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Abstract

Structural performance of geopolymer concrete:
Shear and flexural behavior of a prestressed girder with cast in-situ topping under
short-term loading

By Jose Eduardo Paredes Pineda

The future expectations of a circular economy require alternative materials to satisfy the
continuously increasing demand for infrastructure in a sustainable way. Geopolymer concrete
is engineered from the technological use of by-products to minimize the energy consumption,
raw materials depletion and CO, emissions. The chemical structure of the binder phase in
geopolymer concrete mixtures and the material properties are dependent on the choice of
constituent materials (precursors and alkali-activators) and the curing conditions. The resulting
wide range of different geopolymer concrete mixtures and the lack of predictive models and
standards for application limit the use of the material in real world applications. Moreover, the
time-dependent material properties (e.g. elastic modulus, creep and shrinkage) of geopolymer
concrete may pose an impediment for the generalized applicability of the material in
prestressed structures since studies report higher creep and shrinkage, and a decrease of the
elastic modulus over time, as compared to conventional concrete, which could influence
adversely the load carrying capacity, cracking resistance, deflections and prestress losses.

This document presents the upscaling of two geopolymer concrete mixtures in structural
elements consisting of an individual prestressed girder with a reinforced topping layer. The
self-compacting geopolymer concrete (SCGC) mixture of the precast girder is based on
ground granulated blast furnace slag (GGBFS) as precursor alkali-activated by sodium
hydroxide and sodium silicate solutions and the topping layer is cast by a ready-mix
geopolymer concrete provider. The precast girder is prestressed 2.5 days after casting and
the topping layer is cast in-situ 28 days after the casting date of the girder. The objective is to
study the different material properties, determine their impact in the structural performance
and define the extent of applicability of current methods of analysis for conventional concrete
structures, as defined in EN 1992-1-1 and the Rijkswaterstaat’s Guidelines for NLFEA, for
geopolymer concrete. The structural performance of the elements subjected to flexural and
shear mechanical tests is studied by analytical methods and 2D plane stress nonlinear finite
element analyses, which are further compared to experimental results in terms of
deformations, load-deflection response, principal strains, normal stresses, damage evolution,
cracking stages, maximum load and failure mechanism. The shear behavior of the elements
is studied at an age of 28 days after casting of the topping, whereas the flexural behavior is
assessed at this age and after 9 months to analyze the effect of the long-term material
properties of the geopolymer concrete mixtures in the prestressing losses, cracking load and
maximum load carrying capacity.

The reduction of the elastic modulus in both geopolymer concrete mixtures that were used in
this study seems to be intrinsically related to the drying process. It appears more or less stable
over time for standard curing (20°C, RH>95%) but decreases 10% at 28 days when exposed
to drying after 14 days of standard curing and in air-exposed samples a decrease between 7
and 26% is reported at 56 days. The elastic modulus of the ready-mix geopolymer concrete
mixture samples exposed to drying at early ages (< 7 days) seems to stabilize after 30 days
but the initial stiffness is lower than samples exposed to drying at later stages. The elastic
modulus of both geopolymer concrete mixtures is lower (for standard curing and when
exposed to drying after 7 or 14 days of standard curing) than the estimates from EN 1992-1-
1 for OPC concrete of the same strength class. The empirical relation from EN 1992-1-1 for



estimating the elastic modulus from the compressive strength is not applicable and neither are
the empirical relations suggested from literature studies because of the difference on the
constituent materials and curing conditions. The increase of creep and shrinkage between 30
and 60 days suggest a pronounced viscous mechanical response of geopolymer concrete
probably caused by the rearrangement of the C-A-S-H gel structure as indicated by other
researchers. The prediction models to determine the material properties from the 28-day
compressive strength as defined in EN 1992-1-1 [22] for conventional concrete do not capture
the long-term material properties (e.g. elastic modulus, creep and shrinkage) of the
geopolymer concrete mixtures from this study. The isotropic elasticity-based prediction
models underestimate considerably the creep coefficient and shrinkage strains leading to
unsafe design assumptions.

The linear elastic behavior of the specimen is accurately described by the analytical model
and the numerical simulation for both short-term tests but the numerical model does not
capture the experimental results of the flexural test after 9 months as the specimen was
cracked prior to the test the cyclic loading at high load levels in the experiment causes stiffness
degradation. The short-term flexural resistance is higher (8% by analytical model and 3% for
the numerical simulation) than the maximum load attained during testing. The stress
distributions at characteristic phases and the cracking load (3% higher than the experiment)
are practically equal from the analytical and numerical model. The measured concrete strains
at midspan at the levels of steel reinforcement are accurately described by the numerical
simulation. The cracking pattern in the topping in the NLFEA shows more cracks at smaller
spacing because higher stresses transfer from the precast girder due to perfect bonded. The
short-term shear resistance was 12% higher from the numerical simulation and 16% lower
from the analytical model, as compared to the experiment. The cross-section of the numerical
simulation is stiffer and fully composite since the precast girder and the topping are perfectly
bonded, whereas in the experiment debonding occurred. The shear failure was characterized
by a shear critical crack in the topping; the position and orientation of the shear critical crack
from the NLFEA was consistent with the DIC observations.

The long-term material properties of the geopolymer concrete mixtures influence the structural
performance of the specimens. The camber of the SCGC girders continues to increase over
time (2.5 to 7 days) as the elastic modulus and creep do not stabilize but in concrete girders
with similar geometry and prestressing layout the camber is more or less constant. The
prestress losses at 28 days are higher than for conventional concrete and increase from 26%
after 28 days to 38% after 270 days due to the larger shrinkage strains and creep deformations
over time. The variation in the elastic modulus at 28 days due to different curing conditions
has a marginal effect in the short-term load — deflection response to the flexural test. The
cracking load is decreased significantly (15%) in the specimen after 9 months but the creep
and shrinkage deformations do not appear to stabilize after this period, hence the prestress
losses will continue to increase over time and the cracking resistance will continue to decrease
which is critical for the performance over the service lifetime of the structure. The design
criteria of conventional concrete structures based on estimating the material properties from
the 28-day compressive strength result in non-conservative estimates of the cracking
resistance and flexural load carrying capacity of prestressed geopolymer concrete members
which can lead to an unsafe design. The flexural resistance after 9 months is overestimated
by 5% in the numerical simulation as compared to the experimental results. The truss model
for shear resistance, the bilinear compressive stress block for flexural resistance and the 2D
plane stress analysis with total strain based orthogonal rotating crack model with exponential
tension softening and parabolic compressive relation can be used to estimate the structural
performance of the prestressed girder with reinforced cast in-situ topping built in geopolymer
concrete with the adequate long-term material properties as input.
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Symbols and abbreviations
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Area of the gross transformed composite cross-section
Area of the cracked composite section

Area of the girder
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Transformed area of prestressing tendons
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Transformed area of reinforcement steel in topping

Area of shear reinforcement

Area of the topping

Transformed area of topping
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Elastic modulus of concrete

Secant modulus of elasticity of concrete

Elastic modulus of prestressing steel

Elastic modulus of reinforcement steel

Bending stiffness

Fictitious topping force

Fracture energy

Compressive fracture energy

Second moment of area

Second moment of area of the gross transformed composite cross-section
Second moment of area of the cracked composite section
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Second moment of area of the cracked girder
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Decompression moment
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Moment caused by self-weight of the girder

Moment caused by service loads

Moment caused by self-weight of the topping

Concrete compressive force

Axial force in each layer of reinforcement steel i = 1,2, 3 and 4
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Prestressing force

Maximum theoretical prestressing force applied in tendons
Prestressing force after elastic losses

Initial prestressing force after instantaneous losses
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Wer
Wyp

Wt

Prestressing force after losses at t days

Externally applied cracking load

Maximum load for 4-point load test

First moment of area above and about the centroidal axis

Design shear resistance

Design shear resistance of members not requiring shear reinforcement
Design shear resistance of members requiring shear reinforcement
Average shear resistance

Average shear resistance of the girder

Average shear resistance of the shear reinforcement in the girder
Average shear resistance of the topping

Average shear resistance of the shear reinforcement in the topping
Bottom section modulus of the composite section

Top section modulus of the composite section

Bottom section modulus of the girder

Top section modulus of the girder

Latin lower case letters

a

fck
fer ()
fcm

fcm,cube

Lever arm of each axial force acting on the composite section
Width of the composite section

Smallest width of the cross-section in the tensile area
Effective depth of the cross-section

Eccentricity of the tendon group

Eccentricity of P, from the n.a.

Distance to the layer of reinforcement from the top
Bond strength of concrete

Compressive strength of concrete

Design compressive strength of concrete
Characteristic compressive strength of concrete
Characteristic compressive strength at time t

Mean compressive strength of concrete

Mean compressive strength of 150x150x150 mm? cubic samples



dGe
4Gt

Mean compressive strength of concrete at time t
Tensile strength of concrete

Mean tensile strength of concrete

Mean flexural tensile strength of concrete

Tensile strength of prestressing steel

0.1% proof-stress of prestressing steel

Stress in each layer of reinforcement steeli = 1,2,3 and 4
Yield stress of reinforcement steel

Yield strength of stirrups

Height of the composite section

Height of the girder

Notional size of the girder

Coefficient depending on the notional size

Normal stiffness of interface elements

Tangential stiffness of interface elements

Transmission length

Prestressing losses (in %)

Self-weight load

Self-weight of the girder as a uniformly distributed load
Self-weight of the topping as a uniformly distributed load
Variable load

Spacing of stirrups

Age of the concrete (days) at the beginning of drying shrinkage (or swelling).
Immediately after prestressing

Age at prestressing (2.5 days)

Age of 30 days after prestressing

Age of 60 days after prestressing

Exposed perimeter of the girder

Strength reduction factor for concrete cracked in shear
Height of the compression zone

Distance P, is moved from uncracked to cracked section



thb

Zgcr
Zsch
Zsgb

Zth

Greek letters

Internal lever arm
Distance to the centroid of the composite section from the bottom

Distance to the centroid of the gross transformed composite cross-section from
the bottom

Distance to the centroid of the cracked composite section from the bottom
Distance to the centroid of the girder from the bottom

Distance to the centroid of the gross transformed girder cross-section from the
bottom

Distance to the centroid of the cracked girder from the bottom

Distance to the centroid of reinforcement steel in the topping from the bottom
Distance to the centroid of reinforcement steel in the girder from the bottom

Distance to the centroid of the topping from the bottom

Angle of tensile ties.

Coefficient taking into account the stress state in the compression chord
Deformation caused by self-weight of the girder
Deformation caused by self-weight of the topping
Deformation caused by prestressing
Deformation after prestressing

Total deformation at t days

Creep deformation at t days

Elastic deformation

Change in length

Total prestressing losses

Elastic losses

Prestressing losses

Total prestressing losses

Creep losses

Relaxation losses

Shrinkage losses

Strain

Strain bottom fiber of the composite section
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€cc(t)
€cc(to)
€cc(t, to)
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€cd,0

ECS

Ecs (t! tO)

Mp

Np1

Ns
Nt
n

Autogenous shrinkage at time t

Total strain of concrete at time t

Instantaneous elastic strain

Creep strain of concrete specimens at time t
Drying shrinkage strain at time t

Nominal unrestrained shrinkage strain of concrete
Total shrinkage strain

Shrinkage strain of concrete specimens at time t
Strain of prestressing tendons at centroid level
0.1% plastic strain

Strain of reinforcement steel i = 1,2,3 and 4
Strain top fiber of the composite section

Strain of prestressing steel at maximum load
Modular ratio girder to topping concrete

Modular ratio prestressing steel to concrete

Coefficient that takes into account the type of tendon and the bond situation at
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Modular ratio reinforcement steel to concrete
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Coefficient for bond conditions

Angle of the compression struts

Curvature
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Density of concrete
Reinforcement ratio

Value of relaxation loss (in %), at 1000 hours after tensioning and at a mean
temperature of 20°C

Reinforcement bar diameter
Creep coefficient at time t
Stress in the bottom fibre of the composite section

Stress bottom fibre of the gross transformed girder cross-section
Average axial stress in the concrete cross-section
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Stress bottom fibre girder due to M.,
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Introduction

1.1 Background

For the last century, the development of technology around binding systems for construction
application has been primarily focused on Ordinary Portland Cement (OPC) concrete [1].
Concrete is an assembly of granular particles held together by a fluid binder phase which
hardens over time. The binder phase is formed by the chemical reaction triggered by the
hydration of OPC with the addition of water (Figure 1.1). The versatile initial fluid phase allows
for freedom of form and is easy to use, whereas the hardened phase displays good functional
performance regarding strength and durability. Furthermore, concrete is an inexpensive
solution for application in the construction sector due to the broad availability and low cost of
its constituent materials, making concrete the second-most-used substance in the world after
water and the most widespread construction material [2]. The demand for worldwide cement
production is currently increasing around 30% per decade as a result of a growing worldwide
population paired with the increasing demand for infrastructure, particularly in developing
nations [3].

However, this conventional binder system has some drawbacks. OPC concrete, as the largest
volume manufactured material in the world, is a significant source of greenhouse gases.
Carbon dioxide (COy) is released from the burning of fossil fuel for energy generation in the
synthesis of high calcium content minerals and from the decarbonation of limestone in the kiln
during manufacturing [1]:

5CaCOs + 2SiO2 - 3Ca0-SiO; + 2Ca0-SiO; + 5CO;
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Figure 1.1. Basic composition of alkali-activated and OPC concretes

The global production of OPC and the associated CO», emissions have been increasing
steadily since the 1940s (Figure 1.2) and the production of 1 ton of OPC can account for up
to 1 ton of CO,. OPC production contributes 5-8% to the worldwide anthropogenic CO»
emissions [4] and the industry ranks as the 4™ largest contributor only behind the petroleum,
coal and natural gas industries [3].
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Figure 1.2. Global cement and energy production and global CO2 emissions from cement production [5]

In most of the developed world, replacement of OPC by Supplementary Cementitious
Materials (SCMs) has been a generalized practice for decades in the production of alternative
binders with a lesser impact on CO. emissions, depletion of finite natural resources and energy
consumption. The most common SCMs are industry by-products such as fly ash, Blast
Furnace Slag (BFS) and silica fume, which are obtained from coal-powered thermal plants,
and the production of iron and metal alloys, respectively. Natural pozzolans and incinerated
clays are also used to a certain extent as SCMs. In Europe, EN 197-1 [6] establishes blended
cement types with partial replacement (up to 95%) of OPC by other constituents. On the other
hand, developing countries requiring new industrial developments may be reluctant to
implement new technologies as the initial capital for a new cement factory, producing 1 million
tons per year, ranges between 75-240 million USD, and the investment is recovered by
production and commercialization of cement [3].



Introduction 3

Nowadays, the environmental impact is a crucial design criterion in engineering practice and
the industry needs to adapt to satisfy the continuously increasing demand for infrastructure in
a sustainable way with the implementation of alternative materials. Consequently, in the past
years the term alkali-activated concrete has become more popular as a technological
innovation and sustainable design strategy for achieving a “cement-free” construction sector.
Alkali-activated concrete is reported to be a low-environmental-impact alternative to OPC
concrete where the binder phase results from the reaction of an alkali activator, previously
dissolved in water, with a solid precursor containing alumina and silica (Figure 1.1). An
independent study by Habert and Ouellet-Plamondon [7], from the Life-Cycle Assessment
(LCA) research area, concluded that alkali-activated concrete contributes to less than 5% of
the Global Warming Potential (GWP) and achieves an overall reduction of CO, emissions of
80% compared to OPC concrete.

The development of knowledge around alkali-activated materials dates back to the early 20™
century; with extensive theoretical research, standardization and full-scale precast and cast
in-situ applications in the former Soviet Union and China after the 1950s [4]. Nowadays, alkali-
activated concrete has increased interest due to the sustainability considerations
aforementioned. Past projects [4] and successful commercial operations in Australia, in
pavements, slabs, walls, water tanks, bridge decks and tunnel segments [8, 9], demonstrate
that standard construction practices for OPC concrete structures are applicable to a certain
extent for alkali-activated concrete. Additionally, the functional requirements can be fulfilled
on a project-scale basis as alkali-activated concrete is a versatile material, locally adaptable
and achievable with numerous possible combinations from a wide range of precursors and
activators [8]. In general, it is reported that alkali-activated concrete has good fire resistance,
high early strength [4], low carbonation depths [1], resistance to sulfate attack, acid and
chloride ingress [9], low susceptibility to alkali-silica reaction and the high alkalinity which
seems to be favorable for the protection of embedded steel reinforcement [10]. Conversely,
the material properties are dependent of the chemical structure of the binder phase according
to the choice of constituents and the lack of predictive models and standards for application
limit the use of alkali-activated concrete in real world applications [9]. The development of
strength is comparable to OPC concretes but curing conditions influence significantly the
development of stiffness and strength of the binder phase [11, 12].

Conferring to future expectations of our society, the Dutch government is collaborating along
knowledge institutions, entrepreneurs, industry, trade unions, and environmental, financial,
public organizations to close the raw material cycles and achieve a complete circular economy
by 2050 with a reduction to half of the consumption of primary raw materials by 2030 [13, 14].
The Fryslan project is a joint venture between Delft University of Technology, Ghent
University, Haitsma Beton and the Province of Fryslan to execute a cement free bridge for
road traffic. The objective of the project is to replace the bridge of the Kowebrege Jouswier
with a more sustainable alternative, a bridge built with alkali-activated concrete. For large-
scale application of alkali-activated concrete in this bridge, structural elements consisting of
an individual prestressed girder with a compression layer on top are studied to demonstrate
compliance with criteria regarding performance and safety.

1.2 Problem statement

Future construction materials will have to satisfy functional performance requirements over an
intended service life with the application of renewable/recyclable building materials and the
provision of an added value to the environment. Alkali-activated or geopolymer concrete
appears to satisfy the latter part of the requirements but the functional performance still needs
to be guaranteed before large-scale application of this (not so) new material.
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The key performance indicator of conventional concrete structures is the 28-day compressive
strength. This property sets the basis of concrete codes and most of the material properties
can be derived from the compressive strength with empirical correlations. In general,
geopolymer concrete exhibits similar development of strength at 28 days [11] and stress-strain
relationship in compression [15], to conventional concrete. However, the correlations to
estimate the remaining material properties of conventional concrete do not seem to hold for
geopolymer concrete. Specifically, several studies indicate that in geopolymer concrete the
elastic modulus, creep coefficient and shrinkage strains are different than in conventional
concrete. The elastic modulus is a parameter determining the in-service performance of a
geopolymer concrete structure and indicates the response against elastic deformation when
a force is applied. The prediction formulas for conventional concrete may overestimate this
property as the elastic modulus of geopolymer concrete is highly sensible to drying and is
lower than conventional concrete; no general remarks to the development of the elastic
modulus in different types of geopolymer concrete mixtures as function of the compressive
strength are available [3, 11, 16]. Geopolymer concrete displays a highly viscous response
over time as the deformations associated with the reorganization of the microstructure are
irreversible [17] and literature [3, 18] indicates higher creep for slag-based geopolymer
concrete and lower creep for fly ash-based geopolymer concrete, than conventional concrete;
the same tendency is followed by the shrinkage behavior. The implications of the different
material properties pose a critical impediment for the generalized applicability of geopolymer
concrete since a lower stiffness and higher shrinkage strains and creep deformations could
reduce the buckling capacity of axial members, result in larger deflections in slender
structures, higher prestress losses and different creep behavior of prestressed structures.

The differences in material properties puts in doubt the structural performance of geopolymer
concrete structures and the structural upscaling of geopolymer concrete mixtures needs to be
investigated. According to Sanjayan [3], the average number of publications per year with
“geopolymer” in the keywords, title or abstract in the Scopus database was 3 per year in 1990
with a rise to 450 in 2015. Nevertheless, the research gap is still evident because the majority
of studies in 2015 focus on the chemistry and microscopic structures; only 10% report aspects
regarding structural engineering or construction. For small scale tests, many studies have
been performed to study the influence of a wide range of parameters. In contrast just a few
structural scale tests have been conducted and most of the studies are focused on fly ash-
based alkali-activated concrete [19]. Furthermore, from the limited number of studies at
structural level, prestressed geopolymer concrete structures are even more exceptional,
hence further research is imperative for structural application of geopolymer concrete. Sonal,
et al. [20] investigates the flexural response of prestressed and non-prestressed (geopolymer
and OPC concrete) girders without conventional reinforcement to 4-point load tests. The
deflections and cracking load for prestressed geopolymer concrete girders are higher than
OPC concrete girders and the load capacity is similar regardless of the concrete type [20].

The applicability of geopolymer concrete as a standard construction practice is limited by the
lack of a legal and technical framework for manufacturing, specification, design, analysis and
construction [9]. Standardization is a response to the necessities of the prevalent construction
practice [8] and performance-based standards are required at each jurisdiction in a project-
level basis but also internationally to set the foundation of a widespread business practice [1].
The construction sector and engineering practice require the knowledge from the research in
numerical models, empirical equations, appropriate assumptions and safety factors, to
produce safe, durable and economic designs according to the expectations of clients and
society [21]. A universal mix design methodology and predictive models need to be made
available for compliance with performance specifications from design [10]. Real-world
applications supported by laboratory testing are paramount to build confidence of the public
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and industry in a new technology. The conformity of existing design provisions for conventional
reinforced and prestressed concrete structures shall be evaluated to determine the feasibility
of applying these criteria for alkali-activated concrete structures [21].

This study intends to contribute towards the introduction of geopolymer concrete as a
construction material. The focus is on the upscaling of two geopolymer concrete mixtures in
structural elements consisting of an individual prestressed girder with a reinforced topping
layer cast in-situ. The main objectives are to study how these material properties differ with
conventional concrete, determine their impact in the structural performance and define the
extent of applicability of current methods of analysis for conventional concrete structures, as
defined in EN 1992-1-1 and the Rijkswaterstaat's Guidelines for NLFEA, for geopolymer
concrete. The structural performance of the elements subjected to flexural and shear
mechanical tests is studied by analytical methods and 2D plane stress nonlinear finite element
analyses, which are further compared to experimental results in terms of deformations, load-
deflection response, principal strains, normal stresses, damage evolution, cracking stages,
maximum load and failure mechanism.

1.3 Research question and objectives

The main research questions and sub-questions of the present study are:

1.3.1 Research Question 1 (RQ1)

How different are the time-dependent material properties (e.g. elastic modulus, creep and
shrinkage) of the two geopolymer concrete mixtures compared to conventional concrete of
similar strength class? What is their influence in the response of a prestressed girder with
reinforced cast in-situ topping to prestressing and mechanical tests?

1. How do the curing conditions affect the development of stiffness of the two geopolymer
concrete mixtures used in the precast girder and cast in-situ topping?

2. What are the differences in the elastic modulus, creep and shrinkage of the two geopolymer
concrete mixtures, with the properties estimated with EN 1992-1-1 [22] for conventional
concrete and empirical relations for geopolymer concrete from literature?

3. What is the effect of the elastic modulus, creep and shrinkage of the two geopolymer
concrete mixtures on the camber, prestressing force, flexural behavior and load-deflection
response of the prestressed girder with reinforced cast in-situ topping?

1.3.2 Research Question 2 (RQ2)

To what extent are the methods of analysis for conventional concrete structures, from EN
1992-1-1 [22] and the Rijkswaterstaat’s Guidelines for NLFEA [23], applicable to estimate the
flexural and shear capacity of the test specimen consisting of a prestressed girder with
reinforced cast in-situ topping built with geopolymer concrete?

