1 δP,1 δP,2 δP,2 − δP,1

number identification [mm] [mm] [mm] [mm] [mm] [mm]
1 LWA65 20 0 24,2 - - 21,9 - -
2 LWA65 20 200 22,1 23,1 1 19,7 20,8 1,1
3 LWA65 20 60 23,9 27,2 3,3 21,3 23,9 2,6
4 LWA65 20 100 23,6 - - 20,7 - -
6 LWA65 40 100 22,2 24,4 2,2 20,2 21,8 1,6
7 LWA65 40 200 23,4 25,4 2 21,5 22,7 1,2

From Table 6.1 it can be observed that the difference in deflections at midspan and at the
loading points ranges from 1.0-3.3 mm between peak one and peak two. When looking
at how much the deflections change between peak one and peak two, while comparing
the midspan point to the loading points, the values represent high curvature for just one
meter. It can be observed that beam 3, 6 and 7 have larger differences compared to beam
2. Increased curvature indicates increased ductility.

6.2 Concrete Cover

Figure 6.2: Load-average top strain curves for all the beams

Figure 6.2 shows the load-average top strain curves for all the beams. Equal strain levels
for beam 1-4 can be observed at peak one. The strain levels observed for beam 6 and
7 were lower than for beam 1-4. This indicates that beams with concrete cover 40 mm
spalled at a lower strain level. In Figure 6.1 we can observe a larger drop for the load
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between peak one and two for beam 6 and 7. This was due to smaller remaining cross
section after spalling. The reduction of the cross section led to a smaller internal moment
arm for the remaining cross section. Generally, the confined concrete area becomes smaller
by increasing the size of the concrete cover. This implies that increase of concrete cover
reduces ductility.

Table 6.2 shows experimental values of the strains at peak one on the top surface of
the beams at midspan. These values are far larger than allowed maximum concrete strain
used in the calculations given in appendix C.1 and C.4. The maximum allowed concrete
compressive strains for this type of concrete is 2.52 h according to EC2 [26]. Table
6.2 shows how the measured maximum strains are 1.3-1.5 times larger than the allowed
maximum strain.

Table 6.2: Maximum concrete compressive strains on the top surface

Beam Beam Maximum strains [h] Average concrete
number Identification LVDT-top-W LVDT-top-E compressive strain [h]

1 LWAC65 20 0 3,70 3,74 3,72
2 LWAC65 20 200 3,78 3,75 3,77
3 LWAC65 20 60 3,84 3,64 3,74
4 LWAC65 20 100 3,70 3,67 3,69
6 LWAC65 40 100 3,53 3,61 3,57
7 LWAC65 40 200 3,10 3,49 3,30

Figure 6.3: DIC-pictures of max strain longitudinally with accompanying cross sections

Figure 6.3 shows the compressive zone of beam 2, 6 and 7. Larger strains closer to the
neutral axis and larger strains in concentrated areas were measured in beam 6 compared

92



6.3 Amount of Compressive Reinforcement

to beam 2. Beam 7 shows the largest strains in concentrated areas and the largest strains
closest to the neutral axis. This contradicts the average top strains measured from LVDTs.

6.3 Amount of Compressive Reinforcement
Compressive reinforcement is one of the confinement parameters. As the compressive
bar gets larger, the distance between the longitudinal bars gets smaller. According to the
model presented in chapter 3, this will increase the effectively confined concrete area. This
further implies that increased amount of compressive reinforcement increases ductility.

Beam 7 was more heavily reinforced in the compressive zone than the others. The di-
ameter of the longitudinal compressive reinforcement was doubled and additional transver-
sal reinforcement was placed at each stirrup between the loading points. This reinforce-
ment layout strengthens the compressive zone leading to an increase of the compressive
capacity. The largest capacity was measured in beam 7. Even though the tensile reinforce-
ment of this beam did not yield, the largest tensile reinforcement strains were measured in
beam 7.

From Figure 6.1 and Table 6.1 it can be observed that beam 7 showed more ductile
behaviour than beam 2. This indicates that an increase of the compressive reinforcement
increases the ductility.

From Figure 6.3, it can be observed that beam 7 showed larger strains in the compres-
sive zone compared to the other two beams.

6.4 Confinement

Table 6.3: Compressive capacities

Compressive Compressive
capacity based capacity from

Beam Beam on chap. 3 experiment: LVDTs
number identification [MPa] [MPa]*

1 LWAC65 20 0 65 89.9
2 LWAC65 20 200 66.8 91.1
3 LWAC65 20 60 89.7 90.4
4 LWAC65 20 100 76.5 89.2
5 LWAC65 40 60 89 -
6 LWAC65 40 100 75.9 86.3
7 LWAC65 40 200 68.8 79.8

* Calculated using the Young’s modulus from Table 5.1 and strains from Table 6.2.

Table 6.3 shows two different ways of calculating the maximum stress in the concrete. It
is apparent that there is a difference between the two ways of calculating the maximum
stress. The model presented in chapter 3 predicts an increase in compressive capacity
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based on the improvements of the confinement parameters. The rightmost column in Table
6.3 is based on calculating the stress from the maximum strain in the concrete based on
an assumed Young’s modulus at peak one. The model from chapter 3 generally predicts
varying maximum stresses with varying confinement parameters. The experimental results
show very similar maximum strains and thus similar maximum stresses was calculated.

6.5 Comparison with Previous Experimental Work
Testing of beams with the same reinforcement layout and cross-sectional geometry has
previously been conducted [18]. The following section will be a comparison of the trends
between the two studies.

Table 6.4: Aggregate, compressive strength and reinforcement layout of compared beams

Compressive Stirrup Concrete
Beam Beam Aggregate cube strength spacing cover

number identification [MPa] [mm] [mm]
- ND115-12-60* Coarse aggregate 108.4** 60 20
- ND95-12-200* (8-11 mm) 87.6** 200 20
- ND95-12-60* (8-16 mm) 87.6** 60 20
- LWA75-12-200* Liapor 74.6** 200 20
- LWA75-12-60* (4-8 mm)/(8-16 mm) 74.6** 60 20

1 LWAC65 20 0 74.2*** - 20
2 LWAC65 20 200 74.2*** 200 20
3 LWAC65 20 60 Stalite 74.2*** 60 20
4 LWAC65 20 100 (max 12.7 mm) 74.2*** 100 20
5 LWAC65 40 60 74.2*** 60 40
6 LWAC65 40 100 74.2*** 100 40
7 LWAC65 40 200 74.2*** 200 40

* Beams tested in previous experimental work[18].
** Mean cube strength from 3 batches at 28 days.
*** Mean cube strength from 1 batch at 28 days.

Table 6.4 shows the compared beams. The table includes the beams with comparable
parameters between this and the previous study. The previous experimental study tested
11 beams. Seven beams were tested with two different types of NDC and four beams were
tested with LWAC. The NDCs contained coarse aggregate with fractions 8-11 mm and
8-16 mm. The LWAC contained Liapor aggregate of fractions 4-8 mm and 8-16 mm. The
compressive strength was 108.4, 87.6 and 74.6 MPa respectively for ND115, ND95 and
LWA75. Type of aggregate, compressive strength, stirrup spacing and concrete cover is
given in Table 6.4.
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Figure 6.4: Test programme of previous experimental study [18].

Figure 6.4 shows the loading and layout of the beams in the previous experimental study.
It is emphasized in this figure how the beam identification numbering system of this and
the previous study was different. It can also be seen that the cross-sectional layout, length
of the beams and load situation was equal in the two studies.
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Table 6.5: Local maximum loads with corresponding deflections for all beams

First peak Second peak
Beam Beam Load Displacement Load Displacement F2/F1 δ2/δ1

number Identification F1 [N] δ 1 [mm] F2 [N] δ 2 [mm]
- ND115-12-60 * 890 17.4 942 27.5 1.06 1.58
- ND95-12-200 * 745 17.2 718 21.0 0.96 1.22
- ND95-12-60 * 658 14.9 753 25.3 1.14 1.70
- LWA75-12-200 * 682 16.9 - - - -
- LWA75-12-60 * 670 16.9 689 23.6 1.03 1.40

1 LWAC65 20 0 717 24,2 - - - -
2 LWAC65 20 200 645 22.1 629** 23.1 0.98 1.05
3 LWAC65 20 60 707 23.9 687 27.2 0.97 1.14
4 LWAC65 20 100 691 23.6 - - - -
5 LWAC65 40 60 - - - - - -
6 LWAC65 40 100 663 22.2 589 24.4 0.89 1.10
7 LWAC65 40 200 742 23.4 653 25.4 0.88 1.09

* Beams tested in previous experimental work[18].
** Small peak.