4. To what extent are the analytical models from EN 1992-1-1 [22] and the humerical models
developed according Rijkswaterstaat’'s Guidelines for NLFEA [23] applicable to simulate
the prestressing stage and construction sequence of the test specimen?

5. To what extent are the analytical models from EN 1992-1-1 [22] applicable to estimate the
resistance of the test specimen subjected to flexural and shear tests?

6. To what extent are the numerical models, assumptions and modelling choices (material
constitutive models, element types, boundary conditions, loading and interaction between
different materials) from Rijkswaterstaat’'s Guidelines for NLFEA [23] applicable to estimate
the response of the test specimen to flexural and shear tests?
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1.4 QOutline

This study is divided in six chapters and the relationships between each other and the research
guestions are displayed graphically in the outline (Figure 1.3).

Chapter 1 frameworks the background, motivation, scope, main objectives and research
guestions of the present thesis. Chapter 2 starts with a literature review of the material
properties, with respect to the choice of the constituent materials and curing conditions, and a
comparison with conventional concrete. Furthermore, studies on the structural behavior of
reinforced and prestressed alkali-activated concrete flexural members are analyzed. Next, the
current stage of development, representative real-world applications, advantages and
limitations of alkali-activated concrete in the construction sector are examined. Chapter 3
describes the application of geopolymer concrete in structural scale with the construction and
testing of the structural performance of a prestressed girder with cast in-situ topping. The
development of the elastic modulus over time of the geopolymer mixtures employed in the
construction of the prototype specimens for different curing conditions is analyzed (sub-
guestion 1), and compared to the estimates from EN 1992-1-1 for conventional concrete and
from the empirical relations from the studies in Chapter 2; the comparison is further done for
the creep coefficient and shrinkage strains (sub-question 2). Afterwards, the experimental
results of 4-point bending and 3-point load mechanical tests for assessing the flexural and
shear capacity of the specimens are included. Chapter 4 contains the analytical analysis
according to EN 1992-1-1 and the 2D plane stress linear and nonlinear phased analysis in FE
software DIANA, of the aforementioned structural tests (sub-questions 4, 5 and 6) with the
necessary modifications where deviations of the properties of geopolymer and conventional
concrete are identified (sub-question 2). Chapter 5 contains a comparison between the
experimental, analytical and FEM results with regards to deformations, load-deflection
response, principal strains, normal stresses, damage evolution, cracking stages, maximum
load and failure mechanism (sub-questions 4, 5 and 6). Additionally, the analysis of the long-
term creep and shrinkage behavior and a sensitivity analysis (influence of the different elastic
modulus according to the curing conditions), with the respective variation in the prestressing
force, are performed to assess the influence in the flexural behavior (sub-question 3). Finally,
Chapter 6 gives conclusions and recommendations from the results and observations of the
present study.
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This chapter provides a description of alkali-activated concrete from existing literature. The
sequence of development of the material through history is summarized; followed by formal
definitions of alkali-activated and geopolymer concretes, classifications and descriptions of
the different constituent materials. The material properties with regards to the choice of the
constituent materials and curing conditions are described and compared to the material
properties of OPC concrete. The insights from experimental studies and numerical simulations
on the structural behavior of alkali-activated concrete structures are presented. Finally, the
current stage of development in standards, representative real-world applications, potential
advantages and limitations of alkali-activated concrete in the construction sector are analyzed.

2.1 Alkali-activated concrete

2.1.1 History

According to J. L. Provis et al. [4], some ancient Roman concretes resulted from the activation
of pozzolanic materials, in particular volcanic ashes with high alkali content, triggered by the
reaction of calcium compounds, specifically lime. Evidently, insights of the durability of
concrete can be derived from the analysis of ancient Roman materials as several structures
remain intact after centuries and modern cement repairs have rarely been as durable as
ancient cements under similar exposure conditions. Furthermore, the inspection of ancient
mortars after two millennia, indicates the presence of zeolites [4]. Similarly, the research in
alternative construction materials by Glukhovsky in Kiev around the 1950s, as a response to
the cement shortages in the Soviet Union and China, identified zeolitic materials containing
alkalis as the hydration products of the basic rock-forming materials in the Earth’s crust, while
the hydration products of OPC are calcium silicate hydrate (C-S-H) and portlandite [1].



Literature review 9

The formal knowledge around alkali-activated materials (AAMs) started in the early 20™
century when German scientist Hans Kihl patented a solid material from the reaction of a
precursor containing silica and alumina with an alkali source in 1908. In the 1940s, Belgian
engineer Purdon experimented alkali-activation of different blast furnace slags with sodium
hydroxide solutions and already noted that slag-alkali cements presented low heat evolution,
and higher flexural and tensile strengths than OPC concretes of similar compressive strength
[4]. The term geopolymer was first used in the 1980s by French chemist Davidovits with his
development in alkali-activation of metakaolin where the binder forms a Si-O-Al inorganic
polymer which exhibited good fire resistance and high early strength [1, 3].

In the following decades, the use of by-products, such as fly ash and GGBFS, as precursors
in alkali-activated concrete was mainly substituted by the generalized practice of partial
replacement of OPC in blended cement types [8]. In general, the use of by-products as SCMs
is positive for environmental considerations but also improves the fresh and hardened
properties of concrete. Specifically, EN 197-1 [6] establishes blended cement types with limits
for the alkali, fly ash and GGBFS content (CEM III/C allows up to 95% GGBFS and 5% clinker).
Nowadays, the use of alternative binders to achieve a “cement-free” building sector due to
sustainability considerations is the main driver for the development of knowledge around
alkali-activated concrete.

2.1.2 Definitions

Alkali-activation: is the generic term for the production of a hardened binder by the chemical
reaction of a solid aluminosilicate precursor under alkaline conditions caused by an alkaline-
activator (solid or dissolved). Cement blends are not encompassed by the definition if Portland
cement is the principal source of alkalinity [10].

Alkali-activated material (AAM): is the broadest classification that includes any binder derived
from alkali-activation [4].

Geopolymer: a subset of AAMs where an inorganic sodium aluminosilicate (zeolite type of
polymer) binder phase (N-A-S-H gel) [21] results from the synthesis of an aluminosilicate-rich
reacting component containing low-calcium content [4], such as metakaolin, fly ash,
metallurgical slag or natural pozzolan [8], with an alkali metal hydroxide or silicate activator.

Strictly speaking, geopolymer does not encompass precursors with high-calcium content,
such as GGBFS, as the main binder phase is a calcium-silicate hydrate (C-A-S-H gel) with
lower Ca/Si ratio compared to OPC concrete [21]. In this study, the use of the term geopolymer
will be used in a broad sense to include any alkaline-activated cement. Even though this is not
strictly accurate, the definition is used due to the wide applicability of the term geopolymer
concrete in current practice. Other names such as inorganic geopolymer concrete and
geocement may be used to denominate a material synthetized with the same chemistry [8].

2.1.3 Classification

According to Roy [10], geopolymer concrete can be classified according to the production
route of the binder:

1. One-part mix: the activator and precursor are mixed as dry powder and the chemical
reaction occurs by addition of water. The potential of production and distribution as bagged
material is of particular interest for upscaling at industrial level.

2. Two-part mix: is the main production route of geopolymer concrete by the combination of a
liquid activator solution with solid precursors. More suitable for precast production at
industrial scale with precise dosage control of the activator.
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Krivenko [24] defines two main categories of overlapping compaosition fields according to the
basic composition of the binder phase:

Me,O- Me,0s-SiO2-H,0: Alkaline zeolitic type minerals
Me,O- MeO-Me;0s-Si02-H0: Mixed alkali-alkaline earth zeolites, calcium hydrosilicates
and carbonates

Furthermore, Krivenko [24] further describes five categories of geopolymer based on the
composition of the precursors:

1. Alkali-activated slag cements

2. Alkali-activated Portland blended cement

3. Alkali-activated pozzolan cements

4. Alkali-activated lime-pozzolan/slag cements

5. Alkali-activated calcium aluminate blended cement
2.

1.4 Constituents

In the most general sense, concrete is a composite material of granular materials bonded by
a hardened binder phase. The granular materials are aggregates such as sand, gravel or
crushed stone [25] which are used indistinctively both for OPC and geopolymer concretes. On
the other hand, the binder phase results from alkali-activation of a precursor and activator or
hydration of cement with water, for geopolymer or OPC concretes, respectively.

The alkali source is any solution that supplies alkalinity to the mixture to accelerate the
dissolution of the solid precursor [4]. According to Fernandez-Jimenez, et al. [26], the six
categories of alkali-activators according to their chemical composition, as defined by
Glukhovsky, are:

1. Caustic alkalies: MOH

Non-silicate weak acid salts: M>COs, M2S0O3, M3PO4, MF, etc.
Silicates: M.O'nSiO;

Aluminates: M2O'nAl,O3

Aluminosilicates: M20O-Al,O3°(2—6)SiO-

Non-silicate string acid salts: M,SO4

o gk wnN

where M is either Na or K. The most common activators are sodium hydroxide (NaOH) and
sodium silicate Na>O-SiO.. For high calcium precursors, such as GGBFS, Na,CO; and
Na>SO; are also effective [10].

In theory, alkali-activation is possible with any solid material rich in silica and alumina. Figure
2.1 displays the classification of supplementary cementitious materials (SCMs) with potential
use as precursors for geopolymer concrete. Aluminosilicate-rich materials as industrial by-
products (fly ash, blast furnace slag), incinerated materials (metakaolin) and natural pozzolans
are already used as partial replacement for Portland cement in blended cements [10].
Additionally, recycled aluminosilicates, ferric clays, ferrous and non-ferrous slags, glass and
organic waste are potential precursors without the demand for production of blended cements.
Furthermore, alkali-activation can be used on a unique precursor or combination of precursors.

Nevertheless, geopolymer concrete is far from a one-size-fits-all solution as a wide range of
precursors and activators are available and the selection depends upon availability, reactivity,
costs and environmental considerations [10]. Extensive research from literature regarding
adequate combinations of precursors with alkali-activators is presented by Provis, et al. [4]
and is summarized in Table 2.1.
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[ Supplementary cementitious materials SCMs |

Avrtificial | Natural |

[Industrial by-products| Volcanic material

— Fly ash | Pozzolans
—— Bottomash |

——  Silica fume |
I GGBFS |

—— Phosporus slag |
——Metallurgical slag|

| Incinerated materials |
— Rice husk ash |
—{ Metakaolin |
— Clays |
— Organic waste |
——{ Glass waste |

—  Sediments |

Figure 2.1. Classification of SCMs

Table 2.1. Summary of satisfactory combinations of solid precursors and alkaline activators [4]

Precursor MOH M20-nSiO, M2CO3 M2SO4
Blast furnace slag Acceptable Desirable Good Acceptable
Fly ash Desirable Desirable Poor With clinker
Calcined clays Acceptable Desirable Poor With clinker
Natural pozzolans Acceptable Desirable - -
Steel/phosphorus slag - Desirable - -
Copper slag - Acceptable - -
Red mud - Acceptable - -
Incinerated solid waste - Acceptable - -

2.2 Material properties of geopolymer concrete

2.2.1 Preliminaries and selected studies

The concrete codes are primarily based on the 28-day compressive strength as key
performance indicator for the design and analysis of conventional concrete structures. The
compressive behavior of geopolymer concrete is similar to OPC concrete in terms of
development of strength at 28 days [11] and stress-strain relationship [15]. Nevertheless, as
will be described in this section, the behavior of the binder phase in geopolymer concrete
depends upon a wide range of factors such as choice (and combination) of precursors (type,
reactivity and quality) and activators, and curing conditions. Therefore, there is an intrinsic
variability in the material properties within different types of geopolymer concretes but also
with respect to OPC concrete. Specifically, the prediction models from conventional concrete
codes cannot be taken as a concluding framework for determining the material properties of
geopolymer concrete since it can result in non-conservative estimates which will lead to an
unsafe design.

This section provides a description of the development of mechanical and volume stability
properties (elastic modulus, creep, shrinkage, and compressive, tensile, flexural and bond
strengths) of alkali-activated low-calcium and high-calcium precursors. The study is limited to
binders based on fly ash, GGBFS or a combination of both. This investigation is based on
selected studies (Table 2.2 and Table 2.3), in combination with several other sources, that
describe the effects of the type of activator, GGBFS to fly ash proportions and curing regimes
on the development of the material properties of geopolymer concrete, and compare to OPC
concrete control samples or estimates from OPC concrete based codes.



Precursor
Reference Activator | Control sample Description of study
GGBFS | Fly ash
Creep and shrinkage of geopolymer concrete for curing conditions
Castel, et 0 0 NaOH and i at elevated temperature (40 or 80°C) and compared to EN1992-1-1
14.8% 85.2% . - . :
al. [28] Na,SiOs predictions. Compressive strength and elastic modulus also tested
at 28 days.
100% 10% weight Compressive strength at 3, 7, 28, 180 and 360 days. Drying
Humad, et high 0% Na,COs3 ) shrinkage of unsealed samples after final setting (1 day for heat
al. [29] MgO and curing ,2-3 days lab conditions) and creep tests of sealed samples
BFS NazSiO3 for 28 days. Samples tested at 20°C+2°C and 40%+7% RH.

. 100% 0% CEM152.5N Elastic modulus, compressive and tensile splitting strengths at 1, 3,
Li, et al. NaOH and |CEM IlII/A 42.5LA d f hrink q ined
[30] N&,SiOs CEM /B 7, 28 days. Meqsurement of autogenous shrinkage and restraine

50% 50% autogenous shrinkage.
42.5HSR LA
Measurement of setting time, autogenous shrinkage (7 days),
Li, et al. 0 0 NaOH and shrinkage under saturated condition, chemical shrinkage and
[31] 50% 50% Na;SiOs CEM152.5R internal RH and characterization of the microstructure. Monitoring
of elastic modulus from casting to 7 days.
Ma & . . NaOH and CEM | 32.5R Autogenous shrinkage at 65% RH of sealeql GGBFS-based
Dehn [32] 100% 0% Na,SiOs concrete geopolymer and OPC concretes, compressive creep of sealed and
unsealed specimens. Comparison to fib Model Code 2020 [27].
11 mixtures. Additives (GGBFS, OPC and calcium hydroxide in
Nath & 0% 100% NaOH and | 2 OPC mixtures | small varying proportions) are used to improve the setting
Sarker [11] 0 0 Na>SiOs (ACI 211.1-91) | properties. Compressive strength, flexural strength and elastic
modulus at 28 and 90 days.
Parthiban, 100 to 0to NaOH and _ I%/Izpm|x;[uzr8es(,]I with gdesugn charatl:éer(;stllgzt cogllprr]es&vedst;eng':)h oft40
et al. [33] 0% 100% Na,SiOs aa ays. Samples unmolded after , cured at ambien
conditions and tested at 28 days.
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Reference Activator E’:[lncljer of | Description of study
GGBFS| Fly ash controf sampie
Prinsse, et | 100% 0% NaOH and - Development of material properties (compressive strength, flexural
al. [34] Na;SiO3 strength, tensile splitting strength, elastic modulus) over time (up to
50% 50% around 2 years).
100% 0% Influence of activator concentration, curing temperature and
Puertas. et | 70% 30% NaOH (2 GGBEFS to fly ash proportion in the strength and hydration products
al. [35’] 50% 50% and 10 M) - of geopolymer mortar. Compressive strength at 1, 7, 28 and 90
0% 100% days, curing at 25 or 65°C for 5 h and then exposed to ambient
temperature and 98% RH.
NaOH 6 mixtures. Influence in the mechanical properties when including
Sofi. et al _ o NaZSidg coarse aggregate and GGBFS. Samples cured at 30-35°C and
['15] " | Varying | Principal and - 80% RH, unmolded after 24 h and then cured at 23°C until testing
Na,COs for elastic modulus, compressive, tensile splitting and flexural
strength at 28 days.
Primary: 12 mixtures. Evaluate the effect of the water to binder ratio (25 to
Yang, et al Ca(OH). 60%) in the 28-day mechanical properties (compressive strength,
[36] 100% 0% Auxiliary: - stress-strain relation, elastic modulus, direct tensile strength,
Na2SIO; modulus of rupture, shear stress-strain relation, bond stress-slip
and diagram)
Ye & Tvpe | Portland Shrinkage of GGBFS-based geopolymer concrete exposed to four
Radlinska | 100% | 0% NaOH ypcement different RH (70, 50, 30 and 11%) and 23+0.5°C for up to 70 days.
[37] Also characterization of the microstructure is studied.
Shrinkage behavior of four GGBFS-based mortars exposed to
drying after 7 days at 23+0.5°C and different RH (85, 70, 50, and
Ye[,1e7t]al. 100% 0% NNagzgig:d Typiéggrr]t:and 30%) directly (constant RH level) or stepwise (RH level dropped

after equilibrium) and for different proportion of activators. Elastic
modulus also tested at 28 days.

("1u09) a1810u09 JawAjodoab Jo sauadold eusrew ayl Uo SaIpNIS Jo Alrewwns "g'g a|qel

M3IA31 alnlelall

€T



14 Literature review

2.2.2 Mechanical properties
2.2.2.1 Compressive strength

The 28-day average compressive strength of geopolymer concrete is close to the design
strength of OPC concrete of similar density [15] and a similar stress-strain relation in
compression to OPC concrete is achieved with the same aggregate type [11]. Yang, et al. [36]
conclude that higher compressive strengths are obtained by a decreasing the water to binder
ratio, as in conventional concrete, which reduces the porosity of the hardened binder and the
microcracks with the aggregate particles. Furthermore, the authors report similar increasing
rate of strength to OPC concrete and compare the stress-strain relationships in compression
of GGBFS-based geopolymer concrete (w/b<30%) with predictions by CEB/fib and the
modified Hognestad’s model (Figure 2.2) [36]. The stress-strain relationship as defined in EN
1992-1-1 [22] is omitted since it presents a more brittle descending branch. The behavior of
the geopolymer concrete mixture shows good agreement with the modified Hognestad’s
model whereas it displays lower stiffness and slower drop of strength in the descending branch
as compared to the CEB/fib model. In general, the initial stiffness and peaks load increases
with the compressive strength which is similar to the behavior of OPC concrete.

50
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Axial strain
Figure 2.2. Stress-strain response of slag-based geopolymer concrete activated with Ca(OH)2 and w/b<30% as
reported by Yang, et al. [36]

Some ambient cured geopolymer concrete samples continue to develop strength after 28 days
as the compressive strength at 28 days (25-46 MPa) increased at 90 days (33-53 MPa) [11].
The assessment of cylindrical samples from a GGBFS-based geopolymer concrete
storehouse in Poland after 25 years, compared to the 28-day strength (further details provided
in 2.5.2), also suggests that the compressive strength of geopolymer concrete appears to
increase significantly over time [4]. On the other hand, a 17% decrease of the compressive
strength is reported between 56 days and 1 year in GGBFS-based geopolymer concrete
samples exposed to 50% RH (Relative Humidity) and 23°C after unmolding [12]. Therefore,
the 28-day strength, generalized design criteria for OPC concrete structures, may not be an
accurate indicator of the performance over the service lifetime of a geopolymer concrete
structure, even though similar 28-day compressive strength to OPC concrete is achievable
with geopolymer concrete.

The early-age strength of geopolymer concrete is intrinsically related to curing conditions and
the structure of the binder phase according to the calcium content of the precursors. In fly ash-
based binders the early-age strength is lower than OPC concrete as the polymerization
reaction at ambient conditions is slower in mixtures with precursors with low-calcium content
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[35]. For such reason, Aldred & Day [8], suggest heat curing to improve the development of
strength at early ages. Puertas, et al. [35] reports that the 1-day strength is higher for binders
with higher proportion of GGBFS, as GGBFS-based binders develop similar early-age
strength to OPC concrete at ambient temperature [38] because of the presence of C-S-H gel
in addition to the polymeric structure. The higher initial curing temperature has a positive effect
on the early-age (1 day) strength, conversely lower temperature during the first 5 h gives
higher strengths at later ages [35].

The reported higher early strength of geopolymer concrete with GGBFS and high temperature
curing is especially relevant for prestressed structures as higher initial prestressing may be
attained [39] which could increase the load-carrying capacity or decrease the material
guantities, i.e. more slender design for a certain application. Nevertheless, the long-term
performance would need to be checked as the presented studies remark that high-
temperature curing at early ages reduces the strength over time. Finally, Provis [10] mentions
that sealed curing is highly desirable as the strength development can be restricted if the
activator leaches from the binder phase in submerged curing. On the other hand, Collins &
Sanjayan [38] report increasing compressive strength for immersed cured samples until 400
days while sealed samples did not gain significant strength after 91 days. Both studies agree
on a decrease in compressive strength due microcraking of air-exposed samples.

In combined systems of fly ash and GGBFS, the 7 and 28-day strength increases with increase
in GGBFS content when cured in ambient conditions (Figure 2.3) [33]. Similarly, the
compressive strength is lower for geopolymer concrete mixtures with replacement of GGBFS
by fly ash [11, 30]. The influence of the GGBFS to fly ash proportion and the concentration of
alkali-activator solution are more significant than the curing temperature in the development
of strength; highest strengths are reached for 10 M activator concentration and increases with
the content of GGBFS, regardless of the age [35]. Similarly, Yang, et al. [36] remark that the
28-day compressive strength is minimally affected by the curing conditions regardless of the
choice of alkali-activator in GGBFS-based geopolymer concrete. On the other hand, in fly ash-
based geopolymer concrete heat curing increases the 28-day strength significantly [28].
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Figure 2.3. Variation of compressive strength of geopolymer concrete to GGBFS to fly ash proportion [33]

The compressive strength of GGBFS-based geopolymer with the choice of calcium hydroxide
as activator is lower than OPC concrete with similar water to binder ratios due to a lower
intensity of C-S-H gels that contribute to hardening and strength [36]. On the other hand, also
for GGBFS-based geopolymer concrete, a combination of sodium carbonate and sodium
silicate as activators provide a higher compressive strength than a mixture activated
exclusively by sodium carbonate [29].
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2.2.2.2 Flexural and tensile strength

The tensile strength of concrete allows to estimate the loads that cause cracking in a structure
and achieve a satisfactory design regarding durability and performance. The tensile strength
of concrete can be indirectly derived from the tensile splitting strength or the flexural strength
but the findings regarding geopolymer concrete are not fully in agreement.

The tensile splitting strength of geopolymer concrete is found higher than the EN 1992-1 [22]
and AS 3600 provisions for OPC concrete of a similar strength class [15]. The empirical
relation for OPC concrete from EN 1992-1-1 [22] underestimates the tensile strength of
geopolymer concrete due to a superior interfacial transition zone (ITZ) in geopolymer concrete
caused by a denser ITZ with a similar microstructure to the bulk binder region [3]. The tensile
splitting strength of geopolymer concrete (GGBFS and fly ash-based) and the tensile to
compressive strength ratios are also lower; the commonly used ratio of 0.1 to estimate the
tensile strength from the compressive strength is not applicable [30].