Table 6.5 shows experimental values of loads and deflections for all the beams at first
and second peak. The ratio between peak loads and peak deflections are also given to
compare the beams. Two different trends can be observed. The loads at second peak in
the previous study were generally larger than the loads at first peak. The beams in the
previous study showed load-deflection curves where the beams were able to withstand
more loading after the top cover spalled and a load redistribution occurred. The trend is
the opposite in this study. None of the beams were able to resist a load level larger than for
peak one. Beam 2 and 3 were close with load ratios of 0.98 and 0.97. The other difference
observed is in deflections. The relative difference between deflections at peak one and
peak two is generally larger in the previous study. It should be mentioned that the actual
deflections at peak one are generally larger in this study compared to the previous study.
When comparing LWAC65 20 200 to LWA75-12-200 and LWAC65 20 60 to LWA75-12-
60, which are the most comparable beams, the capacities are not significantly different.
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Table 6.6: Maximum concrete compressive strains on the top surface

Beam Beam Maximum strains [h] Average concrete
numbering identification LVDT-top-W LVDT-top-E compressive strain [h]

- ND115-12-60* 3,42** 3,35** 3,38
- ND95-12-200* 3,70** 4,00** 3,85
- ND95-12-60* 2,88** 3,24** 3,06
- LWA75-12-200* 3,56** 3,37** 3,47
- LWA75-12-60* 3,20** 3,88** 3,54

1 LWA65 20 0 3,70 3,74 3,72
2 LWA65 20 200 3,78 3,75 3,77
3 LWA65 20 60 3,84 3,64 3,74
4 LWA65 20 100 3,70 3,67 3,69
6 LWA65 40 100 3,53 3,61 3,57
7 LWA65 40 200 3,10 3,49 3,30

* Beams tested in previous experimental work[18].
** Values are measured from strain gauges from previous experimental work[18].

Table 6.6 shows maximum strains measured on the top surface at midspan. These strains
correspond to the concrete strains at peak one. It is apparent that the average strains at
peak one in this study were generally larger than in the previous study. This is also seen
when comparing LWAC65 20 200 to LWA75-12-200 and LWAC65 20 60 to LWA75-12-
60. For beams with stirrup spacing 200 mm and concrete cover 20 mm, the strain in this
study was 1.09 times larger than in the previous study. For stirrup spacing 60 mm and
concrete cover 20 mm, the strain in this study was 1.06 times larger.
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Chapter 7
Summary and Conclusion

Seven over-reinforced LWAC beams have been tested in this study. Stalite with a fraction
1/2” was used as aggregate in the concrete. All the beams were loaded in a four point
bending test. The test was deflection controlled with a loading rate of 1.2 mm/min until
failure. The main test parameters were stirrup spacing, size of concrete cover and amount
of compressive reinforcement. To find material properties of the LWAC, small specimens
were tested. 22 cubes and 8 cylinders were tested from the same batch of concrete as
the beams. One of the beams tested was not sufficiently casted and the results of this
beam were therefore not analyzed. Four of the remaining six beams showed a ductile
behavior. Contrary to the previous experimental study [18], the beams with stirrup spacing
200 mm showed a certain ductile behaviour. Structural LWAC are generally less ductile
than NDC. The results indicated that by applying reinforcement in a way that increases the
confinement of the concrete, LWAC beams can show ductile behaviour that is similar to
NDC beams. Even though EC2 only allows for a maximum strain of 2.52 h for the type
of concrete used in this study, the compressive strains measured in all the beams ranged
from 3.30-3.77 h. This indicates that EC2 underestimates the ultimate compressive strain
of LWAC.

• The test results indicate that the beams with reduced stirrup spacing, which in-
creased confinement, led to more ductile behaviour. LWAC65 20 100 (beam 4) was
the exception. This beam showed a slow failure that cannot be defined as ductile.

• The main difference in behaviour between the beams with concrete cover 20 and 40
mm was the load drop from first to second peak. When more of the cross section
spalled off at peak one, a smaller cross section was left to resist an increase of
loading after the redistribution of forces. When the top concrete cover is increased,
less of the cross section will generally be confined. A reduction of confinement will
generally lead to less ductile behaviour.

• The beam containing the largest compressive reinforcement resisted the largest load.
The confinement model presented in chapter 3 indicates that by increasing com-
pressive reinforcement, the distance between each longitudinal bar decreases. This

99



Chapter 7. Summary and Conclusion

results in more confinement and therefore increased ductility. By comparing the ex-
perimental results for LWAC65 20 200 (beam 2) and LWAC65 40 200 (beam 7), it
was indicated that an increase of compressive reinforcement increased the ductility.

• The calculation of maximum stress, based on effectively confined concrete pre-
sented in chapter 3, gave varying results depending on the layout of the reinforce-
ment. In the test, there was no measurement of compressive stress. Compressive
stresses were calculated from Hooke’s law and the average maximum strains mea-
sured on the top of the beams. The results from these two methods varied.

• DIC generally shows a detailed picture of a strain field. Localization of strains can
be observed from the DIC pictures. LVDTs measure average strains over a given
distance. For the beam with the largest compressive reinforcement, strain values
measured by DIC and LVDTs varied. Larger strains and localization were measured
using DIC, compared to the strain values measured with the LVDTs.

• EC2 has special rules for LWAC. The standard contains reduction factors and special
rules that are applied to regular design criterion. The results in this study indicate
that EC2 underestimates LWAC, as the recorded maximum strains in the beams were
1.3-1.5 times larger than the allowed maximum strain for this concrete.

• In this and the previous experimental study, beams with stirrup spacing 60 mm
showed ductile behaviour. Beams with stirrup spacing 200 mm, in previous ex-
perimental work, only showed ductile behaviour for NDC. In this study both beams
with stirrup spacing 200 mm and one of the beams with stirrup spacing 100 mm
showed ductile behaviour.
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Chapter 8
Further Study

Considering the experimental results, literature and standards reviewed, it was concluded
that some further study should be conducted.

• By using DIC, strain fields of the compressive zones have been measured. This
methodology do not require complicated preparation compared to ordinary method-
ologies (LVDTs and strain gauges). DIC gives more detailed information as it pro-
vides a strain field. DIC gives varying strains in multiple dimensions as opposed
to LVDTs, which gives an average value over a given distance in one dimension.
Based on experience from this study, further investigation of DIC is proposed. In-
vestigations could include DIC software understanding and application of DIC as a
measuring device for concrete structures in general.

• Characteristics of LWAC mostly depend on the type of LWA used. EC2 do not
differentiate between different types of LWAs used in LWAC. From the experimental
results of this study, it is indicated that EC2 underestimates Stalite as an aggregate.
Since LWAC showed behavior similar to NDC in this study, investigation of LWAC
as a structural material should be continued. The way EC2 treats different types of
LWAC should especially be investigated.
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Appendix A
Reinforcement Layout

A.1 Technical Drawings of Beams
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Figure A.1: Beam 1 - Reinforcement layout.
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Figure A.2: Beam 2 - Reinforcement layout.
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Figure A.3: Beam 3 - Reinforcement layout.
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Figure A.4: Beam 4 - Reinforcement layout.
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Figure A.5: Beam 5 - Reinforcement layout.
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Figure A.6: Beam 6 - Reinforcement layout.

113



Figure A.7: Beam 7 - Reinforcement layout.
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Figure A.8: Recapitulation of total reinforcement for all beams.
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A.2 Documentation of Cover and Spacing

Figure A.9: Beam 1 - Stirrup spacing

Figure A.10: Beam 1 - Concrete cover
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Figure A.11: Beam 2 - Stirrup spacing

Figure A.12: Beam 2 - Concrete cover
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Figure A.13: Beam 3 - Stirrup spacing

Figure A.14: Beam 3 - Concrete cover
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Figure A.15: Beam 4 - Stirrup spacing

Figure A.16: Beam 4 - Concrete cover

119



Figure A.17: Beam 5 - Stirrup spacing

Figure A.18: Beam 5 - Concrete cover
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Figure A.19: Beam 6 - Stirrup spacing

Figure A.20: Beam 6 - Concrete cover
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Figure A.21: Beam 6 - Stirrup spacing

Figure A.22: Beam 7 - Concrete cover
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Appendix B
Results