Different authors [11, 16, 36] propose empirical correlations to determine the tensile strength
of geopolymer concrete (Figure 2.4). The flexural strength of fly ash-based geopolymer
concrete is higher than for OPC concrete of similar strength class for both ambient and high
temperature curing, and generally higher than estimates from OPC concrete codes AS 3600
and ACI 318 (Figure 2.4) [11, 16]. On the other hand, the fib Model Code 2010 [27] provisions
are higher than the tensile strength of GGBFS-based geopolymer concrete but with an
increasing rate against the compressive strength like OPC concrete (Figure 2.4) [36].
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Figure 2.4. Correlation of flexural strength and compressive strength of geopolymer concrete at 28 days
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The development of the flexural strength of ambient-cured geopolymer concrete follows the
trend as the development of the compressive strength, the flexural strength increases with a
higher proportion of GGBFS, OPC or calcium hydroxide in the mixture [11]. Nevertheless, this
increase is reported only until a certain limit of high-calcium precursor content as the
percentage of C-S-H gel also increases to a level that the tensile strength of the geopolymer
binder is closer to the OPC concrete of similar grade. The flexural strength increases over
time but the strength of ambient-cured geopolymer concrete is lower than heat-cured samples
(Figure 2.5) [16].
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M [eat curing
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180
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Figure 2.5. Flexural strength of geopolymer concrete at different ages for ambient and high temperature curing
[16]

2.2.2.3 Elastic modulus

The elastic modulus is a parameter determining the in-service performance of a geopolymer
concrete structure and indicates the response against elastic deformation when a force is
applied. In general, the elastic modulus increases for a higher compressive strength as
prescribed by the prediction models for OPC concrete.

The elastic modulus of ambient cured geopolymer concrete is lower than OPC concrete of
similar strength class and is overestimated by standards and empirical equations from OPC
concrete codes [11, 16, 30, 36] (Figure 2.6). In particular, the experimental results of the elastic
modulus are lower than the estimates with ACI 318-19 [40], fib Model Code [27] and EN 1992-
1-1 [22]. The elastic modulus of geopolymer concrete at 28 and 90 days are 25-30% and 22-
31% lower than OPC concrete, respectively. According to Sanjayan [3], Hardito, et al. (2005)
report 23% lower elastic modulus of fly ash geopolymer concrete samples compared to OPC
concrete. Similarly, Nath & Sarker [11], summarize the findings on pulverized fuel ash mortars
by Puertas, et al. [41] and mentions that the geopolymer samples attained lower elastic
modulus than OPC mortar. Therefore, the prediction formulas for OPC concrete result in non-
conservative estimates. The implications of the lower elastic modulus pose a critical
impediment for the generalized applicability of geopolymer concrete since a lower stiffness is
accompanied by larger deflections in slender structures, can reduce the buckling capacity of
axial members and influences the prestress losses and creep behavior of prestressed
structures.

Different authors [11, 16, 36] and several others like Lee & Lee (2013), Diaz-Loya, et al. (2011)
and Hardito, et al. (2005) propose empirical relations between the compressive strength and
the elastic modulus, as shown in Figure 2.6. Nevertheless, these equations are not universally
applicable to geopolymer concrete as the differences in the proposed relations are due to
variation of types of fly ash, mixture compositions, curing conditions and aggregate type.
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Figure 2.6. Correlation of elastic modulus and compressive strength of geopolymer concrete at 28 days

However, there is agreement that the elastic modulus increases for higher compressive
strengths [3, 11, 16] (Figure 2.7). The compressive strength of geopolymer concrete increases
with the content of GGBFS and for higher compressive strength the elastic modulus increases
but remains lower than the estimates with OPC concrete codes. Likewise, it is reported that
the elastic modulus is higher when GGBFS is the choice of precursor as compared to fly ash
due to a denser pore structure [31]. Furthermore, the elastic modulus is around 35% lower
when the mixture is alkali-activated exclusively with sodium hydroxide as compared to a
combination of sodium hydroxide and sodium silicate, which results in similar values to OPC
concrete [17].

The elastic modulus of fly ash-based geopolymer concrete is increased with heat curing
(80°C), as the compressive strength, for 1 day and increasing the curing time beyond has little
effect [28]. The effect of the curing conditions are shown in Figure 2.7.a), heat-cured and
ambient-cured samples follow the trend of increasing modulus of elasticity with increasing
compressive strength. The scatter of data for the samples with design compressive strengths
of 50 MPa show that similar modulus of elasticity can be attained regardless of curing
conditions, even when curing at ambient temperature causes a lower early-age strength.
Nevertheless, the elastic modulus of geopolymer concrete starts to decrease after 7 days due
to the microcracking [30] caused by the shrinkage process which will be explained in detail in
the following Chapter.
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Figure 2.7. Elastic modulus of geopolymer concrete for different compressive strengths

2.2.2.4 Rebar-concrete bond strength

The bond mechanism between the binder phase and the reinforcement influences the load-
carrying capacity and cracking behavior (opening and spacing) of structural members by the
transfer length. Mo, et al. [21] summarizes up to 10 different studies on the bond strength of
geopolymer concrete mixtures with varying constituents, bar diameters, strength class, curing
conditions and coating of reinforcement. Furthermore, the test methods of the studies include
direct pull-out, beam-end and splice tests. In general, the results show that the bond strength
is higher for geopolymer concrete than OPC concrete. Similarly, the estimates from AS 3600,
ACI 318-19 [40] and EN 1992-1-1 [22] give conservative predictions of bond strength. The
bond strength reported by Yang, et al. [36] is consistently higher than the estimate from EN
1992-1-1 [22] regardless of the compressive strength but the difference is larger as the
compressive strength increases; the bond strength is lower than the estimate from CEB/fib for
compressive strengths smaller than 25 MPa. The repercussions of a higher bond strength are
beneficial for modelling as the assumption of perfect bond between geopolymer concrete and
reinforcement is even more realistic than for OPC concrete structures.

2.2.3 Volume stability
2.2.3.1 Shrinkage

Shrinkage in concrete can be decomposed in autogenous, drying, chemical and carbonation
shrinkage. Drying shrinkage is the volume change due to moisture loss to the environment
due to the difference of the internal relative humidity of concrete and a lower relative humidity
of the environment. Autogenous shrinkage is the external volume change of concrete under
constant temperature without moisture exchange with the environment and the driving
mechanisms are the hydration of the cementitious materials and self-desiccation of the
hardened paste. Some authors [18] associate the high shrinkage in GGBFS-based
geopolymer concrete with the pore size distribution, which is reduced by incorporating fly ash
with heat curing. The behavior is similar to OPC concrete where shrinkage and creep are
lower for denser concrete and a higher proportion of GGBFS increases the compressive
strength and elastic modulus as discussed beforehand.

On the other hand, Ye, et al. [37] attribute the large magnitude of shrinkage to the mechanical
response of the solid binder phase rather than a higher driving force caused by the capillary
pores. In general, GGBFS-based geopolymer concrete exhibits a considerably larger drying
shrinkage and moisture loss than OPC concrete regardless of the exposure conditions and
the higher shrinkage rate occurs at the same time when the samples are exposed to drying
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[37].The shrinkage mechanism in GGBFS-based geopolymer concrete is characterized by a
pronounced viscous behavior as the shrinkage dramatically increases despite the moisture
loss remaining constant and is caused by the rearrangement and reorganization of the C-A-
S-H gel which occurs at high RH, hence the shrinkage kinetics are strongly dependent on the
RH. Most of the shrinkage associated with the reorganization of the microstructure is
irreversible. The drying shrinkage behavior is dependent upon the drying rate and history as
the total shrinkage, also indicating a pronounced viscoelastic behavior at high RH. The relation
between RH and shrinkage for OPC concrete is linear but the behavior of GGBFS-based
geopolymer concrete, alkali-activated by NaOH or NaOH and water glass solutions, is
parabolic with the largest shrinkage not corresponding to the lowest RH (Figure 2.8) [17]. The
magnitude of the shrinkage is larger when exposed directly to higher RH, contrary to the
behavior of OPC concrete which undergoes highest shrinkage at lower RH [37, 42].
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Figure 2.8. Drying shrinkage vs RH for different mortar mixes [17]

The drying shrinkage and mass loss of GGBFS-based geopolymer concrete is larger than
OPC concrete independent of the RH, whether the samples are exposed directly or step-wise
to drying [17]. Specifically, the drying shrinkage in GGBFS-based geopolymer concrete cured
at 23°C and 50% RH is about three times higher than OPC concrete samples [18] and also
compared to OPC concrete at 60 days [43]. Furthermore, the drying shrinkage of GGBFS-
based geopolymer concrete samples cured at 40°C and measured after 24h are also 3 times
higher than the prediction model of EN 1992-1-1 [22] for OPC concrete, whereas similar values
are obtained for samples cured at the same temperature for 3 days or at elevated temperature
(80°C) for 1 day (extending the elevated temperature curing time has little effect in reducing
the shrinkage) [28]. For high MgO BFS-based geopolymer concrete, the highest drying
shrinkage occurs for alkali-activation with sodium silicate and the lowest for sodium carbonate
[29]. The drying shrinkage is higher for GGBFS-based mortars activated only with a sodium
hydroxide solution as compared to a combination of sodium hydroxide and sodium silicate
[17]. Furthermore, GGBFS-based geopolymer mortars alkali-activated by sodium hydroxide
and sodium silicate is 3 and 6 times higher than OPC mortars, respectively; whereas for
sodium carbonate the shrinkage is lower or similar to OPC mortars [44].

The autogenous shrinkage of geopolymer concrete, disregarding the choice of precursor, is
higher than for OPC concrete but is higher for GGBFS than for fly ash-based binders [30].
Moreover, according to Ma & Dehn [32] the prediction model from fib Model Code 2010 [27]
is not applicable to estimate the autogenous shrinkage of GGBFS-based geopolymer concrete
since it lasts for a longer time and has a higher ultimate value than OPC concrete. The
autogenous shrinkage of ambient-cured geopolymer concrete is 40% lower for fly ash (1700
Mm/m at 1 day and 3700 um/m at 7 days) precursor as compared to GGBFS (3560 um/m at 1
day and 6600 ym/m at 7 days). Nevertheless, the autogenous shrinkage in fly ash-based
geopolymer concrete is still 6 times larger than for OPC concrete [31].
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2.2.3.2 Creep

The creep coefficient of GGBFS-based geopolymer concrete determined experimentally is
higher than the prediction model from fib Model Code 2010 [27, 32]. Creep coefficients for
high MgO BFS-based are nearly identical regardless of heat curing and choice of alkali-
activator [29]. Heat-cured fly ash-based geopolymer concrete undergoes low creep and the
prediction model from EN 1992-1-1 [22] gives a similar estimate to the creep coefficient for
specimens cured for 3 days at 40°C [28]. Similar to the shrinkage behavior, previously
explained in detail, creep is also related to the rearrangement and reorganization of the C-A-
S-H structure which results in a highly viscous response and the deformation associated with
the reorganization of the microstructure is irreversible. The relevance of this observation lies
in the fact that isotropic elasticity-based prediction models for OPC concrete are not valid to
predict the visco-elastic/viscoplastic material response both for creep and shrinkage of
geopolymer concrete [17].

2.3 Structural tests of geopolymer concrete members

As mentioned in 1.2, most of the studies are around the material properties of geopolymer
concrete and only limited number focus on structural elements, design, and application. Table
2.4 provides a summary of studies of reinforced and prestressed geopolymer concrete girders.

2.3.1 Reinforced geopolymer concrete members
2.3.1.1 Flexure

The behavior of under-reinforced concrete girders, from fly ash-based geopolymer concrete
and steam cured after 3 days, is qualitatively similar to OPC concrete girders in terms of
cracking load, crack-width, flexural stiffness, load-deflection response, ultimate load and
failure mode when subjected to flexural loading [45]. Du, et al. [46] analyze the moment-
curvature, ductility, cracking evolution and failure mode of ambient-cured fly ash-based
geopolymer concrete girder and their OPC concrete counterparts. The moment curvature
diagrams, failure mode (conventional flexural failure with crushing of the cover in the
compression zone) and ductility are similar for ambient-cured geopolymer and OPC concrete
specimens, but geopolymer concrete girders display larger crack widths with less number of
cracks. On the other hand, Prinsse, et al. [34] report that the crack spacing and crack pattern
is similar for moist-cured geopolymer and OPC concrete girders. Sonal, et al. [20] report that
the midspan deflection and failure mode are similar for both ambient-cured non-prestressed
geopolymer and OPC concrete girders, but geopolymer concrete members show a lower load-
carrying capacity. The ultimate moments of ambient-cured fly ash-based geopolymer concrete
girders is only 1, 4 and 8% higher than the OPC concrete counterparts for compressive
strengths of 30, 50 and 70 MPa, respectively. However, the elastic modulus of geopolymer
concrete is 18-19% lower than OPC concrete but the initial flexural stiffness only decreased
between 2 and 9% for the different strength classes, hence the discrepancy in the flexural
stiffness is less significant even though the elastic modulus is much lower [46]. Prinsse, et al.
[34] also mention that the effect of the decrease of material properties on structural behavior
of reinforced geopolymer concrete girders is marginal. Yost, et al. [47] report that the elastic
behavior, strength and failure mode of under-reinforced fly ash-based geopolymer concrete
girders (f. = 54.8 MPa) is identical to the OPC concrete counterparts (f. = 48.3 MPa). On the
other hand, the behavior of over-reinforced girders is completely linear until sudden failure in
comparison to the OPC counterpart which showed a slight nonlinear response closer to the
maximum load and the crushing strain is higher for fly-ash geopolymer than for the OPC
counterpart [47].



Reference Precursor Activator Varying parameters Description
NaOH Concrete strength: 30, 50 and 70 MPa Investigate the flexural response of 12
Du, etal. Fly ash and Reinforcement ratio: 0.66, 1.61, 1.63, 2.71% geopolymer and 3 OPC concrete girders
[46] Na,COs Shear span to depth ratio: 2.67 and 3.43 to 4-point load tests. Shear reinforcement
Ambient curing. provided to prevent shear failure.
_ NaOH GGBFS to Fly ash proportion: 100:0 and 50:50 | Development of material properties over
Prinsse, et | GGBFSand | _ 4 Unmolded after 1 day and cured at 20°C and time (up to around 2 years) and the
al. [34] fly ash Na,SiOo, | 95% RH for 28 days, later some specimens response to 4-point load tests of reinforced
kept in moisture and others 20°C and 55% RH. | beams with 0.61% reinforcement ratio.
; : Investigate the flexural response of 8
NaOH Prestressed and non-prestressed girders in
Sonal, et 50% GGBFS and OPC and aeopol merpconcrete g prestressed and non-prestressed
al. [20] 50% Fly ash : : geopoly ' - (geopolymer and OPC concrete) girders
Na>SiO3 Ambient cured for 28 days before testing. _ . .
without reinforcement to 4-point load tests.
Sumaiow NaOH Com]E)ressive strength: 34, 42 and 46 MPa Investigate the flexural response of 6
ot al [145]’ Fly ash and Ren;prcemerg ra(tj|o. 0'6;1’ 1.18, 1.84, 2';59/"0 under-reinforced geopolymer concrete
' Na,SiOs Ambient cured 3 days, then steam cure (60°C girders to 4-point load tests.
for 1 day), demolded and ambient cured.
Visintin. et NaOH Comlpressive strength: 21, 24 and 33 MPa Determine the contribution to the shear
al. 48] Fly ash and Reinforcement ratio: 0.89, 1.07 and 1.34% capacity of 8 geopolymer concrete in
: Na,SiOs Shear span-to-depth ratio: 2._0, 2.5,3.0and 3.5 girders without stirrups.
Sealed for 3 days, then ambient cured.
Concrete strength: 40, 60, or 80 MPa Investigate the response of 18 GGBFS-
Wu. et al. NaOH Reinforcement ratio: 1.82, 2.54, or 2.72% based geopolymer concrete and 3 OPC
[49] GGBFS and Longitudinal bar strength: 400 or 600 MPa concrete girders with shear and
NazSiOs Shear span-to-depth ratio: 1.5, 2.5, or 4 longitudinal reinforcement to 4-point load
Beam depth: 300 or 400 mm tests.
NaOH Binder: OPC and fly ash Establish how accurately existing design
Yost, et al. Fly ash and Under-reinforced, over-reinforced and shear and analysis procedures for OPC apply to
[47] Na,SiOs critical design the estimating the response of fly ash-

Reinforcement ratio and shear span

based geopolymer concrete girders.
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2.3.1.2 Shear

The girders without shear reinforcement fail suddenly in shear by sliding along a critical shear
crack. The shear capacity is estimated according to the fib Model Code 2010 Level Il approach
[27] and a mechanics based approach (segmental approach). The estimates from the fib
Model Code 2010 underestimate the shear capacity of geopolymer concrete girders but the
segmental approach, in combination with the shear-friction relationships for OPC concrete,
predict accurately the ultimate shear capacity of the girders without stirrups [48].

The crack distribution and failure mode of geopolymer concrete girders with shear
reinforcement are similar to OPC concrete girders. The girders failed by a diagonal shear
crack or by yielding of reinforcement and crushing of the cover in the compression zone
(flexural or flexural shear failure). The change of shear failure to flexural failure is due to the
contribution of high strength geopolymer concrete to the shear capacity, which is a similar
behavior to OPC concrete structures. Furthermore, the shear strength and yield stiffness of
geopolymer a concrete girder is 94% and 99% of its OPC concrete counterpart, respectively.
The loads at which the maximum crack widths (of the flexural cracks at the bottom of the
specimens) reached 0.2 and 0.3 mm are lower for geopolymer than OPC concrete girders.
Finally, the load of the test results showing shear failure were compared to the predicted shear
strength of ACI 318-19 [40], EN 1992-1-1 [22] and fib Model Code 2010 Level lll [27]. The
shear capacity according to ACI 318-19 is the sum of the concrete and stirrups contributions,
whereas for EN 1992-1-1 the contribution of concrete is neglected in structures with shear
reinforcement and Level Il consists on the highest level prediction which will give the most
accurate results. ACI 318-19 and EN 1992-1-1 underestimated the test results (78% and 59%,
respectively) and fib Model Code Level Il gave the better approximation (97%) [49].

2.3.2 Prestressed geopolymer concrete members

According to Sonal, et al. [20] the deflections and cracking load for prestressed geopolymer
concrete girders are higher than OPC prestressed concrete girders. Nevertheless, the load
capacity is similar regardless of the concrete type. Prestressed geopolymer concrete
members display higher deflections and lower bending stiffness which may be related to a
lower elastic modulus. The cracking load in geopolymer are higher than for OPC concrete
girders [20].

2.4 Numerical studies of geopolymer concrete members

The state-of-the-art by Mo, et al. [21] observes some successful numerical studies of
geopolymer concrete structural members with commercial FE packages ANSYS and Abaqus.
Table 2.5 gives an overview of selected studies on numerical modelling of geopolymer
concrete specimens subjected to 4-point flexural testing.

Neupane et al. [39] conducted numerical simulations in Abaqus of geopolymer concrete with
input material properties from testing. The material samples are sealed cured until testing. The
load-deflection responses from the numerical simulation show that, for both spans, the
cracking and maximum loads are around 20% and 10% higher in the geopolymer concrete
girders, respectively. Nevertheless, similar 28-day elastic modulus between geopolymer and
OPC concretes are reported, whereas 2.2.2.3 indicates that the elastic modulus of geopolymer
concrete is consistently lower than for OPC concrete for ambient cured samples. Validation
with experimental results is required to determine the applicability of the modelling choices in
this study since higher maximum loads are reported when the experiments described before
suggest similar capacities for geopolymer and OPC girders in flexure.



Reference Element description Finite element modelling Description
One part (powder-activated): Package: Abaqus
50% fly ash Geopolymer: Damage plasticity _ _
32% GGBFS model (Hognestad curve in Material properties of
18% activator blended in the power compression and Carreira & Chu in geopolymer concrete and OPC
Curing: Sealed at 23°C until testing tension), C3D8R 3D 8-node brick control samples properties are
Neupane elements with reduced integration. obtained from material testing
etal [39] | Cross-section: 300x400 mm?or 350x700 mm? | Reinforcement: Embedded 3D beam | and used as input for four
Span: 50r10m elements B31 numerical models of reinforced
Reinforcement: 3 or 4 $16 mm in tension, Bond: Perfect bond for geopolymer- | geopolymer and OPC concrete
212 mm in compression and $8 mm stirrups | reinforcement and surface-to-surface | girders.
@ 225 mm contact with traction separation law
Shear span: 1.750r 3.8 m for concrete-tendons
Precursor: Fly ash . .
. _ : . Experimental and numerical
Activator: sodium hydroxide kage: i |
Curing: 60°C for 4h Package: Abaqus study reinforced geopolymer
' Geopolymer: C3D8R 3D 8-node concrete girders to evaluate the
Nguyen, et Cross-section: 100x200 mm? brick element with reduced integration | behavior under 4-point Io_ad
al. [50] , and hourglass control. flexural tests. Stress-strain
Span: 1.5m : ) . . .
) . . . Reinforcement: T3D2 2-node linear relation, elastic modulus and
Reinforcement: 2¢10 mm in tension, 2¢8 mm X . .
) : d 68 " @150 3D truss element. Poisson ratio determined from
in compression and $8 mm stirrups mm testing of cylinder samples.
Shear span: 0.375m
Precursor: Recycled wheat straw ash
Activator: sodium meta-silicate and sodium NLFEA to verify the high
hydroxide strength and ultra-high strength
El-Sayed | CUring: Ambient curing for 28 days Package: ANSYS 2019-R1 geopolymer concrete beams
] . reinforced with GFRP-bars with
& Algash c tion: 300x150 ) Geopolymer concrete: Solid 65 the experimental results
[51] ross-section. x1o0 mm Reinforcement: Link 180 P '

Span: 1.6 m

Reinforcement: 212 mm in tension, 2¢10
mm in compression & 1268 mm as stirrups
Shear span: 0.65m

Compressive strength, elastic
modulus and tensile strength
obtained from material testing.
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Nguyen, et al. [50] conducted a numerical study in Abaqus of the flexural response of ambient-
cured reinforced geopolymer concrete girders and compared to experimental results. The
modelling choices are similar to Neupane et al. [39] but reinforcement is modelled only as
truss-elements with axial stiffness and no contribution to the strength by bending as the beam
elements. The authors report that the load — deflection curve and cracking pattern from the
experiment and numerical simulation are in good agreement whereas the deflections are
slightly different due to the support conditions. El-Sayed & Algash [51] carried out NLFEAS in
ANSYS 2019-R1 of high strength and ultra-high strength geopolymer concrete beams
reinforced with GFRP-bars and compared to experimental results of ambient cured
specimens. The ultimate loads with the numerical simulation are within 89 to 93% of the
experimental values. Additionally, the cracking pattern and load — deflection curves showed
good agreement with the experiment. In both studies, the models are constructed with the
material properties obtained from testing.

The set of modelling assumptions of each study are intrinsic to the choice of software package.
For example, in Abaqus the concrete damaged plasticity model describes the nonlinear
response of concrete with tensile cracking and compressive crushing as the two main failure
mechanisms [52] whereas in ANSYS the SOLID65 elements allows the addition of cracking
and crushing capabilities [53]. Furthermore, different constitutive relations for interfaces, bond
behavior, reinforcement steel, concrete in tension and compression are available for numerical
modelling. Consequently, the modelling choices of the selected studies do not imply that
alternative formulations for modelling are not valid but intend to demonstrate that modelling of
geopolymer concrete structures is satisfactory with commercial FE packages with material
models for OPC concrete. In the Netherlands, Rijskswaterstaat’'s Guidelines for NLFEA of
Concrete Structures [23] and software package DIANA are the suggested practice for concrete
structures and their applicability for geopolymer concrete is studied in the present document.