B.1 Beam Testing

Table B.1: Beam 1 - Steps, loads, deflections and strains

Step 1 2 3 4 5 6 7 8 9 10 11 Max Failure
Load [kN] 100 200 300 500 700 900 1100 1200 1300 1350 1400 1448 1434
LVDT-M [mm] 1,52 2,91 4,29 7,50 11,08 14,50 17,93 20,00 21,45 22,2 23,17 24,17 24,18
LVDT-2 [mm] 1,41 2,69 3,96 6,91 10,21 13,40 16,54 18,46 19,23 19,91 20,8 21,7 21,69
LVDT-1 [mm] 1,22 2,49 3,75 6,66 9,92 13,04 16,16 18,08 19,67 20,34 21,23 22,14 22,15
LVDT-CW [h] 0 0,23 0,41 0,83 1,27 1,64 2,09 2,37 2,84 2,96 3,12 3,29 3,27
LVDT-TW [h] 0,01 0,23 0,39 0,66 1,0 1,36 1,66 1,84 1,70 1,75 1,79 1,83 1,82
LVDT-top-W [h] 0,13 0,34 0,57 1,08 1,61 2,13 2,67 3,01 3,21 3,35 3,53 3,72 3,70
LVDT-top-E [h] 0,18 0,43 0,68 1,22 1,77 2,34 2,92 3,29 3,41 3,53 3,69 3,76 3,74
LVDT-TE [h] 0,12 0,21 0,30 0,51 0,82 1,09 1,39 1,56 1,74 1,82 1,93 2,04 2,04
SG-C1 [h] 0,2 0,41 0,63 1,12 631, 2,14 2,72 3,06 3,07 3,17 3,24 3,30 3,27
SG-C2 [h] 0,19 0,39 0,59 1,04 1,51 1,98 2,48 2,84 2,97 3,02 3,15 3,34 3,49
SG-CM [h] 0,19 0,39 0,59 1,03 1,48 1,93 2,40 2,80 - - - - -
SG-TB1 [h] - - - - - - - - - - - - -
SG-TB2 [h] - - - - - - - - - - - - -
SG-TT [h] 0,07 0,14 0,23 0,43 0,64 0,83 1,03 1,13 1,22 1,27 1,32 1,37 1,36
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Table B.2: Beam 2 - Steps, loads, deflections and strains

Step 1 2 3 4 5 6 7 Max Failure
Load [kN] 100 200 300 500 700 900 1100 1300 1259
LVDT-M [mm] 1,57 3,11 4,61 7,77 11,17 14,65 18,14 21,88 23,06
LVDT-2 [mm] 1,30 2,65 3,93 6,67 9,67 12,76 15,94 19,31 20,08
LVDT-1 [mm] 1,39 2,72 4,02 6,81 9,89 13,01 16,25 19,68 20,77
LVDT-CW [h] 0,24 0,45 0,66 1,09 1,55 2,03 2,54 3,11 -
LVDT-TW [h] 0,09 0,14 0,25 0,52 0,79 1,04 1,36 1,63 1,75
LVDT-top-W [h] 0,2 0,45 0,70 1,23 1,80 2,39 3,05 3,77 -
LVDT-top-E [h] 0,25 0,51 0,78 1,33 1,88 2,45 3,05 3,73 -
LVDT-TE [h] 0 0,17 0,27 0,52 0,83 1,12 1,41 1,71 1,80
SG-C1 [h] 0,20 0,42 0,64 1,10 1,59 2,07 2,65 3,55 3,51
SG-C2 [h] 0,19 0,37 0,58 1,02 1,50 1,66 2,18 2,92 -
SG-CM [h] 0,20 0,42 0,65 1,11 1,60 2,02 2,61 - -
SG-TB1 [h] 0,10 0,23 0,36 0,68 0,99 1,37 1,63 1,95 2,03
SG-TB2 [h] 0,10 0,24 0,37 0,68 0,99 1,37 1,65 1,97 2,05
SG-TT [h] 0,08 0,17 0,26 0,54 0,76 1,05 1,24 1,46 1,48

Table B.3: Beam 3 - Steps, loads, deflections and strains

Step 1 2 3 4 5 6 7 8 Max Failure
Load [kN] 100 200 300 500 700 900 1100 1300 1414 1373
LVDT-M [mm] 1,59 3,01 4,47 7,59 10,91 14,27 17,79 21,42 23,89 27,18
LVDT-2 [mm] 1,35 2,55 3,79 6,49 9,46 12,46 15,63 18,89 21,08 23,65
LVDT-1 [mm] 1,41 2,68 3,99 6,77 9,75 12,79 15,99 19,29 21,52 24,21
LVDT-CW [h] 0,18 0,38 0,60 1,04 1,50 1,97 2,48 3,06 3,55 20,73
LVDT-TW [h] 0,08 0,28 0,51 0,97 1,37 1,72 2,01 2,31 2,47 3,00
LVDT-top-W [h] 0,10 0,32 0,56 1,05 1,55 2,06 2,62 3,31 3,84 18,10
LVDT-top-E [h] 0,15 0,37 0,60 1,09 1,58 2,10 2,64 3,22 3,64 0,40
LVDT-TE [h] 0,16 0,28 0,40 0,68 0,94 1,21 1,48 1,75 1,96 2,04
SG-C1 [h] - - - - - - - - - -
SG-C2 [h] 0,19 0,38 0,59 1,03 1,51 2,00 2,55 3,49 - -
SG-CM [h] 0,21 0,41 0,63 1,07 1,53 2,00 2,51 2,85 3,23 -
SG-TB1 [h] 0,08 0,20 0,34 0,67 0,98 1,29 1,60 1,92 2,13 2,41
SG-TB2 [h] - - - - - - - - - -
SG-TT [h] 0,09 0,17 0,27 0,53 0,74 0,96 1,18 1,40 1,53 1,60
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Table B.4: Beam 4 - Steps, loads, deflections and strains

Step 1 2 3 4 5 6 7 8 Max Failure
Load [kN] 100 200 300 500 700 900 1100 1300 1400 1381
LVDT-M [mm] 1,62 3,04 4,51 7,67 11,01 14,38 17,85 21,49 23,58 23,63
LVDT-2 [mm] 1,23 2,43 3,89 6,81 9,54 12,31 15,31 18,54 20,34 20,31
LVDT-1 [mm] 1,37 2,60 3,87 6,65 9,63 12,66 15,83 19,15 21,05 21,10
LVDT-CW [h] 0 0,26 0,46 0,87 1,30 1,75 2,24 2,77 3,10 2,97
LVDT-TW [h] 0,18 0,3 0,46 1,14 1,71 2,26 2,84 3,40 3,67 3,63
LVDT-top-W [h] 0,21 0,44 0,68 1,18 1,70 2,24 2,82 3,44 3,82 3,64
LVDT-top-E [h] 0,15 0,39 0,64 1,15 1,67 2,19 2,75 3,32 3,69 3,70
LVDT-TE [h] 0,13 0,26 0,39 0,66 0,92 1,17 1,45 1,77 1,96 1,99
SG-C1 [h] 0,19 0,39 0,61 1,07 1,53 2,00 2,52 3,22 3,81 3,81
SG-C2 [h] 0,18 0,37 0,57 0,99 1,44 1,90 2,40 2,93 - -
SG-CM [h] 0,18 0,37 0,57 1,00 1,44 1,89 2,38 - - -
SG-TB1 [h] 0,09 0,21 0,35 0,67 0,99 1,30 1,60 1,92 2,08 2,08
SG-TB2 [h] 0,09 0,21 0,35 0,67 0,98 1,28 1,59 1,91 2,08 2,07
SG-TT [h] 0,07 0,15 0,25 0,47 0,70 0,92 1,14 1,37 1,48 1,48