2.5 Geopolymer concrete in the contemporary context

2.5.1 Existing standards for geopolymer concrete

The existing concrete and cement standards define terminology and specifications, prescribe
methods of testing, and recommend practices for OPC or blended cements. The standards
are a response to the necessities of the market to regulate generic products of widespread
use in the industry to satisfy the needs and expectations of both customers and manufacturers.
The customers expect high quality materials meeting a minimum set of requirements and
manufacturers produce, compete and innovate the technology within this minimum set of
performance specifications. Concrete and cement standards undergo reviewing and
amendment every few years but the modifications are based on the properties of the material
manufactured and used according to the standard. To create a new standard or modifying
existing ones, that have been developed based on the performance of another material, for a
new material is a long process [4].

Geopolymer concrete does not comply with most of the prescriptive cement standards due to
the difference in the composition, chemistry and hydration products. The large variety of
possibilities for producing geopolymer concrete (2.1) is an impediment to formulate a new
class of materials in the same prescriptive approach as adopted for OPC. The conceptual and
innovation phases of geopolymer concrete are in development since the early 20" century
and are now firmly supported with extensive research at laboratory scale for mix design based
on fresh and hardened properties and durability. Therefore, current research and future
standards for geopolymer concrete should be derived as much as possible from existing
standards when possible.
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The generalized use of geopolymer concrete does not necessarily require the development of
a completely new body of knowledge but it can be supported by the current practices for OPC
concrete. In fact, the following European standards for OPC concrete are already used for
manufacturing and testing of geopolymer concrete:

= Specifications of raw materials (precursors)

= EN 12350 series: Fresh properties

= EN 12390 series: Hardened properties

= EN 934 and EN 480: Use of admixtures (even though the effectiveness of admixtures for
OPC concrete in geopolymer concrete needs to be studied)

On the other hand, the mixing procedure is different to a certain extent for geopolymer
concrete due to the different components but the equipment and technology is comparable to
OPC concrete mixing. Furthermore, additional safety requirements are associated to the use
of geopolymer concrete due to the high alkalinity.

Nowadays, examples of pilot and industrial applications at structural scale can be found
throughout the world, and the market penetration phase with commercial-scale production in
several countries is imminent. Therefore, some countries and organizations are already
moving towards standardization in existing concrete standards or in exclusive standards and
are summarized in Table 2.6. The standards below mostly address the replacement of OPC
concrete by SCMs, only the cases of Australia (job-to-job basis) and Ukraine (and former

USSR) encompass the application of geopolymer concrete at structural level.

Table 2.6. Standards including alkali-activated materials throughout the world

Country Standard Description
State authority specifications for the use of
Australia VicRoads Section 610, alkali-activated materials for corrosion and
703, 701, 705, 711. chemical resistant applications, paving and on
a job-by-job basis for structural concrete [10].

Canada CSA A3004-E SCMs others than GGBFS, fly ash and silica
fume suitable for use in concretes [4].

. Use of alkali-activated materials for corrosion
China GB/T 29423-2012 and chemical resistant applications [10].
Ukraine and Constituent raw materials, cement
f Over 60 standards (1961- | compositions, concrete mix design,
ormer . .

2007) manufacturing, structures and design,

USSR . . oY
recommendations on use in special field [4].

United Performance-based specification for AAMs

. BSI PAS 8820:2016 with aluminosilicate main constituents and an

Kingdom o
alkali-activator [3].

Switzerland | SIA Merkblatt 2049:2014 Encompasses the use of alkali-activated slag.
Cements for general and special applications,
classified in 6 categories (performance

International | ASTM C1157 requirements). Geopolymer concrete complies
if the performance requirement is met.
Acceptance in only in 5 states as of 2014 [4].
Work Item document. Flexible framework to

International | ASTM WK68966 implement geopolymer concrete in a job-to-job
basis [54].
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2.5.2 Applications in structural geopolymer concrete

The former Soviet Union and China have a longstanding history in the research,
standardization and application of geopolymer concrete both precast and cast in-situ.
Furthermore, cement types such as F-cement in Finland, Purdocement in Belgium, Pyrament
in North America indicate early commercial ventures of alkali-activation in the construction
industry [10]. According to Roy [1], geopolymer concrete applications include cast in-situ and
precast heavy-duty pavements, acid-resistant floor slabs, foundations, storage buildings,
residential buildings and irrigation systems. Table 2.7 summarizes a set of pilot and
commercial-scale projects of geopolymer concrete in structural applications. The projects
presented are relevant for their size, use, age and construction process. In particular, the
detailed description of the projects in the next paragraphs, demonstrate that standard
practices, equipment and labor for mixing, casting and curing of OPC concrete structures are
applicable to a certain extent to geopolymer concrete.

According to Provis, et al. [4] the projects in China and Russia (Figure 2.9) have not presented
durability issues during their service lifetime; more interesting is the testing of cylinder samples
from the storehouse in Poland after 25 years which indicate a significant increase in the
compressive strength compared to 28 days and an average rate of carbonation of less than
0.5 mm/year in all samples.
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a) Residential building in Russia c)Workshop in China

Figure 2.9. Geopolymer concrete projects in Russia and China [4]
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Aldred & Day [8] and Glasby, et al. [9], report the use of trademarked alkali-activated GGBFS-
fly ash-based, Earth Friendly Concrete (EFC) from Wagners in a variety of projects in Australia
ranging from pavements, slabs, walls, water tanks, bridge decks and tunnel segments both
precast and cast in-situ (Figure 2.10). The Brisbane West Wellcamp Airport (BWWA) is the
largest modern project in geopolymer concrete which was used to build the pavement of the
turning node and apron areas, an entry bridge, culverts, footings, sewer tanks and barriers.
The most remarkable aspect of this project is the installation at the project location of a twin
mobile wet mix batch plant with modifications for allocating the activators. One water tank was
cast with EFC and another with a blended cement (80% Portland cement and 20% fly ash) to
explore the self-healing behavior and water tightness of geopolymer concrete. It is reported
that through cracks in the EFC tank healed rapidly by gel swelling mechanism.
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Figure 2.10. Geopolymer concrete projects in Australia [8]



Description Area/Storeys Location Year D§S|gn Precursor | Activator Precast Cast in-situ
requirements
Heating tunnel
Storehouse [4] | - Krakow, 1947 - BFS Na,CO3 (70°C, 6h) floor -
Poland slabs and wall
panels
, . = 20 MPa Portland
Office and Yinshan fe
oo 6 storeys fem = 241 MPa | cement- i : L
retail building 8. 6x31.5 m2 Coynty, 1988 Wb = 0.44 BES-steel Na2S04 Mixed in-situ
[4] China
30-50 mm slump | slag
Precast Columns: , | Yinshan f. = 30 MPa Portland Precast in
girders and 4QOX409 Mm* | County, 1988 | f., = 35.9MPa | cement- Na,SO, building site -
columns [4] Girders: China w:b = 0.50 BFS-steel 9
350x450 mm? slag
3 high-rise . ; Steam cured Temperature
: . Lipetsk, fc =25 MPa Alkali- .
resldgntlal 20+ storeys RuSSIa 1994 w'b = 0.35 BFS activated roo_r slabs and | cured exterior
buildings [4] stairways walls
Bridge [8] Bridge deck | Murrarie, | 5009 | £ = 40MPa Deck delivered .
Australia to site
One-part mix
Ramp and Bundaberg, _ _ _ ;
Boat ramp [8] approach slab | Australia 2011 fo = 40 MPa Earth Friendly Precast planks aptlvated in-
Concrete EFC® situ
IGlo_bal Ckéange ig gogr4slal;s irlsba?e, 2013 £. = 40 MPa Alkali-activation of Plrebcast floor i
nstitute [8] .8x2.4m ustralia GGBFS and fly ash slabs
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Wellcamp 40000 m? Brisbane, | 514 | fer =48MPa Details in main text
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Airport [9]
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2.6 Advantages and limitations to the application of
geopolymer concrete

This section presents potential advantages and limitations of the generalized use of
geopolymer concrete in the construction sector, aside the observations on the material
properties discussed in 2.2.

2.6.1 Advantages
2.6.1.1 Environmental considerations

The classic design approach of structural concrete is based mainly on the functional
performance regarding fresh and hardened properties, durability and costs. The future
expectations of a sustainable society relies on environmentally friendly materials engineered
from the technological use of substantial amounts of waste and by-products to minimize
energy consumption, waste generation and toxic emissions [1]. Geopolymer concrete has
been promoted as an alternative to OPC concrete with reduced embodied energy and CO-
emissions [55]. In particular, the estimated CO. savings from LCA studies comparing
geopolymer and OPC concretes range from 30% to 80% [4].

2.6.1.2 Adaptability and potential for upscale production

The possible combinations of the large variety of precursors and activators makes geopolymer
concrete resourceful for satisfying the functional requirements for a specific application and
locally adaptable depending on the availability of the components. Developing countries with
an increasing demand for urban development like India and China, which are also dependent
on coal-fired power plants, expose ideal conditions for high value use of fly ash for satisfying
the demand of construction materials in a sustainable manner as fly ash does not require
grinding. According to Provis [10], clays, lateritic and volcanic soils, from which precursors can
be obtained, are stored in significantly larger quantities than the global demand for
construction materials in the foreseeable future. Clays are available worldwide, lateritic soils
are found mainly in tropical regions and volcanic resources are abundant in the Andes, Middle
East and southern Europe. Regarding the activators, the source of alkali metals is sodium
chloride, obtained from seawater and converted to sodium carbonate (Na>COs3) by the Solvay
process or to sodium hydroxide (NaOH) by the chlor-alkali process. Sodium carbonate
production is scalable in regions with natural mineral resources like United States, Turkey,
Mexico, Botswana, etc. [4].

The production of geopolymer concrete does not require the development of new processes.
The mixing and casting procedures employ the same technology that has been perfected for
decades in the concrete industry. Slight modifications for dosing and storing of activators need
to be implemented for upscale production in industrial plants. Nevertheless, geopolymer
concrete is considered more suitable for precast applications under stricter levels of quality
control for safety, curing and mix proportioning [10]. Furthermore, the most widely used
precursors (GGBFS and fly ash) and activators are produced with existing technologies and
well defined processes. Successful commercial operations, particularly in Australia [8],
demonstrate that geopolymer concrete with locally-sourced precursors and activators in low
dosages are a cost effective alternative to OPC concrete.
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2.6.1.3 Energy requirements

The energy requirements are drastically reduced since the rotary kilns for Portland cement
production are not required and the thermal processes associated with activator production
arise at moderate temperatures which can be reached with alternative sources to fossil energy
[10]

2.6.1.4 Durability

The microstructure of the geopolymer matrix appears to be durable as the reaction products
seem stable over time [1]. As consequent, several authors report enhanced durability of some
geopolymer concrete mixtures compared to OPC concrete. For example, geopolymer
concrete can present relatively low carbonation depths, no micro cracks after prolonged
service [1] and resistance to sulfate attack, acid and chloride ingress [9]. Additionally, the
susceptibility to alkali-silica reaction is not large and the high alkalinity seems to be favorable
for the protection of embedded steel reinforcement [10]. Finally, Provis, et al. [4] reports dense
binder structures, well-protected steel reinforcement and higher strength than design criteria
in a limited number of studies of in-service geopolymer concretes in structures or structural
components after decades.

2.6.2 Limitations
2.6.2.1 Availability of constituents

The availability of precursors and alkali-activators is determined by the local context and
depends upon technical considerations, as having a developed industry with the available
technology and capacity for manufacturing of constituent materials in the sufficient amounts,
and economic drivers as the demand for the same materials for different applications. The
production of chemical activators in remote and poor regions is not possible due to technical
limitations [10]. In much of the developed world, the stock of GGBFS and other precursors is
required to fulfill the demand for the production of blended cements [10] due to the enhanced
properties when combined with Portland cement. On the other hand, in other countries
GGBFS is a waste material requiring valorization [4]. Furthermore, energy production from
coal is a widespread practice in some countries but some others are dependent on other
sources, hence an uneven distribution of the stock of fly ash across the world.

2.6.2.2 LCA methodology

A consistent Life Cycle Assessment (LCA) methodology is required to provide scientific
arguments to support the endorsement of geopolymer concrete as a standard practice in the
construction sector. Furthermore, the effects across other environmental impact categories
shall be accounted for as alkali-activation discharges non-Greenhouse gas emissions like
SO,, NOy, phosphate and others [4]. For example, Habert, et al. [56] report unfavorable
outcomes in terms of environmental toxicity with the production of the alkali-activator (sodium
silicate) with a rather inefficient process. The functional unit for the LCA analysis also requires
a proper performance-based definition which can be comparable to a reference Portland
cement-based concrete of similar properties and cost for the particular location and
application. The local availability is a determinant factor in the LCA calculation due to the
transportation requirements of bulk constituents which can govern the emissions if the
transportation distances are too long [10]. Additionally, the source and dosage of the activator,
and the energy involved in the production of components shall be specified for the specific
application and location.
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2.6.2.3 Safety

Safety training and suitable personal equipment is required for handling geopolymer concrete
as the alkaline-activators are corrosive and irritant [10].

2.6.2.4 Use of admixtures

The current mix designs of geopolymer concrete do not encompass the use of admixtures
designed for OPC concretes because they are ineffective. For example, naphthalene or PCE-
based superplasticizers, often used with OPC, have little effect on geopolymer concrete [32].
Further research is required for finding admixtures specifically for enhancing the properties of
geopolymer concrete.

2.6.2.5 Durability

Testing durability of geopolymer concrete consists of exposing samples to extreme conditions
for short periods of time under controlled laboratory conditions [4]. The results shall be taken
as a measurement of the expected performance but not as definitive proof as the test methods
have proved satisfactory for concrete structures but not necessarily will resemble the behavior
of geopolymer concrete during its service lifetime. Even though, structures in geopolymer
concrete, exposed to environmental conditions and inspected after decades indicate no issues
with durability. Nevertheless, the same holds for modern cements as durability has not yet
been assessed in real world applications after long periods of time.

2.6.2.6 Standardization and policy

The applicability of geopolymer concrete as a standard construction practice is limited by the
lack of a legal and technical framework for manufacturing, specification, design, analysis and
construction [9]. Each jurisdiction requires standards for the application in a project-level basis
but international performance-based standards will set the basis for construction in
geopolymer concrete to be a widespread business practice in the globalized world [1]. In
particular, a universal mix design methodology is required due to the variability in chemistry,
mineralogy and availability of the constituents. Furthermore, a systematic methodology and
predictive databases need to be made available for optimal pairing of precursors and
activators for compliance with performance specifications from design [10].

2.7 Conclusions

The stress-strain relation in compression and the 28-day compressive strength of geopolymer
concrete are similar to those of OPC concrete; the design compressive strength can be
achieved with geopolymer concrete of similar density and same aggregates as in OPC
concrete. Nevertheless, the development of strength in geopolymer concrete depends upon
the microstructure of the binder phase (choice of precursors and activators) and the curing
conditions. In particular, the early age strength for ambient cured samples is higher for high-
calcium content systems (GGBFS-based) as the C-S-H gel is more abundant than in low-
calcium systems (fly ash-based). On the other hand, higher initial strength is achieved with
heat curing in low-calcium systems but afterwards it decreases over time. Air-exposed
samples can show a decrease of the compressive strength due to microcracking caused by
moisture loss. The 28-day strength, generalized design criteria for OPC concrete structures,
may not be an accurate indicator of the performance over the service lifetime of a geopolymer
concrete structure as studies report both a decrease or increase in the compressive strength
of geopolymer concrete after 28-days.
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The elastic modulus, creep and shrinkage of geopolymer concrete also evidence an intrinsic
relationship with the constituent materials and curing conditions. The empirical relations to
determine the material properties of OPC concrete from the 28-day compressive strength, as
defined in conventional concrete codes, could not be generally applicable for geopolymer
concrete as they result in non-conservative estimates. The variability is apparent within
different mixtures of geopolymer concretes but also with respect to OPC concrete. The elastic
modulus increases with the compressive strength as in OPC concrete but is lower than OPC
concrete of similar strength class and is overestimated by standards and empirical equations
from OPC concrete codes. Similar to the compressive strength, the elastic modulus is higher
for increasing calcium-content in the binder phase and for low-calcium systems it can be
increased with 1-day heat curing. Furthermore, the elastic modulus is increased with the use
of both sodium silicate and sodium hydroxide as when alkali-activation occurs only with the
latter. The bond strength is higher for geopolymer concrete than OPC concrete and estimates
from EN 1992-1-1 [22] give conservative predictions of bond strength. The assumption of
perfect bond between geopolymer concrete and reinforcement for modelling can be more
realistic than for OPC concrete structures. The behavior of the binder phase is characterized
by a viscous response associated with the rearrangement of the C-A-S-H gel at high RH which
causes irreversible deformation. The driving mechanism of shrinkage may be a mechanical
response caused by the changing microstructure as the shrinkage increases despite the
moisture loss remaining constant. Furthermore, the relation between RH and shrinkage is
parabolic as opposed to the linear relation in OPC concrete. The autogenous shrinkage of
geopolymer concrete, disregarding the choice of precursor, is higher than for OPC concrete
but is higher for GGBFS than for fly ash-based binders. The creep coefficient of GGBFS-based
geopolymer concrete determined experimentally is higher than the prediction model. Based
on the literature study, the isotropic elasticity-based prediction models for OPC concrete are
not valid to predict the visco-elastic/viscoplastic material response both for creep and
shrinkage.

The structural performance of geopolymer concrete is assessed by analyzing reported shear
and flexural tests in reinforced geopolymer concrete girders. The varying parameters in the
selected studies are: compressive strength, proportion of GGBFS to fly ash, reinforcement
ratio, shear span-to-depth ratio and curing regime. Furthermore, some studies also compare
the structural behavior to OPC concrete counterparts. The flexural behavior of fly-ash based
reinforced geopolymer concrete girders, steam or ambient cured, is similar to the OPC
concrete counterparts in terms of elastic behavior, cracking load, load — deflection response,
ultimate load and failure mode. Conversely, some studies suggest similar crack pattern but
others report larger crack widths with less number of cracks. The flexural capacity of
prestressed geopolymer concrete members is similar to OPC concrete but display higher
deflections and lower flexural stiffness. The shear behavior of geopolymer concrete girders
with shear reinforcement indicates that the crack pattern and failure mode are similar to OPC
concrete girders. ACI 318-19 and EN 1992-1-1 underestimate the shear capacity but fib Model
Code Level lll gives the better approximation. Numerical simulations of mechanical tests in
Abaqus and ANSYS of reinforced geopolymer concrete girders, with material properties
derived from testing, indicate a good resemblance in terms of load-deflection response. The
similarity in the flexural behavior with OPC concrete counterparts when testing after 28 days,
as well as the acceptable results of numerical simulations with experimental results, indicate
that the mechanical models and finite element modelling choices for OPC concrete can be
used to accurately estimate the short-term flexural capacity of reinforced geopolymer concrete
girders. In the case of numerical modelling, the set of assumptions is related to the choice of
software but the background theory is generalized, hence the use of other software packages
with different modelling choices is possible.



Case study and experimental results

In recent times, several geopolymer concrete mixtures display satisfactory workability,
mechanical properties and durability while improving sustainability considerations in
comparison to conventional concrete. Nevertheless, for large-scale application of geopolymer
concrete it has to be demonstrated that it satisfies criteria regarding performance, durability
and safety during its intended service life in structural scale. Extensive testing on both material
and structural level is required due to the inherent challenges for implementing a new material
in the construction sector since the design criteria for structural application are not defined in
standards and there are several knowledge gaps regarding the structural behavior.

The objective of the Fryslan project is to replace the bridge of the Kowebrege Jouswier with a
more sustainable alternative, a bridge built with geopolymer concrete. In particular, the target
is to safely upscale a two geopolymer concrete mixtures to structural level by guaranteeing
appropriate material performance, feasibility for large scale industrial production and
satisfactory structural capacity in prestressed structures. This chapter describes the
application of geopolymer concrete in structural scale with the construction and testing of the
structural performance of a bridge prototype concept. The prestressed girder is precast in a
factory with a SCGC mixture developed by TU Delft. The reinforced topping is cast in-situ by
a ready-mix geopolymer concrete provider. The details with respect to the geometry,
construction phases and mechanical tests are defined. The development of the mechanical
properties and volume stability over time of the two mixtures employed in the construction of
the prototype specimens are analyzed. Finally, the experimental results of 4-point bending
and 3-point load mechanical tests for assessing the flexural and shear capacity of the
specimens are included. The shear behavior of the elements is studied at an age of 28 days,
whereas the flexural behavior is assessed at this age and after 9 months to analyze the effect
of the long-term material properties of the geopolymer concrete mixtures in the prestressing
losses, cracking load and maximum load carrying capacity.

34
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3.1 General

In total eight HKO-300 prestressed girders are prefabricated by Haitsma Beton with a
geopolymer mix design developed at Delft University of Technology. The precast girders are
delivered to Magnel Laboratory in Ghent University where the construction is completed with
the casting of the in-situ topping by a ready-mix concrete provider and the mechanical tests
are executed. Five specimens consisting of an individual precast girder with cast in-situ
topping and a mock-up bridge deck of three precast girders with cast in-situ topping are
constructed. The individual specimens are tested for (1) short-term flexural capacity by 4-point
bending test, (2) short-term shear capacity by 3-point load test and (1) sustained loading for 9
months followed by flexural test and (1) loaded by self-weight for 9-months followed by flexural
test. The mock-up bridge is tested for cyclic loading followed by loading in the flexure and
shear critical positions. Furthermore, material samples are obtained during each casting
operation for the execution of material tests to assess the fresh properties, mechanical
properties, volume stability and durability. The content to follow focuses in the individual
specimens tested for short-term flexural and shear capacity, and loaded by self-weight for 9
months followed by flexural test, but general aspects of the project are described as well.

The mix design, material properties, test setup, measurement devices, loading protocols and
experimental results are as described in:

= Testing Report on Phase | : Development of a self-compacting geopolymer concrete
(C45/55) [57]

= Testing Report on Phase | — Part 2: Durability and volume stability of the self-compacting
geopolymer concrete (C45/55) [58]

= Testing Report on Phase Il — Industrial production of pre-cast bridge girders using the self-
compacting geopolymer concrete (C45/55) [59]

= Additional Testing Report on Phase Ill — Full-scale tests on girders and deck — Part | [60]

= Test Report Jul '22: Loading tests on prestressed precast bridge deck members in AAM
concrete, by UGhent [61]

= Monitoring of Prestressed Geopolymer Concrete Girders using Smart Aggregates and
Fibre Optic Sensors [62]

3.2 Construction details

3.2.1 Mix requirements

The SCGC mixture used for the precast girders satisfies the following requirements:

= Use of local aggregate and alkali-activator.

= Strength class at least C45/55 with 1-day strength higher than 30 MPa.

= Fresh properties: Slump flow class (SF2), viscosity class (VS1), segregation resistance
class (SR1<23%) and slump retention (45 min > 580-640 mm SF1).

The geopolymer concrete mixture used for the in-situ casting of the topping is delivered by a
ready-mix truck and satisfies the strength class requirements C30/37.