Table B.5: Beam 6 - Steps, loads, deflections and strains

Step 1 2 3 4 5 6 7 8 Max Failure
Load [kN] 100 200 300 500 700 900 1100 1300 1327 1178
LVDT-M [mm] 1,60 3,01 4,30 7,27 10,56 14,00 17,52 21,29 22,15 24,35
LVDT-2 [mm] 1,34 2,56 3,76 6,53 9,59 12,74 15,91 19,28 20,01 21,59
LVDT-1 [mm] 1,30 2,54 3,73 6,53 9,61 12,80 16,06 19,55 20,36 22,06
LVDT-CW [h] 0,11 0,26 0,44 0,85 1,28 1,73 2,20 2,73 2,81 -
LVDT-TW [h] 0 0,23 0,35 0,68 0,92 1,15 1,39 1,64 1,67 1,98
LVDT-top-W [h] 0 0,29 0,54 1,08 1,66 2,26 2,89 3,58 3,69 -
LVDT-top-E [h] 0 0,24 0,46 0,97 1,50 2,05 2,61 3,37 3,53 -
LVDT-TE [h] 0 0,22 0,37 0,78 1,11 1,47 1,82 2,16 2,24 2,21
SG-C1 [h] 0,18 0,37 0,56 0,99 1,44 1,91 2,42 3,18 3,41 -
SG-C2 [h] 0,16 0,36 0,55 0,98 1,43 1,90 2,41 3,35 3,93 3,80
SG-CM [h] 0,14 0,35 0,54 0,98 1,43 1,89 2,38 3,14 3,45 -
SG-TB1 [h] 0,14 0,25 0,37 0,68 0,99 1,31 1,62 1,94 2,01 2,18
SG-TB2 [h] 0,13 0,25 0,38 0,70 1,02 1,34 1,66 1,98 2,04 2,16
SG-TT [h] 0,10 0,18 0,26 0,46 0,68 0,92 1,13 1,34 1,37 1,32
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Table B.6: Beam 7 - Steps, loads, deflections and strains

Step 1 2 3 4 5 6 7 8 9 10 11 Max Failure
Load [kN] 100 200 300 500 700 900 1100 1300 1350 1400 1450 1500 1306
LVDT-M [mm] 1,42 2,76 4,07 6,90 9,92 13,01 16,18 19,48 20,42 21,31 22,22 23,38 24,57
LVDT-2 [mm] 1,30 2,53 3,72 6,30 9,02 11,80 14,61 17,53 18,34 19,11 19,90 20,90 21,21
LVDT-1 [mm] 1,39 2,69 3,94 6,63 9,46 12,35 15,30 18,36 19,23 20,05 20,90 21,98 22,92
LVDT-CW [h] 0,16 0,35 0,54 0,95 1,36 1,79 2,23 2,70 2,85 2,97 3,14 3,23 -
LVDT-TW [h] 0,11 0,24 0,37 0,68 0,98 1,27 1,56 1,87 1,95 2,04 2,12 2,18 2,23
LVDT-top-W [h] 0 0,25 0,47 0,92 1,40 1,87 2,32 2,89 3,07 3,26 3,35 3,25 -
LVDT-top-E [h] 0 0,12 0,34 0,79 1,26 1,73 2,22 2,74 2,89 3,05 3,21 3,46 -
LVDT-TE [h] 0 0,26 0,54 0,96 1,33 1,72 2,11 2,48 2,52 2,68 2,78 2,93 3,14
SG-C1 [h] 0,17 0,35 0,55 0,95 1,37 1,81 2,29 2,95 - - - - -
SG-C2 [h] 0,14 0,30 0,45 0,77 1,09 1,42 1,73 2,09 2,29 2,38 2,50 2,49 2,20
SG-CM [h] 0,14 0,32 0,51 0,88 1,27 1,67 2,08 2,57 2,73 3,04 3,26 3,45 3,53
SG-TB1 [h] 0,15 0,26 0,39 0,69 0,99 1,29 1,59 1,89 1,97 2,04 2,12 2,22 2,35
SG-TB2 [h] 0,24 0,39 0,52 0,75 0,92 1,06 1,21 1,38 1,42 1,46 1,51 1,56 1,62
SG-TT [h] 0,07 0,15 0,26 0,50 0,73 0,96 1,19 1,42 1,48 1,54 1,60 1,67 1,54
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B.2 Crack Development

Figure B.1: Beam 1 - Setup 1 - Load steps with drawn crack development.
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Figure B.2: Beam 1 - Setup 2 - Load steps with drawn crack development.
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Figure B.3: Beam 2 - Load steps with drawn crack development.
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Figure B.4: Beam 3 - Load steps with drawn crack development.
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Figure B.5: Beam 4 - Load steps with drawn crack development.
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Figure B.6: Beam 6 - Load steps with drawn crack development.
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Figure B.7: Beam 7 - Load steps with drawn crack development.
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B.3 Material Properties
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Appendix C
Calculations

141



C.1 Moment Capacity
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C.2 Shear Capacity
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C.3 Load-Deflection Curve
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C.4 Confinement
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