3.2.2 Construction sequence

The precast girders are cast in three dates in Haitsma Beton (Figure 3.1 b)). The girders are
demolded and prestressed at an age of 2.5 days (Figure 3.1 c)) and consequently covered
with wet burlaps and sealed with plastic to prevent moisture loss. The precast girders are
delivered after 14 days to Ghent University and the curing conditions were maintained. The
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casting operations of the topping were executed 30 days after the casting date of the girders
(Figure 3.2). An overview of the casting operations is shown in Table 3.1. The burlaps and
plastic sheets are removed between 7 and 14 days before the casting of the topping to install
the sensors, build the reinforcement cage and set-up the formwork. Hence, the precast girders
are exposed to drying at an age of 21 days. The specimens from casting operation 2 are
covered with wet burlaps and plastic after the casting operations of the topping until the age
of testing, the specimens from casting operation 1 are only covered with plastic (sealed). The
author assisted the casting operations and assembly of the reinforcement cage of some
specimens.

Table 3.1. Overview of casting operations

Casting Haitsma Beton Ghent University
: # of Casting Casting _
operation girders date date Description
1 2| 27/08/2021 | 27/09/2021 | 2 specimens for sustained loading
2 3| 10/09/2021 | 11/10/2021 | Mock-up bridge deck
3 3| 17/09/2021 | 18/10/2021 | 3 specimens for flexural and shear tests
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a) Preparation of activator c) Prestressing and demolding

Figure 3.1. Casting operation of precast girders in Haitsma Beton

Figure 3.2. Casting operation of the topping over a girder specimen in Ghent University
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3.2.3 Geometry

The construction sequence presented above is executed according to the drawings of the
cross-sections of the HKO-300 girders of Haitsma Beton and the cast in-situ topping,
presented below and in Appendix A. Likewise, the prestressing, longitudinal and shear
reinforcement layout presented is as executed during the construction stages.

The precast prestressed girders have a total length of 7350 mm, nominal length of 7000 mm,
width of 990 mm and height of 300 mm. The prestressing tendon layout consists of a total of
16 FeP1860 tendons with a nominal diameter of 12.9 mm and a cross-sectional area of 100
mm?Z. The tendons are distributed in a bottom layer of 12 tendons and a top layer of 4 tendons.
Four prestressing tendons in the bottom layer are detached over 1000 mm on each end. The
cross-section dimensions and layout of the prestressing tendons is shown in Figure 3.3.
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Figure 3.3. Cross-section dimensions and prestressing layout of prestressed girder

The geometrical properties of the cross-section are as follows:

Ay, = 156219.1 mm? Iy = 1.20E+09 mm#*
u = 2577 mm zgp, = 1105 mm
hy = 121 mm Wy = 1.08E+07 mm?3

Wy = 6.31E+06 mm?3

The longitudinal and shear reinforcement is built with B500B bars. The longitudinal
reinforcement consists of four bars in the bottom flange and two in the top of the web, with a
nominal diameter of 10 mm. Furthermore, the shear reinforcement consists of two-legged
stirrups with a nominal diameter of 8 mm. The reinforcement layout is presented in Figure 3.4.
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Figure 3.4. Longitudinal and shear reinforcement of prestressed girder
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A total of 15 stirrups are spread at variable spacing lengths over the first 1350 mm at each
end (Figure 3.5) whereas a total of 18 stirrups are spread in the midspan with a uniform
spacing of 250 mm over a length of 4250 mm.
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Figure 3.5. Shear reinforcement layout at prestressed girder ends

The compaosite cross-section is built up with the in-situ casting operation of the deck. The width
of the composite section is increased to 1100 mm and the height of the topping is 120 mm
over the top of the web of the precast girder, reaching a total height of 420 mm for the
composite section. The longitudinal and shear reinforcement is built with B500B bars. The
longitudinal reinforcement consists of four bars ($16mm) in the bottom and 8 bars (¢12mm)
in the top of the cast in-situ topping (Figure 3.6).
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Figure 3.6. Cross-section of composite section and reinforcement layout of cast in-situ topping

The shear reinforcement consists of 29 pairs per side of slightly inclined one-legged stirrups
(#10 mm) with a spacing of 250 mm spanning over the nominal length of 7000 mm.
Furthermore, three vertical one-legged stirrups with a spacing of 250 mm are provided at each
end. The shear reinforcement layout of the cast in-situ topping is displayed in Figure 3.7.
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Figure 3.7. Shear reinforcement layout of cast in-situ topping
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3.3 Material properties of geopolymer concrete mixtures

This section describes the material properties of the geopolymer concrete mixtures to be used
in the calculation of the flexural and shear capacity of the specimen consisting of an individual
precast prestressed girder with reinforced topping layer cast in-situ.

3.3.1 Experimental program for mechanical properties

Cubic samples 150x150x150 mm? and prismatic samples 100x100x400 mm? are collected in
every casting operation for testing of the mechanical properties (Table 3.2). Table 3.3 presents
an overview of the mechanical tests performed on the samples collected at each casting date.

Table 3.2. Number of samples for mechanical tests according to the casting date

Samples Haitsma Beton Ghent University

27/08/21 10/09/21 17/09/21 27/09/21 11/10/21 18/10/21
Cubes 20 20 20 16 16 16
Prisms 2 2 2 2 2 3

Table 3.3. Overview of mechanical tests for material properties of geopolymer concrete mixtures

Mixture Cube samples Prisms
Precast girder foat 2.5, 7, 28 and 56 days E. at 2.5, 28 and 56 days
Cast in-situ topping foatl, 7, 28 and 91 days E. at 7,15, 30 and 60 (or 81) days

3.3.2 Compressive strength

The samples of the SCGC mixture of the precast girders are heat-cured under 25°C for 1 day
meanwhile the samples of the ready-mix geopolymer concrete mixture of the topping are
demolded after 24 h and covered in plastic until testing. All the samples are moisture-cured in
standard conditions 20°C, RH>95% and the compressive strength is determined at different
ages according to EN12390-3 [63]. The results of the compressive strength at different ages
of the mixtures from the different casting dates are summarized in Table 3.4 [59].

Table 3.4. Compressive strength of the geopolymer concrete mixtures [MPa]

Precast Ready-mix
Age [days] | 27/08/21 10/09/21 17/09/21 27/09/21 11/10/21 18/10/21
1 - - - 25 25 25
2.5 47.5 50.6 49.6 - - -
7 53.4 53.7 53.5 35 42 45
28 63.6 63.4 59.4 45 55 55
267 - - - 59 - -

3.3.3 Elastic modulus
3.3.3.1 Experimental results

The development of stiffness and lower elastic modulus of the geopolymer concrete mixtures
is a key aspect influencing the structural performance of prestressed members and are
intrinsically related to the curing conditions, as discussed in 2.2.2.3. The prismatic samples
obtained from the casting operations are exposed to different curing conditions to study the
development of stiffness. The elastic modulus is tested in agreement with 1ISO 1920-10:2010
[64] and EN 12390-13 [65].
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The samples corresponding to the SCGC mixture of the precast girders are subjected to heat-
curing under 25°C for 1 day, followed by moisture-curing in standard conditions 20°C,
RH>95% for 7, 14 or 28 days and finally exposed to drying 20°C, RH=50%. The development
of the elastic modulus over time is illustrated in Figure 3.8 [57].
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Figure 3.8. Elastic modulus development over time of Haitsma Beton - TU Delft SCGC mixture

A detailed study on the influence of curing conditions on the development of stiffness is
conducted by the author with the samples corresponding to the ready-mix mixture of the
topping (Figure 3.9). In particular, samples are exposed to seven different curing conditions
(Table 3.5), and the elastic modulus is tested up to 60 or 81 days, depending on the casting
date. The development of the elastic modulus over time is illustrated in Figure 3.10.

Table 3.5. Curing regimes of Elastic modulus samples of ready-mix geopolymer concrete mixture

Casting date | Sample | Curing regime
Sep 27 1 Standard cur?ng (20°C, RH>95%)
2 Standard curing 30 days - Drying (20°C, RH=50%)
Oct 11 1 Standard curing 14 days - Drying
2 Sealed 14 days - Drying
1 Standard curing 7 days - Drying
Oct 19 2 Sealed 7 days - Drying
3 Sealed 3 days - Drying

Figure 3.9. Elastic modulus testing
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As described in 2.2.2.3, the elastic modulus increases with the compressive strength for heat-
cured and ambient-cured samples. Furthermore, from 2.2.2.1 the compressive strength of air-
exposed samples decreases due to microcracking in the surface due to the moisture loss.
Therefore, it can be expected that compressive strength and hence the elastic modulus
decrease for samples exposed to drying. The development of the elastic modulus of the
Haitsma Beton — TU Delft SCGC mixture (Figure 3.8) demonstrates this behavior as the elastic
modulus decreases after exposed to drying, in contrast to the sample kept under standard
curing for which the elastic modulus appears to be stable over time after 14 days. For this
SCGC mixture the samples exposed to drying earlier report a higher decrease in the elastic
modulus over time and the decrease ranges between 15-26% at 56 days. The ready-mix
geopolymer (Figure 3.10 a)) also displays this behavior, as the sample exposed to drying
shows a decrease in the elastic modulus of 7% at 60 days. The drop in the elastic modulus is
similar for both mixtures when comparing the samples kept under standard curing with the
samples exposed to drying after 14 days, 10% decrease at 28 days for both mixtures.
Moreover, from 2.2.2.3 it is also stated that a similar modulus of elasticity can be attained for
concrete compressive strength of around 50 MPa whether the sample is heat-cured or
ambient-cured in early stages. A similar observation seems to describe the trend of the
samples exposed to drying in early stages (Figure 3.10 c)). Even though, the initial exposure
to drying is accompanied by a lower stiffness, the elastic modulus of the three samples seems
to stabilize and reach a similar value after 30 days regardless of the time of exposure to drying.
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Figure 3.10. Elastic modulus development over time of ready-mix geopolymer concrete mixture

3.3.3.2 Elastic modulus according to EN 1992-1-1 and literature

The elastic modulus is calculated according the empirical relations from EN 1992-1-1 [22] for
conventional concrete and the experimentally derived expressions for geopolymer concrete
as suggested from literature in 2.2. An overview of the expressions is presented in Table 3.6.
The expression for the elastic modulus of OPC concrete from EN 1992-1-1 [22] is
fundamentally different to the empirical expressions for geopolymer concrete from different
studies. The empirical expressions for the elastic modulus of geopolymer concrete are
obtained by curve fitting of the experimental data, using the commonly used term of the square
root of the compressive strength of concrete with a scalar factor. The expression for the elastic
modulus of OPC concrete in ACI 318-19 [40] is also based on the square root of the
compressive strength of concrete. The expression by Yang, et al. [36] also includes a
dependency on the density if geopolymer concrete.
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Table 3.6. Expressions for elastic modulus and tensile strength

Reference Elastic modulus
EN 1992-1-1 [22] Eqm = 22000(f,,/10)03
Yang, et al. [36] E, = 4600(p./2200)1>£05
Nath & Sarker [11] E. = 3510£%°
Hassan, et al. [16] E. = 4100£%°

3.3.3.3 Comparison of experimental results and estimates

The elastic modulus obtained from material tests of the geopolymer concrete mixtures, the
calculated estimates for the elastic modulus from the empirical relations as defined in EN
1992-1-1 [22] for conventional concrete and the experimentally derived expressions for
geopolymer concrete as suggested from literature in 2.2. are summarized in Table 3.7 and
visually represented in Figure 3.11.

Table 3.7. Elastic modulus of geopolymer concrete [MPa]

Reference Precast 2.5 days | Ready-mix 30 days Precast 30 days
EN 1992-1-1 [22] 33.35 34.55 35.65
Yang, et al. [36] 30.09 31.92 33.64
Nath & Sarker [11] 22.20 23.55 24.82
Hassan, et al. [16] 25.93 27.50 28.99
Standard curing 25.00 32.60 30.65
Drying after 14 days - 27.10 27.50
Drying after 7 days - 26.40 24.90

The first noticeable aspect is that the prediction formula for OPC concrete in EN 1992-1-1 [22]
overestimates the elastic modulus of geopolymer concrete at 2.5 and 30 days, regardless of
the curing condition and strength class. The empirical relation suggested by Yang, et al. [36]
for ambient cured slag-based geopolymer concrete activated with calcium hydroxide
estimates the highest values but are still lower than the estimates from EN 1992-1-1 [22]. The
geopolymer concrete mixtures are also slag-based but the activator is sodium hydroxide and
sodium silicate. On the other hand, the empirical relation from Nath & Sarker [11] for ambient-
cured fly ash-based geopolymer concrete activated with sodium hydroxide and sodium silicate
gives the lowest estimates. Finally, the empirical relation from Hassan, et al. [16] gives the
closest predictions to the elastic modulus. Nevertheless, this study is conducted on fly ash-
based geopolymer concrete with early age heat-curing and ambient curing.

From 2.2.2.3 it was expected that the elastic modulus of ambient cured geopolymer concrete
at 28 days would be 25-30% lower than OPC concrete and that the prediction formulas for
OPC concrete result in non-conservative estimates of the elastic modulus. Similar results are
reported since the elastic modulus at 30 days of the samples of the two geopolymer concrete
mixtures are 22-30% lower when exposed to drying and 6-14% lower for standard curing. As
discussed in detail in the preceding section, the elastic modulus decreases for samples
exposed to drying which is observed from the 30-day results of the samples exposed to drying
at different times. As described in 2.2.2.1, slag-based binders develop similar strength to OPC
concrete because of the presence of C-S-H gel in addition to the polymeric structure caused
by the higher calcium content as compared to low-calcium (fly ash) based geopolymer.
Therefore, the higher amount of calcium due to the choice of activator explains why the
prediction formula from Yang, et al. [36] is closer to the behavior of OPC concrete as compared
to the experimental results for the samples regardless of the curing conditions.
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Figure 3.11. Elastic modulus values according to different methods
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As described in 2.2.2.1, the compressive strength of ambient cured samples increases for
higher slag content in combined systems of GGBFS and fly ash [11, 33, 35] and from 2.2.2.3,
the elastic modulus increases with the compressive strength for heat-cured and ambient-cured
samples. Therefore, the lowest estimates from the empirical relation by Nath & Sarker [11]
can be due to the choice of fly ash as precursor of the geopolymer concrete mix and its
influence in the compressive strength.

The elastic modulus of geopolymer concrete is lower than OPC concrete estimates but a
conclusive framework for calculating the elastic modulus from the compressive strength is
unavailable because the empirical relations presented beforehand are intrinsically dependent
in the choice of activators, composition of the precursors and curing conditions.

3.3.4 Volume stability properties
3.3.4.1 Experimental results

The autogenous shrinkage (Figure 3.12) was measured with an autogenous deformation
testing machine (ADTM) for samples cured at 25°C for 1 day and 20°C until 28 days.
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Figure 3.12. Autogenous shrinkage of Haitsma Beton - TU Delft SCGC mixture

Autogenous shrinkage [um/m]

The creep behavior is measured according to EN 12390-17 [66] with prismatic samples of
100x100x400 mm?. The samples were cured for 2.75 days and then subjected to a stress of
17 MPa. Figure 3.13 displays the results of the total deformation, shrinkage, autogenous
shrinkage, elastic deformation and creep deformation.
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Figure 3.13. Total strain of Haitsma Beton - TU Delft SCGC mixture
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In order to obtain the curves in Figure 3.13, first the elastic strain is subtracted from the total
strain. The resultant strain is the total creep and shrinkage strains. The total creep strain is
obtained by subtracting the shrinkage strain which is obtained from tests on shrinkage
specimens. Therefore, the total creep at any time is given by the following expression:

gcc(t, to) = gcc(t) — [ecs(t, tg) + ecc(to)]
The drying shrinkage is obtained by subtracting the autogenous from the total shrinkage.

The strain due to restrained autogenous shrinkage is determined by subtracting the strain at
t — oo from the strain at the age of prestressing, both values are obtained from Figure 3.12.

Eca = €ca(tz0) — €cq(tzs) = 1140 — 590 = 550 pm/m

The strain due to drying shrinkage .4 at 30, 60 and 270 days is determined from Figure 3.13,
by subtracting the total shrinkage from the autogenous shrinkage, and is equal to 153, 332
and 674 uym/m, respectively.

Finally, the creep coefficient ¢(t,t,) at 30, 60 and 270 days is calculated from Figure 3.13
with the ratio of the creep strain at the corresponding age to the initial elastic deformation:

1214

1500 2652
@ (tz0,t0) = er 1.83 P(teo,to) = er = 2.26 (t270,t0) = er = 3.99

3.3.4.2 Volume stability properties according to EN 1992-1-1

According to EN 1992-1-1 3.1.4 (6) [22] the total shrinkage ¢, strain is composed by the
autogenous ¢., and drying e.; shrinkage strains. The autogenous shrinkage develops
primarily during the early days after casting. The final autogenous shrinkage strain e, () is
a linear function of the concrete compressive strength. The development of the autogenous
shrinkage over time is given by the exponential function B,s(t) (Figure 3.14). The drying
shrinkage develops slowly as it depends on the moisture loss through the hardened concrete
and is obtained by multiplying the nominal unrestrained shrinkage .4, by coefficient k;, and
rational function B4(¢, ts) (Figure 3.15).
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The autogenous and drying shrinkage strains at time ¢t are given by:
€cq (@) = 2.5(f¢x — 10) tt) = t—ts
Bas(t) = 1 —e02t%° Pas(t,5) (t — tg) + 0.04Vh3
gca(t) = .Bas(t)gca(oo) Ecd (t) = ﬁds(t: ts)khgcd,o
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The design concrete strength class of the girder is C45/55. The maximum autogenous
shrinkage is &.,() = 87.5 pm/m. The value of k; is dependent on the notional size of the
member and is equal to 1.0 for hy = 100 and 0.85 for hy = 200 (for hy = 121, k; = 0.97 by
linear interpolation). e.4, is obtained by linear interpolation from Table 3.8, for both the
strength class (C45/55) and RH (50%). For the calculation of B,.(t,t;), the age at the
beginning of drying shrinkage t, is obtained from Figure 3.13 when the shrinkage and
autogenous shrinkage curves start to separate (7 days). The creep coefficient ¢(t,t,) is
determined from Figure 3.16.

Table 3.8. Nominal unrestrained drying shrinkage values ., o [%o0] for concrete (Table 3.2 EN 1992-1-1 [22])

Folf o cube Relative Humidity (in %)
(MPa) 20 40 60 80 90 100
20/25 0.62 0.58 0.49 0.30 017 0.00
40/50 0.48 0.46 0.38 0.24 013 0.00
60/75 0.38 0.36 0.30 0.19 0.10 0.00
80/95 0.30 0.28 0.24 0.15 0.08 0.00
90/105 0.27 0.25 0.21 0.13 0.07 0.00
ta
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Figure 3.16. Creep coefficient for concrete under normal environmental conditions (Figure 3.1 EN 1992-1-1 [22])

The volume stability material properties calculated with the methods for OPC concrete as
defined in EN 1992-1-1 [22] are summarized in Table 3.9.

Table 3.9. Volume stability properties of SCGC mixture of precast girder according to EN 1992-1-1

t Sca(oo) eca(t) €cd,0 Ecd
days] | [um/m] | P=® | pum/m] | jum/m] | Pe®5) | jum/my | 9650
2.5 87.5 0.270 23.6 397.5 0 - -
30 87.5 0.666 58.2 397.5 0.302 116.3 1.73
60 87.5 0.788 68.9 397.5 0.499 192.4 1.73
270 87.5 0.963 84.2 397.5 0.835 322.1 1.73
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3.3.4.3 Comparison of experimental results and estimates

The estimated creep coefficient and the measured autogenous and drying shrinkage at
different ages, from material tests of the SCGC mixture of the precast girder, and the estimated
volume stability properties according to EN 1992-1-1 [22] are summarized in Table 3.10 and
visually represented in Figure 3.18.

Table 3.10. Volume stability properties of geopolymer concrete

t EN 1992-1-1 [22] Experimental results
[d ays] €ca [!»lm/m] €cd [Ilm/m] ¢(t: tO) €ca [Ilm/m] Ecd [Ilm/m] ¢(t, tO)
2.5 23.6 - - 590 - -
30 58.2 116.3 1.73 1140 153 1.83
60 68.9 192.4 1.73 1144 332 2.26
270 84.2 322.1 1.73 1144 674 3.99

From Figure 3.13, the autogenous shrinkage mainly develops during early-age and an
exponential function to describe the development of the autogenous shrinkage could be
suitable for geopolymer concrete as well. In fact, Figure 3.17 displays the measured
autogenous shrinkage and the exponential calculation model from EN 1992-1-1 [22] until 28
days, but with a modified value for ¢.,(c0) determined by curve-fitting and is equal to 1745
um/m. It was described beforehand that in EN 1992-1-1 3.1.4 (6) [22] ., () is related linearly
to the compressive strength of concrete and was equal to 87.5 pm/m for C45/55. Therefore,
even though the exponential model may be suitable (Figure 3.18 a)), the linear prediction of
the final autogenous shrinkage is definitely not applicable since the autogenous shrinkage of
geopolymer concrete is significantly higher (an order of magnitude) than for OPC concrete.
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Figure 3.17. Autogenous shrinkage from geopolymer concrete samples and calculation model as EN 1992-1-1
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The drying shrinkage of SCGC at 30 days is higher than the estimate from EN 1992-1-1 [22]
for OPC concrete (32% higher) but the difference is increased with time (73% and 110% higher
at 60 and 270 days, respectively). This is lower than difference reported in 2.2.3.1, which
states that the drying shrinkage of GGBFS-based geopolymer concrete is around 3 times
higher than OPC concrete for different exposure conditions. The drying shrinkage at 60 and
270 days compared to 30 days, is 2.2 and 4.4 times higher for SCGC whereas it is only 1.7
and 2.8 times higher for OPC concrete. As discussed in 2.2.3.1, the driving force of shrinkage
in geopolymer concrete can also be due to the viscoelastic behavior since the shrinkage
continues to increase for a constant moisture loss. The difference may be further explained
as the relation between RH and shrinkage for OPC concrete is linear but the parabolic relation
for GGBFS-based geopolymer concrete is caused by the rearrangement of the C-A-S-H gel
structure dependent on the drying rate and history.
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A higher creep coefficient was expected since the observations from 2.2.3.2 indicate that the
prediction model from fib Model Code 2010 [27] also underestimates the creep coefficient of
GGBFS-based geopolymer concrete. The creep coefficient of SCGC at 30 days is almost the
same as the prediction model from EN 1992-1-1 [22] for OPC concrete. On the other hand, at
60 and 270 days the creep coefficient increases for SCGC whereas for OPC it remains
constant. The visco-elastic/viscoplastic material response of geopolymer concrete explains
the higher creep since the deformation associated with the reorganization of the microstructure
is irreversible. The creep coefficient at 270 days is significantly larger than at 30 days,
indicating considerable creep deformations.

3.3.5 Calculation values

As described in 3.2.2, the specimens are covered with wet burlaps and sealed with plastic for
the longer possible time but curing takes place in an open space exposed to the environment.
Therefore, the structure is subjected to the drying process. The decrease in the elastic
modulus needs to be considered since higher elastic deformations will lead to higher
prestressing losses and modify the stress distributions assumed for design. In particular, the
elastic modulus under three curing conditions are selected to analyze the best fit to the real
conditions. Scenario 2 is the default option for the calculations in the next sections as the
combination of standard curing and drying resemble the exposure conditions of the structure.

1) Standard curing 20°C, RH>95%"
2) Drying after 14 days: Standard curing 20°C, RH>95% for 14 days, drying 20°C, RH=50%2
3) Drying after 7 days: Standard curing 20°C, RH>95% for 7 days, drying 20°C, RH=50%?3

The compressive strength is taken from the cubic samples subject to standard curing
conditions for the casting dates of September 17 and October 19 (casting dates of individual
specimens for flexural and shear tests) and the Poisson ratio and density are taken as
standard values for conventional concrete. The material properties are obtained from the
experimental results from prior sections and are summarized in Table 3.11 and Table 3.12.

Table 3.11. Mechanical properties of geopolymer concrete mixtures

. . Precast Ready-mix
Quantity Units 2.5 days 30 days 30 days
E? MPa 30650 32600
E2? MPa 25000 27500 27100
E2 MPa 24900 26400
v - 0.2
p kg/m?3 2550
fcm,cube MPa S0 60 55
fem MPa 40 50 45
fetm MPa 2.8 3.6 3.0

Table 3.12. Summary of volume stability properties of Haitsma Beton - TU Delft SCGC mixture

Age [days] £cq [Hm/m] £cq [pm/m] ¢t to)
2.5 590 - -
30 1140 153 1.83
60 1144 332 2.26

270 1144 674 3.99
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3.4 Material properties of prestressing and reinforcement
steel

3.4.1 Prestressing steel

The material properties of the prestressing tendons are obtained from the Inspection certificate
EN 10204:2004 Type 3.1 provided to Haitsma Beton as part of the contract requirements from
the manufacturer. Two certificates were issued for the EN 3868:2001 FeP1860-12.9-7S
tendons and are provided in Appendix B and the data is summarized in Table 3.13. The
material properties to be used in calculations are selected from sample 1 since it has the
lowest resistance and ductility of both samples.

Table 3.13. Mechanical properties of prestressing steel

Quantity Units Sample 1 Sample 2
E, GPa 192.49 192.88
fp MPa 1915 1927
fro1 MPa 1694 1675
£0.1 % 1-1.1 1-1.1
£, % 5.95 6.64

3.4.2 Reinforcement steel

The material properties of the B500B reinforcement steel are: E; = 200 GPa and f,, = 500 MPa.
3.5 Experimental setup of mechanical tests

The following section describes the test setup, measurement devices and loading protocols of
the flexural test (4-point bending), shear test (3-point load) and flexural test (4-point bending)
after 9 months subjected to self-weight performed on the individual girder specimens in
Magnel Laboratory in Ghent University in 15 November 2021, 17 of November 2021 and 20
June 2022, respectively [60, 61, 62].

3.5.1 Prestressing stage measurements

The midspan deformations and length change of the precast girders are measured manually
after prestressing (2.75 = 3 days) and at 7 days. Fibre optic sensors (FOS) are employed in
the precast girder for monitoring the early age deformation and detect the transmission length.
Strain and temperature Fibre Bragg grating (FBG) sensors are applied to measure the
mechanical strains and compensate for thermal strains. The sensors for monitoring early
deformation and temperature are fixed on the prestressing strands. The accuracy of strain and
temperature measurements are +1ue and £0.1°C, respectively. Measurements are performed
before/after casting of the girders, before/after application of the prestressing force,
before/after casting of the topping layer and before the mechanical tests.

3.5.2 Test setup of mechanical tests

The specimen is simply supported at the two ends by a hinge and roller support. The support
plates (350 mm x 280 mm, thickness of 30 mm) act directly over steel roller bearings with a
nominal diameter of 40 mm. One of the roller bearings is blocked to act as a hinge support
meanwhile the other remains free. The specimen is settled over the support plates by a mortar
layer between the steel and the bottom face of the precast girder.
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3.5.2.1 Flexural test (15 Nov 2021)

The 4-point bending test setup is shown in Figure 3.19. The load is applied by two hydraulic
loading jacks at a distance of 2300 mm from the supports. The nominal capacity of each
loading jack is 500 kN and stroke of 125 mm. Load transferring occurs via spreader beams
(HEM600) which span over the full width and rest over a 10 mm thick mortar bed.
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Figure 3.19. Flexural test setup [61]

The instrumentation layout for data acquisition during the flexural test is displayed in Figure
3.20. The applied load is monitored by load cells placed between the loading jacks and
spreader beams. Vertical displacements are measured using 5 LVDTSs, at the top of the
specimen over the supports and at the bottom of the specimen at midspan and under the
points of application of loading. Concrete strains are measured in the constant moment region
by 8 strain stirrups with gauge length of 200 mm (Figure 3.21), and monitor the compressive
strain near the top of the specimen and the tensile strains at the level of the prestressing
tendons of the precast girder and the longitudinal reinforcement of the topping. Furthermore,
visual inspection of crack formation, manual measurement of crack openings with a crack
microscope and DIC measurements are performed during testing.
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Figure 3.20. Flexural test measurement devices [61]



52 Case study and experimental results

E “T13F U 16F
410 mm
8F 10F _ 11F
30 o o o
170 mm
v vy 2F ~ aF ~ 6F  }oeomm

|

Figure 3.21. Strain stirrups in flexural test [61]

The loading scheme for the flexural test as measured by the loading cells is displayed in Figure
3.22. Initially, the load is applied by load control at a speed of 10 kN/min. The load is increased
to 10 kN and then unloaded for an initial check of the test setup. Subsequeéntly, the load is
increased until 130 kN with intermediate stops at 40 kN, 70 kN and 100 kN for measurements,
followed by unloading. Afterwards, the load is increased until 280 kN with stops at 130 kN,
160 kN, 190 kN, 220 kN and 250 kN. At this point, the load is switched to displacement control
at a speed of 2 mm/min and the load is increased to 360 kN with intermediate stops at 300 kN
and 330 kN. The speed rate is increased to 4 mm/min and the load is increased until the
maximum stroke is reached.
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Figure 3.22. Applied load as/measured by load cells (Flexural test)

3.5.2.2 Shear test (17 Nov 2021)

The 3-point load test setup is shown in Figure 3.23. The load is applied by two hydraulic
loading jacks connected in parallel /at a distance 'of 1200 mm from the hinge support. The
hinge support end is placed closest'to the point of application of loading. The nominal capacity
of each loading jack is 500 kN. Load transferring occurs via a spreader beam (HEM600) which
spans over the full width and rest over a 10 mm thick ‘mortar bed.
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Figure 3.23. Shear test setup [61]

The instrumentation layout for data acquisition during the flexural test is displayed in Figure
3.24. The applied load is monitored by load cells placed between the loading jacks and
spreader beam. The total applied load is the sum of the two load cells. Vertical displacements
are measured using 3 LVDTSs, at the top of the specimen over the supports and at the bottom
of the specimen at the point of application of loading. Furthermore, visual inspection of crack
formation and DIC measurements are performed during testing.
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(50-10 at other support) ‘ strain stirrups
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Figure 3.24. Shear test measurement devices [61]

The loading scheme for the shear test as measured by the loading cells is displayed in Figure
3.25. Initially, the load is applied by displacement control at a speed of 0.5 mm/min. The load
is increased to 10 kN, then unloaded for an initial check of the test setup and then preloaded
to 10 kN. Subsequently, the load is increased until 300 kN and maintained constant. At 310
kN the load rate is increased to 1 mm/min and the load is increased until failure.
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Load cell 1
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Figure 3.25. Applied load as measured by load cells (Shear test)

3.5.2.3 Flexural test after 9 months (20 Jun 2022)

The topping of the specimen is casted on its supports on 27 September 2021 and left without
any additional load for almost 9 months until 15 June 2022. The fluctuation of the temperature
and RH in the main test hall is recorded. The average temperature is 19°C (min: 12°C, max:
26°C) and the average RH is 50% (min: 26%, max: 79%). The instrumentation layout for data
acquisition during the flexural test and test itself is executed as stated in 3.5.2.1 but loading
jacks with a stroke of 250 mm are used, as contrary to the 125 mm stroke from the previous
flexural test.

The loading scheme for the flexural test after 9 months as measured by the loading cells is
displayed in Figure 3.26. Initially, the load is applied by load control at a speed of 10 kN/min
or 20 kN/min for the last two load cycles. The specimen is preloaded to 5 kN, the load is
increased to 190 kN and then unloaded to 5kN. Subsequently, the load is increased to 250 kN
and 300 kN in the next two load cycles, each followed by unloading to 5 kN. Finally, in the last
cycle the load is increased to 300 kN followed by force application by displacement control at
a speed of 6mm/min until failure.
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12:28:48 12:28:48 12:28:48 12:28:48 12:28:48 12:28:48 12:28:48 12:28:48 12:28:48 12:28:48 12:28:48
Time [s]

Figure 3.26. Applied load as measured by load cells (Flexural test after 9 months)
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3.6 Experimental results on composite girders
3.6.1 Prestressing
3.6.1.1 Strains in prestressing strands

The length from the end of the prestressing strand to the point where the effective stress is
developed, as the stress is gradually transferred from the steel to the surrounding concrete, is
the transmission length. The relative strains measured by the FBG sensors along the length
of the specimen for the shear test are displayed in Figure 3.27, the end of the specimens are
selected as reference points. The transmission length, based on the comparison with the
analytically determined concrete strains after prestressing (at the transmission length the steel

and concrete fully coupled and the strains shall be equal), is included in Chapter 5.
o

—— Girder

=200 <

4004

-500 -

Strain (pe)

=500 4

-1m|:| T T
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Figure 3.27. Strain change measured by FBG sensors along the length of the specimen [62]

3.6.1.2 Deformation at midspan

The prestressing force is applied to the precast girder by releasing of the tendons at an age
of 2.5 days. The length change and camber is measured at an age of 3 and 7 days. The length
change is composed by three components: 1) elastic deformation due to prestressing, 2)
autogenous and drying shrinkage, and 3) creep behavior under stresses caused by
prestressing. The measurements of the camber are displayed in Table 3.14 and were
performed by Haitsma Beton for the specimens from September, 17 2021 [59].

Table 3.14. Measured deformations of precast girders after prestressing

Quantit Units Specimen 1 Specimen 2 Specimen 3
y 3days | 7days | 3days | 7days | 3days | 7days
Lo mm 7355 7355 7350
Ly mm 7344 7342 7340 7340 7341 7340
AL mm 11 13 15 15 9 10
€ 153 1496 1768 2039 2039 1224 1361
Camber | mm 11 17 11 17 13 18

Table 3.15 summarizes the deformations of precast girders produced by Haitsma Beton with
conventional concrete of strength class C60/75. The specimens, selected from the database
of Haitsma Beton, are similar in type (HKO-300), length (7351 mm) and prestressing layout
(16 tendons) to the precast girders in SCGC. Figure 3.28 displays the average values of the
measured camber of the aforementioned prestressed girders in OPC concrete at ages 1 and
28 days and the camber of the three specimens in SCGC at ages 3 and 7 days.
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Table 3.15. Deformation of precast girders of similar dimensions and prestress configuration produced by Haitsma
Beton with conventional concrete C60/75

Camber after demolding Camber after 28 days
& o R 5| §
18] & |& (88| 5§ |B|5 B8 _§ |B| 3
=< o = > S 5 o c 2 |5 o c 2
S |3 @ = | ®c 9 0 g | o |2c 2 2 @ =
°© s 3 |32 ® = S| 2 |38 ® = e >
a 2138 g |33 |38 & |3| 3
EREE! 2| 3
HKO 3 |1 04/01/2021 | 7351 | 13.8 | 05/01/2021 | 11 | -2.8 | 22.6 | 24/02/2021 | 12 -10.6
HKO 4 | 04/01/2021 | 7351 | 13.8 | 05/01/2021 | 10 | -3.8 | 22.6 | 24/02/2021 | 13 -9.6
HKO 4 | 05/01/2021 | 7351 | 13.8 | 06/01/2021 7 | -6.8 | 22.6 | 24/02/2021 | 12 -10.6
HKO 3 | 05/01/2021 | 7351 | 13.8 | 06/01/2021 9| -4.8 | 22.6 | 24/02/2021 | 12 -10.6
HKO 4 | 06/01/2021 | 7351 | 13.8 | 07/01/2021 7] -6.8|22.6 | 24/02/2021 | 11 -11.6
HKO 3|1 06/01/2021 | 7351 | 13.8 | 07/01/2021 7| -6.8|22.6 | 24/02/2021 | 12 -10.6
HKO 3|1 07/01/2021 | 7351 | 13.8 | 08/01/2021 | 10 | -3.8 | 22.6 | 24/02/2021 | 13 -9.6
HKO 4 | 07/01/2021 | 7351 | 13.8 | 08/01/2021 | 10 | -3.8 | 22.6 | 24/02/2021 | 13 -9.6
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Figure 3.28. Camber of prestressed girders with SCGC and conventional concrete C60/75

The precast girder behavior is elastic during the prestressing stage and the camber is inversely
proportional to the bending stiffness. As described in 3.3.3, the elastic modulus is lower for
SCGC than for OPC concrete of the same strength class (OPC concrete girders are C60/75-
even higher elastic modulus), hence also lower bending stiffness as the girders have the same
cross-section. Therefore, the elastic component of the deformation is higher for the girders in
SCGC as can be seen from the measurements at 3 days (Figure 3.28). Moreover, the creep
deformation of OPC concrete is proportional to the elastic deformation, even though this may
not hold for SCGC, and the creep coefficient for SCGC is also higher than for OPC concrete
(3.3.4.3). Additionally, 3.3.3 reported a decrease of the elastic modulus over time for the
SCGC mixture. Therefore, a higher creep deformation and lower bending stiffness explain why
the camber 7 days after prestressing is higher than the 1 day and 28 day measurements for
OPC concrete girders. Furthermore, as described in 2.2.3 geopolymer concrete undergoes a
rearrangement of the C-A-S-H structure with increasing irreversible deformations under
constant moisture loss. The visco-elastic/viscoplastic response of geopolymer concrete
explains why the camber of geopolymer concrete girders continues to increase over time
whereas it stabilizes for OPC concrete girders.
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3.6.2 Time dependent deformation

The evolution of the internal strain in the precast girder is obtained from the FBG
measurements before the mechanical tests. The sensors measure strain change and the first
measurement after installation of the sensors before casting is the baseline for calibration.

The monitoring results (after temperature compensation) of the girder subjected to flexural test
is shown in Figure 3.29. In between casting of the girder (0O days) and prestressing (2.5 days)
an increase in strain is noticeable and corresponds to autogenous shrinkage since the mold
is sealed during this period. A large deformation occurs after prestressing due to the elastic
deformation of the specimen and at 30 days a decrease in strain is observed due to the weight
of the fresh topping geopolymer concrete cast in-situ. The specimen undergoes shrinkage
deformation which seems to stabilize after 60 days.
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Figure 3.29. Strain at midspan of the precast girder from casting (0 days) to before test (60 days) [62]

Figure 3.30 presents a comparison of the strain measured with FBGs in the precast girder and
the strain measurements from material tests as presented in Figure 3.13 (3.3.4.1). Considering
that the FBGs strain measurements stabilize after 60 days, the total deformation is
overestimated if the findings based on material scale samples are used at structural level. The
drying behavior of the SCGC girder is not sufficiently captured by the material tests as larger
structures undergo less shrinkage-induced microcracking due to the size effect on drying.

0
-500 1|
-1000 |
-1500 1
-2000-
-2500 1
-3000
-3500 -
-4000 -

Strain (ue)

—FBG 1

—FBG 2
-45004 FBG 3
-5000{ ——FBG4
Lab: Creep+Shrinkage+Elastic deformation
-5500 T T T T
0 50 100 150 200 250
Time (days)

Figure 3.30. Comparison of strains: FBG monitoring and material test results [62]
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3.6.3 Flexural test
3.6.3.1 Load - deflection behavior

Figure 3.31 displays the measured deflections under the points of application of loading and
midspan to the average applied force by the two hydraulic jacks as recorded by the load cells.
The test was stopped after reaching the maximum stroke of the hydraulic jacks and the
maximum recorded average point load was 391 kN for a midspan deflection of 119 mm. The
horizontal plateau when reaching about 390 kN is due to pressure losses in the hydraulic jacks
when reaching the maximum stroke but is not an indication of failure since no observation of
wide crack openings or crushing of concrete was observed. Consequently, the specimen was
unloaded and the residual deflection is measured which is equal to 18 mm immediately after
unloading and reduced to 10 mm after one hour. Furthermore, the recorded support
settlements remained about 0.5% of the midspan deflections, hence no correction of the
deflections at the measured points is executed since the difference can be considered
negligible. Around 190 kN it is noticeable a change in the slope of the curve which indicates a
change of stiffness due to the propagation of cracking.
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Figure 3.31. Load-deflection diagram (Flexural test)
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3.6.3.2 Load - strain behavior at midspan

The concrete strains recorded at midspan by the strain stirrups are given in Figure 3.32. Two
of the strain stirrups are at the top and at the bottom of the topping whereas the remaining
strain stirrup is at the bottom of the precast girder. The strain stirrups are located at the level
of the lower layer of prestressing tendons (bottom girder), bottom longitudinal reinforcement
of the topping (bottom topping) and 10 mm from the top of the specimen (top). The first is
located in the surface of the precast girder whereas the former two are located in the topping.

The compressive strain in the top layer remains smaller than the crushing strain of concrete
according to EN 1992-1-1 [22] (3.5%0) which coincides with the observations that crushing in
the top does not occur. Similarly to Figure 3.31, a change of slope around 190 kN is observed
in the three curves which indicates cracking of the specimen in the side face. Additionally, at
the maximum recorded average point load the strains in the prestressing tendons and
longitudinal reinforcement in the topping are 4.1%0 and 2.2%., respectively. According to 3.4.1,
the yield strain of steel B500B and FeP1860 is 2.5%0 and 10%o (tendons are prestressed to
6%o), respectively. The prestressing tendons are on the verge of yielding if perfect bond
between the tendons and the SCGC in the girder is assumed. Furthermore, the cracking strain
of SCGC in the precast girder (0.131 %o) is reached for a load of 70 kN.
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Figure 3.32. Concrete strains at midspan (Flexural test)

3.6.3.3 Cracking behavior

The crack pattern in the constant moment region at different load levels as registered from
manual measurements in the LVDT side is illustrated in Figure 3.33. The upper element is the
topping whereas the bottom element is the precast girder. Meanwhile, Figure 3.35 depicts the
crack pattern and crack width at several load levels to illustrate the development of cracking
in the specimen with DIC measurements during testing [60].Table 3.16 reports the maximum
crack width at the load levels as the displayed cracking patterns both from manual and DIC
measurements. In the case of manual measurements, the average crack width is obtained
from the cracks possible to be measured since cracks close to the strain stirrups could not be
measured. On the other hand, the estimation of crack width from DIC is constructed from the
measured von Mises strain field where strain concentrations are regarded as crack formation.
Strain and displacement resolution for side analysis are 0.217% and 0.008 mm. The following
observations were reported from the cracking process:

= 130 kN: minor single first crack in the precast girder at ~100 mm from the midspan.

= 160 kN: occurrence of cracks in the topping.

= 190 kN: cracking extends from the precast girder to the topping.

= 220 kN: propagation of flexural cracks and debond crack between the girder and topping.
= 250 kN: appearance of additional cracks, widening and vertical propagation of cracks.

= 280 kN: cracks outside the constant moment region, flexural shear crack under point load.
= 344 kN: no further appearance of additional cracks.

Table 3.16. Maximum crack width in the constant moment region at different load steps from DIC measurements

Load level [kN] Topping [mm] Precast girder [mm]
160 0.04 -
190 0.06 0.03
220 0.10 0.18
250 0.22 0.33
277 0.37 0.50
295 0.46 0.63
323 0.63 0.81
344 0.84 0.87
371 1.08 0.97
390 1.57 1.24
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a) Load level: 190 kN

b) Load level: 220 kN

c) Load level: 250 kN

d) Load level: 280 kN

Figure 3.33. Cracking pattern in the constant moment region at different load levels (Flexural test) [61]

3.6.4 Shear test

3.6.4.1 Load - deflection behavior
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Figure 3.34. Load-deflection diagram (Shear test)
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Figure 3.34 displays the measured deflections under the point of application of loading to the
total applied force by the two hydraulic jacks as recorded by the load cells. Furthermore, the
recorded support settlement at the maximum load level was 1.5% of the deflection under the
point of application of loading at the maximum load level, hence no correction of the deflections
at the measured points is executed since the difference can be considered negligible. The
maximum load is 728 kN for a vertical deformation of 25.5 mm. The failure is principally due a
critical shear-flexural crack under the point of application of loading, but also by debonding of
the precast girder and cast in-situ topping, slippage of the prestressing tendons and cracking
of the flanges of the precast girder near the support.

3.6.4.2 Cracking behavior

The crack pattern in the shear region after failure, as registered by visual inspection, is
illustrated in Figure 3.36. The upper element is the topping whereas the bottom element is the
precast girder. Meanwhile, Figure 3.37 depicts the crack pattern at several load levels to
illustrate the development of cracking in the specimen with DIC measurements during testing
[60]. Strain and displacement resolution for side analysis are 0.112% and 0.005 mm. The
following observations were reported from the cracking process:

= 140 kN: debond crack between the girder and the topping.

= 344 kN: crack initiation and increasing debond crack opening.

= 480 kN: cracking in the flange of the girder at the end of the specimen.

= 514 kN: inclined cracks in the cast in-situ topping.

= 591 kN: cracking in the precast girder and shear crack in the cast in-situ topping.

= 638 kN: propagation of the shear crack in the cast in-situ topping.

= 728 kN: load drop caused by severe delamination crack in the interface and critical shear
crack in the cast in-situ topping.

= After maximum load: load increases slightly in a softening phase caused by widening of
existing cracks, further cracking of the flange at the end of the specimen.

Figure 3.36. Cracking pattern after failure (Shear test) [61]
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Figure 3.37. Development of cracks in side surface (Shear test) [60]

3.6.5 Flexural test after 9 months

3.6.5.1 Load - deflection behavior

Figure 3.38 displays the measured deflections under the points of application of loading and
midspan to the average applied force by the two hydraulic jacks as recorded by the load cells.
Furthermore, the recorded support settlement at the maximum load level was 0.5% of the
deflection under the point of application of loading at the maximum load level, hence no
correction of the deflections at the measured points is executed since the difference can be
considered negligible. The maximum load is 381 kN for a vertical deformation of 141 mm.
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Figure 3.38. Load-deflection diagram (Flexural test after 9 months)
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3.6.5.2 State of cracking after 9 months and failure mode after mechanical test

A horizontal debonding crack between the precast girder and cast in-situ topping is observed
within the first weeks after casting of the topping and becomes more noticeable towards the
end of the 9 months. The specimen showed few flexural cracks on the top, following the
upwards deflection caused by prestressing and the creep and shrinkage effects.

The specimen after failure at the end of the flexural test is displayed in Figure 3.39. The failure
is principally due anchorage failure resulting in a critical shear-flexural crack and crushing of
concrete at the top of the specimen. The failure started at the maximum load of 381 kN and
the specimen continued to deform further until fully fractured.

Figure 3.39. Failure of specimen subjected to flexural test after 9 months [61]



Flexural and shear capacity by
analytical and numerical methods

This chapter describes the analytical analysis, finite element modelling, linear and nonlinear
numerical analyses for the specimens subjected to 4-point bending and 3-point load
mechanical tests for flexural and shear capacity, respectively. The specimens consist of an
individual precast prestressed girder in geopolymer concrete with stirrups and a reinforced
topping layer cast in-situ by means of geopolymer concrete delivered by a ready-mix truck.

4.1 Analytical analysis

The analytical model is based upon the design philosophy for conventional concrete structures
as described in EN1990 [67] and EN 1992-1-1 [22], implementing the necessary maodifications
where deviations of the properties of geopolymer and conventional concrete are identified.
This section provides an overview of the results, for detailed calculations refer to Appendix C.

The results provided below correspond to the elastic modulus values of scenario 2 of curing
conditions with the material properties as defined in 3.3.5.

4.1.1 Principles of prestressing

Flexural members experience sagging bending moments under service loads which causes
tensile stresses at the bottom fibre. Normal stresses can reach the tensile strength of concrete
at relatively low load levels since the tensile strength of geopolymer concrete, as for OPC
concrete, is significantly lower than the compressive strength. Prestressing is a principle to
compensate the tensile normal stresses with an initial prestressing compressive force.

65
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Consider the linear elastic response of a simply supported beam in flexure (Figure 4.1). The
normal stresses and strains vary linearly over the height of the beam according to Bernoulli's
hypothesis (plane sections remain plane) and superposition of actions is applicable. The beam
is subjected to its self-weight (q,) and a variable load (q,). The stresses are proportional to
the sagging bending moment and are maximum at midspan. The top fibre will experience
normal stresses significantly lower than the compressive strength but the bottom fibre will start
cracking as the normal stresses reach the tensile strength. An eccentric compressive force
(B,) is applied to counteract the tensile stresses in the bottom fibre by generating high
compressive stresses at the bottom and small tensile stresses at the top. The resultant stress
distribution under service loads is small (or zero) compressive stresses at the bottom fibre
which prevents cracking. Nevertheless, the tensile and compressive stresses still need to
remain below a limit value during the operation of prestressing and during service.
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Figure 4.1. Stresses in the midspan of a statically determinate beam subjected to prestressing (Pm), permanent
(qg) and variable loading (qq) [68]

The prestressing force is applied by pre-tensioned steel (Figure 4.2). High-strength steel
tendons are positioned inside the molds, tensioned and anchored at the end, and concrete is
poured. Afterwards, when the concrete has hardened and reached a certain strength, the
tendons are released from the fixed points and cut at the ends.

la) Tendons inside the mlds B

e i S B o

ting of tendons at the ends

¢) Demolding and releas f tendons ) Cut

Figure 4.2. Pre-tensioning process
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The prestressing force is transmitted from the tendons to the concrete by bond stresses over
a certain distance called transmission length (lpt) which depends on the type of tendons and
magnitude of the initial stress. Immediately after prestressing, the element shortens as the
force is transmitted to the concrete (Figure 4.3) which changes the stresses in the steel and
concrete. The reduction of stresses in the tendons caused by the elastic deformation of
concrete at tendon level is called elastic losses.

@

Pmax PITIE!X

Ax

Figure 4.3. Pre-tensioning of concrete: a) before and b) after tensioning [68]

Prestress losses due to deformations and decrease in stresses occurring in the long-term
need to be accounted for in the design stage as the prestressing has to limit the tensile
stresses during the service lifetime of the structure. The time-dependent prestress losses are:

= Creep of concrete: increase in deformations under sustained loading by the distortion of
the gel structure and the pore stresses. The magnitude of the creep deformation e..(t, ty)
is proportional to the elastic deformation by means of the creep function ¢(t, t,).

= Shrinkage of concrete: is the shortening of concrete caused by moisture loss (drying
shrinkage) and under pressure in the pores of the hardened paste (autogenous shrinkage).

= Relaxation of prestressing steel: is the decrease in stresses due to the permanent
deformation caused by the high stress levels in the tendons.

4.1.2 Stage I: Prestressing (2.5 days)

The prestressing force is limited by the resulting stresses in concrete from the prestressing
force and other loads acting at the time of tensioning or release of prestress and is limited to:

Maximum prestressing  Ppq, = (140 kKN /str)(16 str) = 2240 kN
Omax = Pnax/Ap = 1400 MPa
No tensile stresses _Pmo  Pmoey Mee _
top fibre Ay Wege Wy ™
Ppo < 6205KkN
Limited comprgssive _ Pmo Pmoep 4 Mg, > 0.6£.(6)
stress bottom fibre Ag Wop — Wy

Pmo < 2499 kN

4.1.2.1 Immediate prestress losses: elastic deformation and relaxation of the tendons

Prestressing force Pro = Prax + APg; + APy, = 2033.3 kN
after losses Opmo = Pmo/Ap = 1270.81 MPa
Elastic deformation P Ppoe2 Mg.e

Ops = = = b P = —15.46 MPa

g g g
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Eps = Ops/Ec = —0.618 %o

Aoy = gpsl = 4.3 mm

AP, = gpsEpA, = —190.5kN
Relaxation losses Opi = 1400 MPa

P1000 =2.5%

U= 0pi/fp =0.731

t =60h

Ay, = 0,;0.66p1900€%H(t/1000)%751=1 = —10.15 MPa

AP, = A, Aoy, = —16.2kN

4.1.2.2 Maximum prestressing force at the active end during tensioning and transfer

Maximum prestressing in a tendon Opmax = 1524.60 MPa
Omax < Op,max

Maximum stress in tendon after transfer of = g,,,0(x) = 1436.25 MPa

prestressing Opmo < Tpmo(X)

Maximum stress in concrete if longitudinal

‘ = —21 MPa
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Figure 4.4. Stage |: Stress distribution

The stress distribution at midspan at time of prestressing and the limits in the concrete
compressive stress according to EN 1992-1-1 5.10.2.2 [22] are displayed in Figure 4.4. The
prestressing force after immediate losses causes slightly larger stresses than allowable in the
bottom fibre at midspan based on the characteristic values of the SCGC C30/37 mixture. The
stresses in a cross-section closer to the supports is more critical since the stresses caused by
the self-weight are considerably lower and higher compressive stresses occur at the bottom
fibre. Hence, 4 out of the total 16 prestressing tendons remain unbonded over a length of 1 m
at each end to reduce the compressive stresses at the aforementioned cross-sections.

4.1.2.3 Transfer of prestress

Figure 4.5 displays the transfer of prestressing force from the prestressing strands to the
surrounding concrete over the transmission length calculated analytically. The prestressing
force of the 12 strands is transmitted from the end of the specimen whereas the remaining 4
strands detached at the ends transmit the prestressing force after the first 1 m. The
prestressing force is fully transmitted after approximately 1.5 m from the end of the specimen.
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Bond stress np1  for 7-wire strands = 3.2
n,  for good bond conditions =10
feta(®) = act0.7feem (£) = 1.95MPa
fbpt = nplnlfctd (®) = 6.25 MPa
Transmission length a, for sudden release =1.0
a,  for 7-wire strands =0.19
lpt = a1a2¢0pm0/fbpt =498 mm
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Figure 4.5. Transfer of prestressing force
4.1.2.4 Camber

The constitutive relation of bending in a Euler-Bernoulli beam is: M = Dk —» k = M/D. During
the stage of prestressing the behavior is linear elastic, therefore the bending stiffness D is
equal to EI. In order to solve for the displacement field, the kinematic relation between the
deformation and the curvature is considered.

d*w  d*w M

Tdx? dxz T EI
The ODE is solved by enforcing the following boundary conditions: w(0) = w'(L/2) = 0.

The displacement field over half of the precast girder is displayed in Figure 4.6. The camber
after prestressing is equal to 13.7 mm.
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Figure 4.6. Deformation due to prestressing (red), self-weight (blue) and total (black) at 2.5 days
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4.1.3 Stage Il: Cast in-situ topping (30 days)

4.1.3.1 Immediate prestress losses: elastic deformation and relaxation of the tendons

Elastic losses AP, = 18.2kN
Prestressing force after elastic losses P = 2051.5kN
Relaxation losses APy, = —13.9KkN

4.1.3.2 Time dependent losses: creep and shrinkage

Autogenous shrinkage strain Eca = 550 um/m
Drying shrinkage strain €ca(tso) = 153 pm/m
Total shrinkage strain Ecs =703 um/m
Creep strain &cc(ts0,tg) = 1028 um/m

4.1.3.3 Total losses

Shrinkage losses Ao, = —135.40 MPa
Creep losses Ao, = —197.89 MPa
Relaxation losses Aoy, = —6.93 MPa
Total losses Ao = —340.23 MPa

AP = —445.6 kN
Prestress force after losses P30 = 1605.9 kN

Opm30 = 1003.69 MPa
% prestress force remaining after losses =79%

4.1.3.4 Deformation

Creep 8¢.t30 = —25.0 mm
Total deformation S8t., = —38.6 mm

4.1.4 Stage lll: Composite section (60 days)

4.1.4.1 Immediate prestress losses: elastic deformation and relaxation of the tendons

Elastic losses AP, = 18.2kN
Prestressing force after elastic losses Ppi = 2051.5kN
Relaxation losses APy, = —16.6 kN

4.1.4.2 Time dependent losses: creep and shrinkage

Autogenous shrinkage strain Eca = 550 um/m
Drying shrinkage strain €caltso) = 332 pm/m
Total shrinkage strain Ecs = 882 pm/m
Creep strain Ecc(teo to) = 1271 um/m

4.1.4.3 Total losses

Shrinkage losses Ao = —169.78 MPa
Creep losses Ao, = —244.64 MPa
Relaxation losses Aoy, = —8.28 MPa
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Total losses
Prestress force after losses

% prestress force remaining after losses

Ao = —422.70 MPa

AP = —539.8 kN

Prso = 1511.6 kN

Opmé0 = 944.78 MPa
= 74%

Figure 4.7 shows the stress distribution in the precast girder after losses. It is noticeable that

creep causes the largest prestress losses.

—— Flastic 981 1~
—— Elastic+Relax
El+Rel+Shrinkage
El+Rel+Shr+Creep
-9.60
25 20 1 Siress [MPa] 10 S

Figure 4.7. Stresses after losses at midspan tg,

4.1.4.4 Deformation

Self-weight topping
Creep
Total deformation

4.1.5 Magnel diagram

6c¢(L/2) = 6.8mm
8¢,t60 = —30.9 mm
Styo = —37.7 mm
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The Magnel diagram is a set of two parallelograms constructed from the limiting tensile and
compressive stress conditions on the top and bottom of a prestressed member cross section.
The analysis is performed for the prestressed girder at the construction stages of prestressing
(2.5 days) and in-situ casting of the topping (30 days), and for the composite section at the
stage of testing (60 days). The Magnel diagram (Figure 4.8) shows graphically the possible
prestress force (P,,30) and eccentricity combinations that will satisfy the requirements from
the externally applied forces to a given bridge cross-section geometry. The limit value of the
eccentricity is 55.5 mm from the construction drawings.

Stage |: Prestressing (2.5 days)

PmO PmOep _ MGc

Top fibre 1t -

Ag Wy Wy

P Ppoe
Bottom fiore 1.b — mo _ _mo’p

Ag  Wep  Wep

Stage II: Cast in-situ topping (30 days)

Pnzo Pmzoep  Mge + Mg

< feem(0)

LINO

Top fibre 2t -

A W

g gt

P Ppnzoey Mge+M

Bottom fibre 2.b ——30__m307p , _Gc ' Gt
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Stage Ill: Composite section (60 days)

_Pm60 Peoep B Mg + Mg, B Mg,

Top fibre 1.tes > f,
Ag Wt Wt Wee — 7"
P Pre0€ M .+ M M
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Figure 4.8. Magnel diagram
4.1.6 Flexure

The cross-section becomes composite after the cast in-situ topping has hardened and both
the girder and the topping will resist the externally applied loads. The behavior of the flexural
member is linear elastic until cracking of concrete after which the structural response is
nonlinear due to the material nonlinearity. The stress-strain distributions at midspan and the
moment-curvature relations of the composite section of a precast girder with cast in-situ
topping are calculated for characteristic stages.

4.1.6.1 Zero external moment

The cross-sectional analysis is performed only considering the stresses caused by the
prestressing force, self-weight is excluded.

Curvature =—-2.03-107°1/mm
Moment M = —226 kN m

X

4.1.6.2 Decompression of bottom fibre

The decompression moment (My,.) is the externally applied moment that will cause the tensile
stresses in the bottom fibre to be equal to zero.

Pm60_Pm6Oep+MGC+MGt+ Mgec

A W,

n =0
gb ng ch

g
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The stress-strain distributions due to prestressing, self-weight (G) and the externally applied
moment are presented in Figure 4.9. The curvature is the slope of the strain profile.

Decompression moment Mgy, =277KkNm

Curvature Kdec =1.62-107"°1/mm
90
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Figure 4.9. Stress and strain distribution at midspan for decompression moment

4.1.6.3 Cracking of bottom fibre

Similarly, the cracking moment (M,,) is the externally applied moment that will cause the
tensile stresses in the bottom fibre to be equal to the tensile strength.

_Pm60_Pm603p+MGc+MGt+ M,
A W,

no—=f

g gb ng ch com

The stress-strain distributions due to prestressing, self-weight (G) and the externally applied
cracking moment are presented in Figure 4.10. The cracking load is obtained by diving the

moment to the distance to the point of application of loading in the mechanical test.

Cracking moment M., = 380 kN m
Cracking load Qcr = 165.42 kN
Curvature Ker =2.22-10"%1/mm
=123
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Figure 4.10. Stress and strain distribution at midspan for decompression moment
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4.1.6.4 Cracked cross-section

The analysis of the cracked prestressed cross-section is performed with an iterative procedure
as described by Mast [69] and Ghali & Elbrady [70].

The composite cross-section of the precast girder with cast in-situ topping is composed of four
different materials. The gross transformed cross-sectional properties need to be computed.
The areas of the cast in-situ topping, prestressing steel and longitudinal reinforcement are
transformed to equivalent areas of precast girder SCGC by use of the modular ratio.

Age = 170845.8 mm?
Iyy = 122-10°mm*
Zgep = 107.7 mm

The properties of the transformed girder cross-section vary slight in comparison to the
properties of the girder presented in 3.2.3 because the reinforcement and tendons are taken
into account. Next, the stress distribution over the transformed precast girder cross-section,
caused by prestressing, self-weight and time-dependent effects, is computed.

Pineo Pméoepzsgb _ Mg + Mg,

Top fibre Orgt = — n i ] = —8.99 MPa
gt gt gt
P P co€nZ Mq;.+ M
Bottom fibre Opgt = — ;1"60 — mGOI p7sgb | GCI gt = —8.77 MPa
gt gt gt

The stress gradient in the girder is extended over the full height of the composite section and
the fictitious force F is calculated. This is the force that would be in the topping, if it existed,
without affecting the stress distribution in the girder. Then the force F is combined with the
prestressing force P, to obtain the equivalent axial force P, in the composite section. The
position of P, is such that the stress distribution in the girder remains unaltered. Figure 4.11
show the stress distributions in the girder and the fictitious topping, and the forces in the
transformed girder and composite sections. The properties of the transformed composite
cross-section are calculated, the longitudinal reinforcement in the topping is also included.

A, = 465417.5 mm? F = 2669.5kN
I = 6.62-10° mm* P, = 4181.1kN
Zegp = 2127 mm epe = —14.6mm
— 0 girder 1 400 |
— o fict topping -9.1 !
1 350 1 F
|
9.0 300
I A Y Mg + My,
41 2005
{1 150T Mge + My, P,=F+Pye
{1007 ) """"
. —
-8.8 50 Pmoo
T T 0

25 20 15 10 -5 0
Stress [MPa]

a) Stresses girder/fictitious topping  b) Forces in transformed girder c¢) Forces in transformed composite

Figure 4.11. Analysis of transformed composite cross-section
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The analysis of the cracked composite cross-section is an iterative procedure. An arbitrary
depth of the neutral axis c is assumed and the equivalent axial force P, is moved to the center
of gravity of the cracked section by a distance y (Figure 4.12 b)). The net cracked cross-
section properties are calculated. The assumed depth of the neutral axis is 332 mm which
corresponds to a cracked flange of the precast girder. Instead of solving for ¢, the variable is
the externally applied moment that would cause that depth of the neutral axis and is solved by
equilibrium of forces in the cross-section.

Meye = Mge + Mgy — Py

Finally, the stress distribution in the cracked cross-section is obtained by superposition of the
stress state caused by M,,, and the fictitious stresses related to the F (Figure 4.12 c)).

(o]
) L
T e = |00
o Cracked }i Stress [MPa] \\\
25201510 -5 0 5 10
a) Neutral axis location b) Forces c) Stresses in cracked section
Figure 4.12. Analysis of cracked composite cross-section
Ager = 706954 mm? Acer = 379893.8 mm?
Ly cr = 297-10® mm* Ieer = 3.57- 10° mm*
Zger = 1914 mm Zeer = 250.8mm
y = 38 mm
Mgy = 400.8kNm
Keer = 246 107° 1/mm

4.1.6.5 Ultimate Limit State: Flexure

Structures need to meet Ultimate Limit States (ULS) requirements, one of them being the
bending moment resistance. According to EN 1992-1-1 6.1 (2)P [22], the following
assumptions are made for the determination of the ultimate moment resistance of prestressed
and reinforced concrete cross-sections:

= Linear relationship between the strains and the distance of a fibre to the neutral axis
(Bernoulli’'s hypothesis: plane sections remain plane).

= Strains of bonded reinforcement/tendons are equal to those of the surrounding concrete.

= No contribution to the load-carrying capacity of the tensile strength of concrete.

* The influence of prestressing is accounted as an external load acting on the structure. The
contribution of prestressing steel to the moment resistance is reduced by the working
prestress (o, — peo).-

= At least part of the reinforcement steel yields and the strain in the prestressing steel is
larger than the 0.1% proof stress.
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The moment capacity in the cross-section at midspan is determined by an iterative calculation
of equilibrium of the forces caused by the concrete, prestressing and reinforcement steel.

The compressive concrete force arises from the compressive stresses caused by the sagging
moments in the top of the flexural member. As mentioned in 2.2.2.1, the stress-strain
relationship for geopolymer concrete is qualitatively similar to OPC concrete, with the initial
stiffness and peak load increasing with the compressive strength, hence the idealized bi-linear
stress-strain relation for OPC concrete is adopted for the compression block for the present
analysis (Figure 4.13). The shape of the compression block is determined by the surface factor
a and center of gravity factor 8, where @ = 0.75 and 8 = 7/18 for concrete with strength class
lower or equal to C50/60. The maximum compressive (crushing) strain in concrete is taken
equal to 3.5%o.

fed 701
601  C90/105
50} N
fc3 €cu3
404
~ C50/60
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|
‘ |
101 ‘ | c12115
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Figure 4.13. Stress-strain relationship in compression (ULS) [68]

The design stress-strain relationships for prestressing and reinforcement steel are idealized
bi-linear hardening and ideal plasticity relations (Figure 4.14) as defined in EN 1992-1-1 [22]
3.2.7 and 3.3.6, respectively.
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a) Reinforcement steel (EN 1992-1-1 Figure 3.8) b) Prestressing steel (EN 1992-1-1 Figure 3.10)

Figure 4.14 Idealized stress-strain relationships in tension and compression [22]

The force and strain distribution over the cross-section are displayed in Figure 4.15. The first
step of the iterative procedure consists on assuming the height of the compression zone x,,
from equilibrium of horizontal forces. It is assumed that the compression zone is smaller than
the height of the cast in-situ topping over the web of the precast girder (120 mm).
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Figure 4.15. Forces and strain distribution (ULS)

N¢y = Ppoo + ANy + Ngy + Ngy + Ng3 + Ny

abxufc = Apapmm + Ap (fp - opmm) + Aslfsl + Aszfsz + As3fs3 + As4fs4

The strain in each of reinforcement steel is determined from the geometrical relation with &,
and x,, with the assumption of plane sections remain plane, where d; is the distance to each
layer of reinforcement from the top of the specimen.

Ecu  EcytEsi

Xu dsi
Similarly, the increase in strain in prestressing steel is calculated.

Eu _ Ecu + Asp &y + & — &meo

Xu dsi dsi

The stresses in the reinforcement and prestressing steel are determined from the strains, and
subsequently the forces can be obtained from the relation N = AEe. The height of the
compression zone is adjusted iteratively to satisfy the equilibrium of horizontal forces. Finally,
the bending moment capacity is obtained by sum of moments in the cross-section. Table 4.1
displays the results of the horizontal forces for last iteration of the calculation. The height of
the compression zone is found to be equal to 86.6 mm which is smaller than the maximum
120 mm. Furthermore, the three bottom layers of reinforcement steel reached the yield strain
and according to EN 1992-1-1 3.2.7 b) [22] the strains do not to be checked as the horizontal
branch (ideal plasticity relation) of Figure 4.14. On the other hand, the slopped relation
(hardening plasticity) is used for the prestressing steel and the strains need to be checked.
Figure 4.16 displays the stress and strain in the prestressing steel. The strain limit is not
reached and the stress is larger than the 0.1% proof stress, hence the initial assumptions are
valid.

Table 4.1. Equilibrium of horizontal forces (ULS)

Agi [mm?] | dg; [mm] | & [%e] | o [MPa] N [kN] a[mm] | MJ[kNm]

Ay | 8912 905 354 | -0.831 -166 -150.4 -20.6 3.1
Ay, | 2610 | 157 252 | 3.293 500 78.5 81.4 6.4
Ay | 4016 804 168 6.689 500 402.1 165.4 66.5
Ay | 4910 314 48 | 11.542 500 157.1 285.4 44.8
N,, - - - - - -3213.5 -52.9 170.0
Prco -- | 1600 - 4.908 945 1511.6 129.1 195.2
AN -- | 1600 66.3 | 10.804 1704 1214.6 267.2 324.5
L= 0 = 810.6

+Pm606p = (Mge + Mg;) = 967.6
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Figure 4.16. Prestressing steel stresses and strains (ULS)

Figure 4.17 displays the stress and strain distributions at midspan for ULS. The curvature is
obtained from the slope of the strain diagram (x, = 4.62 - 1075 1/mm) and the maximum
external force of the flexural test is obtained by diving the moment capacity by the distance to
the point load in the experiment and is equal to 421 kN.
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Figure 4.17. Stress and strain distributions at midspan (ULS)

4.1.6.6 Moment curvature diagram
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Figure 4.18 summarizes the results of the cross-sectional analysis at decompression,
cracking, cracked section and ULS, in terms of bending moment and curvature.
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4.1.7 Ultimate Limit State: Shear

Structures need to meet Ultimate Limit States (ULS) requirements, one of them being the
shear force resistance.

4.1.7.1 Reinforced concrete member without shear reinforcement

To illustrate the shear behavior of a prestressed member, first consider a member without
shear reinforcement subjected to 4-point bending by two symmetrical point loads. The failure
mechanism is called flexural-shear failure and occurs when a critical shear crack develops
from a flexural crack. The critical shear crack develops over a large distance outside the
constant moment region and equilibrium is lost since the concrete in compression is drastically
reduced so it can no longer withstand the compressive forces.

The analysis of the capacity of members without shear reinforcement is based on empirically
derived relations and in EN 1992-1-1 6.2.2 (1) [22] is given by:

1
Vrac = (CRd,ck(plfck)3 + klo'cp> b,d = (Vmin + klacp)bwd

The axial stresses (g, ) in compression contribute to an increase of the shear resistance of

the cross-section since the crack opening and propagation is reduced, the opposite effect is
caused by tensile stresses.

4.1.7.2 Reinforced concrete member with shear reinforcement

If shear reinforcement is provided, the inclined flexural-shear crack does not result in failure
and the load transfer mechanism can be described by a truss model (Figure 4.19). A tensile
tie is equivalent to a number of closed stirrups, of cross-sectional area Ay, spaced at a
distance s, that fit over a distance z(cotf + cota). Where z is the internal lever arm, 6 is the
angle of the compression struts and «a is the angle of tensile ties.
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Figure 4.19. Truss model [68]
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The shear force resistance is obtained from vertical equilibrium of the compressive strut, which
is the same expression as EN 1992-1-1 eqgn. (6.13) [22], assuming the shear reinforcement
reaches the design yield strength f,,,4.

A
Vras = Nrsina = %Z(cote + cota)fywg sina

According to Walraven & Braam [68], the calculation of the shear capacity with the
aforementioned truss model is conservative for several reasons due to the idealization of the
model and additional load-carrying mechanisms not accounted for (Table 4.2).

Table 4.2. Conservative assumptions of truss models

Truss model idealization Additional load-carrying mechanisms
= |n reality, the connection between the truss | = Bending of longitudinal reinforcement
elements are not perfect hinges. (dowel action).
= The load is transferred directly to the | = Frictional forces in the cracks (aggregate
supports. interlock).
» Load-carrying capacity of the uncracked
concrete in compression.

Two different approaches allow to consider this extra resistance, often referred as concrete
capacity.

1. Dutch code NEN 6720: the total shear resistance is the sum of the concrete and steel
resistances.

Vra = Vrae + Vras

2. EN 1992-1-1 [22]: rotation of the compression struts caused by the amount of shear
reinforcement. The failure mode is dependent on the amount of shear reinforcement; the
first flexural cracks are crossed by a second crack pattern at a different angle with the beam
axis which depends on the amount of shear reinforcement. The angle of the second crack
pattern is smaller for smaller amounts of shear reinforcement, with a larger amount of
stirrups are activated. The angle of the compression struts can be taken between 6 =
21.8° — 45° but the lower value is often chosen for design [68].

The shear resistance of the compression strut (Vg4 may ) is determined from the dimensions in
the truss model and force equilibrium (Figure 4.20).

bp = z(cotO + cota) sinf

Vramax = Np sin@ = o.pbpb,, sin@ = o.pby,z(cotf + cota) sin® 0

-]

_‘_ II
F 3

VRd,max| _ z (cotg 6+ cotg 0) .

Figure 4.20. Dimensions of compression strut in truss model [68]
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Nevertheless, the compressive struts are under biaxial stress conditions as stirrups cross the
compressive struts in the web and exert tensile stresses which are transferred by bond
stresses between the reinforcement and concrete. The effect of the tensile stresses is a
reduction of the maximum compressive stress in the concrete struts as defined in EN 1992-1-
16.2.3 (3) [22]:

Ocp = AewV1fca

The strength reduction factor of the concrete cracked in shear v, is given in the National Annex
EN 1992-1-1 egn. (6.6 N) [22] and the coefficient for the stress state in the compressive strut
@, IS Obtained from Figure 4.21 as defined in EN 1992-1-1 6.2.3 (3) [22] where o, is the

average compressive stress in concrete at a distance less than 0.5d cot 6 from the support.
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Figure 4.21. Coefficient for the stress state in the compressive strut

Finally, according to EN 1992-1-1 6.2.3 (4) [22], for members with inclined shear reinforcement
the shear resistance is the smaller of Vzgma, and Vgqs. FOr members with vertical shear
reinforcement cota = 0.

4.1.7.3 Prestressed concrete member with straight tendons and without shear
reinforcement

As mentioned in 4.1.7.1, the axial compressive stresses contribute to the shear capacity. For
a simply supported flexural member (Figure 4.22) subjected to a point load at a distance a
from the support, the stresses in the bottom fibre caused by prestressing are:

Bn  Pnep
Op=——F———
A Wy
A externally applied moment causing zero stresses in the bottom fibre M, is given by:
My = o, Wy
The shear force at which g3, = 0 is obtained from equilibrium of forces.

Vn = Mo/a
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Figure 4.22. Influence of prestressing force in the shear capacity of a prestressed member without shear
reinforcement [68]

Figure 4.22 b) is the same situation as a non-prestressed reinforced concrete member without
stirrups, hence the shear capacity of prestressed members is increased by 1, due to
prestressing [68].

For a rectangular cross-section with d = 0.85h and e,, = 0.35h:

_@(P_m_Pmep)_P_m<Wb e)_31 d {0.15Pm ford/a = 0.25
= =T (Pt =

a\A W, a 51 ™g ~ 10.24P, ford/a = 0.40
The value of k; from EN 1992-1-1 in eqgns. (6.2a and b) [22] is equal to 0.15 and represents
the lower bound of V, since P, is directly proportional to a,.

The normal stresses caused by bending of a simply-supported flexural member due to sagging
moments from self-weight and superimposed loads are maximum at midspan but are lower
closer to the supports. For that reason, the bottom fibre at certain locations will remain
uncracked due to the compressive stresses from prestressing compensating the normal
stressed from bending. Even if flexural cracks do not occur, these regions can develop shear
cracks which originate at the web where the maximum principal stress in concrete reaches
the tensile strength and this failure mechanism is called tensile splitting shear failure.

gy + oy Oy — Oy 2
g2 =~ i\/( > )+T,%y

2
Ux Ux
=7t %

+ 1%y = feta foro, =0

Consider that the shear stress is given by: 7,, = ‘;—f, then:

by, 1 ’
VRd,c = % fcztd - foctd

EN 1992-1-1 eqn. (6.4) [22] is obtained if the influence of the transmission length is included.

b, 1 R
VRd,c = T\/fctd + alacpfctd

The above expression is only applicable where the flexural tensile stress is smaller than
fetk0.05/Ye (EN 1992-1-1 6.2.2 (2) [22]).
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4.1.7.4 Prestressed concrete member with straight tendons and shear reinforcement

For regions with flexural cracking, the calculation is the same as for reinforced concrete with
the contribution of o,,.

For regions without flexural cracking, the uncracked lower flange contributes to the shear
resistance. In principle, a lower rotation of the compression diagonal could be used but it is
not contemplated in the code and the design requirements is the same as for the uncracked
area [68].

4.1.8 Ultimate Limit State: Shear

The shear resistance of the composite section of a precast girder with cast in-situ topping is
calculated at a distance of 1.2 m from the support, corresponding to the point of application of
loading in the 3-point load mechanical test for shear capacity. Since the cross-section is a
composite section, it is divided in two members for the calculation of the shear resistance
(Figure 4.23). The middle element is the prestressed girder and the second element is the
combination of the two edge reinforced topping elements.

| 373 b 277 Fog 373 |
__________________ _: [ ————————————m :-___-_—________-___
| |
o | . L | re
(9]
(e}
(9]
m
(Tp}
+ & . .
4+ 4+ 4
+ Pt b

Figure 4.23. Two members for calculation of shear resistance (blue: precast girder, red: cast in-situ topping)
4.1.8.1 Precast girder

Consider that the stirrups are vertical, hence cota = 0 and sina = 1. Assume z = 0.85d =
310 mm and cot@ = 2.5. The number of stirrups over a distance of z(cotf) = 776 mm are 6
double legged stirrups (¢8) between x = 776 — 1551 mm, at an average spacing of 140 mm
(Figure 3.4 and Figure 3.5).

A
Vras = % z(cot e)fywd

The calculation is performed with mean values of material properties.

2 (8 mm)?

A
VRm,s,g = %Z(COt g)fywm =
Consider that the full prestressing force of the 16 tendons is not fully transmitted to the precast
girder over the distance of 1200 mm. The proportion of prestressing force transmitted can be
obtained from Figure 4.5 and is equal to 85%.
P, o, 8.2
M8 — 8.2 MPa —P = 15— =10.25 - a,, = 1.25 (Figure 4.21)

Ag fem 50
Ul = 06

ocp = 0.85
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VRd,max,g = acwvlfcdbe(COtg) sin® 6
Vemmax,g = XewV1fembwz(cot8) sin® @ = 1.25- 0.6 - 50 MPa - 277 mm - 776 mm - sin?(21.8°)
Vemmaxg = 11111 kN

Finally, the shear resistance is the minimum between the resistance of the tensile and
compressive struts.

VRm,g = min(VRm,s,g; VRm,max,g) = 278.5 kN
4.1.8.2 Cast in-situ topping

Figure 4.24 displays the inclined stirrups in the cast in-situ topping which are oriented at
different angles. According to the convention of Figure 4.20, the stirrups inclined to the left are
at an angle of a; = 79.7°, while the stirrups inclined to the right are at an angle of a, = 100.3°

3675
hrsp &g 3 bots &0 Fiz-150 |
per zijde

175 opleglijn \ hrsp #l0-125/250 2028 |

Figure 4.24. Inclined stirrups in cast in-situ topping

Assume z = 0.85d = 214.2 mm and cotf = 2.5. The number of stirrups over a distance of
z(cot®) = 535.5 mm are 4 pairs of stirrups (10, 2 oriented to the right and 2 oriented to the
left) between x = 1071 — 1606.5 mm, at an average spacing of 250 mm (Figure 4.24).

A
VRas = %Z(cot 6 + cota)fywq Sina

The calculation is performed with mean values of material properties.

A
Vemst = %zfywm((cotﬂ + cotay) sina; + (cotd + cotay) sina,)

2m(10 mm)?

Vamse = mzm.z mm - 500 MPa((2.5 + cotay) sina; + (2.5 + cota,) sina, )

VRm,s,t = 331 kN

The cast in-situ topping is not prestressed, hence g, = 0 MPa and a,, = 1.
Veamaxt = %ewV1feabwz(cotd + cota) sin? 6

Vemmax,t = %ewV1fembwz(cot 8 + cota) sin? 6
Vammaxe = 0.6 - 45 MPa - 746 mm - 252 mm(2.5 + cot 100.3%) sin® 100.3° = 11390 kN

Finally, the shear resistance is the minimum between the resistance of the tensile and
compressive struts.

VRm,t = min(VRm,s,t; VRm,max,t) = 331 kN

Finally the overall shear resistance is the sum of the contributions of the precast girder and
the cast in-situ topping: Ve = Vem,g + Vem,t = 609.5 kN,
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4.2 Finite element model

This section describes the linear and nonlinear analysis of the prestressed girder with cast in-
situ topping in commercial FE package DIANA [71]. The 2D phased analysis intends to
resemble the construction stages and the mechanical tests for flexural and shear capacity.
The FE model is an abstraction of the physical structure with several assumptions,
generalizations and simplifications [23]. The modelling choices are performed according to the
following guidelines to ensure the quality and robustness of the analysis:

= RTD 1016-1 Guidelines for Nonlinear Finite Element Analysis of Concrete Structures [23]

= RTD 1016-3B Validation of the guidelines for NLFEA of RC structures Part Pre-stressed
beams [72]

= RTD 1016-3D Validation of the guidelines for NLFEA of RC structures Part Pre-stressed
beams 2 [73]

The external load is applied as increasing displacement until failure and the convergence
behavior is monitored at each step. The geopolymer concrete members are modelled with
plane stress elements. Either a 2D plane stress or full 3D analysis is required to capture shear
failure of a concrete structure. The choice of a 2D plane stress analysis reduces the
computational costs while still capturing the relevant phenomena. The reinforcement and
prestressing tendons are modelled as embedded elements and are perfectly bonded to the
geopolymer concrete elements. An impression of the FE model is displayed in Figure 4.25.
The sources of nonlinearity are physical as material and contact nonlinearity, as follows:

= Geopolymer concrete: total strain based orthogonal rotating crack model with tension
softening and compressive parabolic stress-strain relations.

= Reinforcement steel: ideal plasticity.

= Prestressing tendons: Hardening plasticity.

= |nterfaces: bilinear behavior (normal direction) and linear elastic (tangential direction).

The objective is to describe (and compare with the experimental results) the load-deflection
response, damage evolution, cracking stages, maximum load that can be resisted in the
ultimate limit state and failure mechanism. Additionally, the sensitivity of the results with
respect to the long-term material properties (and the level of prestressing force) are analyzed.
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Figure 4.25. Impression of FE model

4.2.1 Geometry

The specimen composed by an individual precast girder and the cast in-situ topping is
modelled in plane stress conditions. The finite element model is composed by five parts: 1)
Geopolymer concrete members (precast girder and cast in-situ topping), 2) longitudinal and
shear reinforcement, 3) prestressing tendons, 4) loading and support plates, and 5) interface
between the specimen and the support and loading plates.

Geopolymer concrete members: The dimensions of the precast girder and topping are
according Figure 3.6. The geometries of the girder and cast in-situ topping are discretized in
four layers to account for the varying out-of-plane thickness and rounded edges (Figure 4.26).
The thicknesses of the layers are determined such that the total cross-sectional area and
second moment of area are almost equal to the geometry of the real cross-section (Table 4.3).
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Figure 4.26. Discretization of cross-section

Table 4.3. Discretization of real geometry for plane stress FE model

Quantity Units Real geometry Discretization Error [%]
Ag mm? 156219 156390 0.11
Zgp mm 110.5 110.4 0.05
I, mm?* 1195891367 1187432446 0.71
A, mm? 294498 293535 0.33
Zep mm 269.0 269.5 0.19
I; mm* 2716741412 2703356568 0.49

The choice for a discretized geometry instead of defining the profile of the precast girder
exactly as function is in order to avoid the sharp edges which can cause numerical instability
in the stiffness matrix and cause convergence issues during the analysis.

Reinforcement: The longitudinal reinforcement is modelled based on Figure 3.4 and Figure
3.6 in four layers of equivalent area (Table 4.4). The reinforcement spans over the length of
the specimen with a cover of 35 and 50 mm at both ends for the precast girder and topping,
respectively.

Table 4.4. Longitudinal reinforcement

Element Layer Distarjce from Reinforcement Equivalenzt
soffit [mm] layout area [mm?]
Precast girder Bottom 252 4910 314.159
Top 48 2410 157.079
Cast in-situ Bottom 168 416 804.248
topping Top 354 812 904.779

The shear reinforcement is modelled based on Figure 3.4 to Figure 3.7. The reinforcement is
composed by two-legged $8 mm (precast girder) and pairs of one-legged $10 mm (topping)
stirrups and are incorporated in the model as elements with an equivalent area (100.531 mm?
and 157.079 mm?, for the precast girder and topping shear reinforcement, respectively) at the
corresponding spacing.

Prestressing tendons: The prestressing tendons are modelled in 3 different layers of
equivalent area following the layout shown in Figure 3.3. Three layers are considered since
four of the tendons in the lower layer are detached over the first 1000 mm. The top layer is at
100 mm from the soffit and is composed by 4 tendons (400 mm?). The two bottom layers are
at 55 mm from the soffit and are composed by 4 tendons (400 mm?) and 8 tendons (400 mm?)
for the detached and non-detached layers, respectively.
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Interface: Zero thickness interface with out-of-plane thickness as the support or loading plates.

Support and loading plates: The length of the support plates is 300 mm and the thickness is
30 mm. The length and thickness of the loading plates is equal to the geometry of the bottom
flange of a HEM600 spreader beam (305 mm and 40 mm, respectively). The out-of-plane
thickness of the support plates are set 280 mm and the out-of-plane thickness of the loading
plate are set to the thickness of the top layer (1100 mm) as the HEM600 spreader beam spans
over the full width of the specimen.

4.2.2 Material models and parameters

The finite element model is composed by five different materials: 1) Geopolymer concrete, 2)
longitudinal and shear reinforcement bars (B500B), 3) prestressing tendons (FeP1860), 4)
interface (mortar layer), and 5) plates (structural steel).

Geopolymer concrete: The mechanical properties are as defined in Table 3.11 for the precast
girder at ages 2.5 and 30 days, and the cast in-situ topping at 30 days. Modelled with a total
strain based orthogonal rotating crack model. In smeared crack models, the effect of cracking
is spread over an area belonging to an integration point. The cracked material is a continuum
where the constitutive relations are described in terms of stresses and strains. The constitutive
relation of the uncracked material is linear elastic but is replaced by an orthotropic stress-
strain law when a tension cutoff is exceeded and the directions of the axes of orthotropy are
in accordance to the directions of the principal stresses [74]. In smeared crack models cracks
con occur anywhere in the mesh and in any direction. A crack is initiated when the maximum
principal stress exceeds the tensile strength and the direction of the crack is perpendicular to
the direction of the principal stress. The cracking model is denominated “rotating” because the
axes of orthotropy rotate alongside the principal strains during crack propagation. A similar
behavior occurs for crushing of concrete when the minimum principal strain exceeds the
compressive strength. In smeared crack models, the crack width is the strain of the cracked
area corresponding to an integration point over the crack bandwidth.

The parameters for the crack model are as follows. The crack bandwidth estimator according
to Govindjee [75]. The fracture energy (Gr = 0.7 - 0.073 - £,218) is determined according to fib
Model Code 2010 [27] and the compressive fracture energy is taken as (G, = 250G) as
mentioned in Nakamura [76]. The stress-strain tension softening curve is Hordijk’s relation
[77] whereas the compressive relation is parabolic (Figure 4.27).

Table 4.5. Material parameters of geopolymer concrete

. : SCGC girder Ready-mix topping
Quantity Units 2.5 days 30 days 30 days
p kg/m? 2550 2550 2550
E, MPa 25000 27500 27100
v - 0.2 0.2 0.2
fc MPa 40 50 45
fet MPa 2.8 3.6 3.0
Gr N/mm 0.0993 0.1033 0.1014
Gc N/mm 24.82 25.83 25.35

Furthermore, a reduction model due to lateral cracking as described by Vecchio and Collins
[78] with a lower bound of 0.6, confinement effects on the compressive strength according to
Selby and Vecchio [79] and a reduction of the Poisson ratio dependent on damage are
adopted. The material models described originate from research of the behavior of concrete,
hence the applicability to the context of geopolymer concrete is to determined.
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Figure 4.27. Stress-strain curves for geopolymer concrete

B500B: Ideal plasticity with the mechanical properties as defined in 3.4.2 and perfect bond
between reinforcement and geopolymer concrete.

FeP1860: Hardening plasticity with mechanical properties as defined in Table 3.13 and perfect
bond between reinforcement and geopolymer concrete.
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Figure 4.28. Stress-strain curves for reinforcement and prestressing steel
Steel: Linear elasticity with E; = 210 GPa and v = 0.3.

Interface: The linear elastic material properties are derived from the Elastic modulus of the
precast girder SCGC. A bilinear behavior for the interface in the normal direction and a linear
elastic relation in the tangential direction are assumed (Figure 4.29). The normal stiffness in
tension (to simulate a no tension interface) and the stiffness in tangential direction are taken
as almost equal to zero.

103 Tc = 27500 N/mm3 for compression
k, =
-3 EC 3 .
10 7= 0.0275 N/mm*® for tension

-3

E
¢ =0.0115N/mm3

=103 ——
ke = 10 2(1+ )l



Flexural and shear capacity by analytical and numerical methods 89

16 15
1<)
>
x103 101
T G T
_-1{00 -0.50 .po 0.50 1.p0 _ 5
© ©
o o
= = x10°
5 -10 1 5 T 8 T
= 'S1)00 -0.50 0.po 0.50 1.p0
(= (=
5
-20 4
10 A
30 45
Displacement [mm] Displacement [mm]
a) Normal direction b) Tangential direction

Figure 4.29. Traction-displacement curves for the interface

4.2.3 Element types and finite element mesh

The geopolymer concrete members and steel plates are modelled by a structured mesh
(Figure 4.30) of 8-noded quadrilateral plane stress elements (CQ16M) based on a quadratic
interpolation scheme and using a full (3x3) Gauss integration scheme. The average element
size is 30 mm and the thicknesses are as defined in 4.2.1. A different color scale is used for
each of the four discretized layers of both the precast girder and the cast in-situ topping.

a) Girder and support plates

b) Topping and support plates

Figure 4.30. Mesh of plane stress elements

The reinforcement bars and prestressing tendons are modelled with embedded truss elements
with 2-point Gauss integration along the axis of the element. Figure 4.31 displays the mesh of
embedded reinforcements, only half of the beam is shown for visualization purposes.
Reinforcements are embedded in the mother elements (structural plane stress elements). The
strains are computed from the displacement field of the mother element which implies perfect
bond with the geopolymer concrete members. Embedded reinforcements do not have degrees
of freedom of their own and only have axial stiffness.

Figure 4.31. Mesh of embedded reinforcement elements longitudinal reinforcement (red), shear reinforcement
(blue), prestressing tendons (green)
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Table 4.6. Finite element type and mesh details

8-noded
- quadrilateral plane Embedded | 3+3 nodes interface
Finite element type stress element reinforcement element (CL12I)
(CQ16M)
Yty Ay, 4
DOFs 2 DOFs per node - tnxr Stlsy
(16 total)
Isnctﬁgpr)noéatlon Quadratic - Quadratic
Numerical Numerical Numerical
Integration scheme 3)|(r;t(iar?ra|1222 integration integration 4-point
(Gauspsian) 2-point (Gaussian) (Newton-Cotes)
Shape dimension 2D 2D 2D
Topological 2D 1D 1D
imension
Stress components Oxx) Oyy) Oxy Oxx trxr bsx
Average element
size [mm] 30x30 - 30
Total number of
elements 5220 j 54
;I]'ggagsnumber of 13445

4.2.4 Boundary conditions

The bottom mid-nodes of the support plates are constrained vertically and horizontally to
resemble the hinge and roller support conditions as shown in Figure 4.32. The translation in x
and y directions are constrained in the left node (hinge) and the translation in y direction is
constrained in the right node (roller).

Figure 4.32. Boundary conditions

4.2.5 Phased analysis and loading

Phased analysis is performed in order to simulate the construction stages of the specimen
and the varying material properties and loading conditions. At each stage different element
sets of the FE model are activated according to Table 4.7 and are illustrated in Figure 4.33.
The material properties are according to Table 3.11 for the corresponding age of the
specimen.

Three types of loading are considered in the analysis: self-weight, prestressing and
mechanical test. The self-weight is applied as a global load except for the construction stage
of the cast in-situ topping where a uniformly distributed load is applied to the precast girder to
account for the weight of the fresh geopolymer concrete topping. The prestressing force is
gradually introduced over the transmission length and is applied simultaneously over 3 layers
of tendons from the tendon stress after losses at the corresponding stage.
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Table 4.7. Analysis phases

Element Prestress Castlr!g of Comp_osne Flexural Shear test
topping section test
Age [days] 2.5 30 60 60 60

Prestressed girder
Reinforcement girder
Prestressing tendons
Cast in-situ topping
Reinforcement topping
Support plates
Interface support plates
Loading plates flexure
Interface plates flexure
Loading plate shear
Interface plate shear
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e) Shear test
Figure 4.33. Analysis phases

4.2.6 Load increments and convergence criteria

1. Prestressing stage: the prestressed girder is subjected to its own self-weight and the
prestressing force after instantaneous losses o,,,,0. The loads are applied in one step.

2. Casting of topping: the prestressed girder is subjected to its own self-weight, the weight of
the fresh geopolymer concrete topping as uniformly distributed load and the prestressing
force after losses at 30 days o,m,m30. The loads are applied in one step.

3. Composite section: no further loading is introduced but the stress conditions from previous
phase are preserved and the additional elements are activated. This phase is a start step
in the analysis to improve the convergence behavior of the model.

4. Flexural test: the load is applied in displacement control with 70 steps of 0.6 mm, 5 steps
of 1.2 mm and 40 steps of 1.8 mm.

5. Shear test: the load is applied in displacement control with 200 steps of 0.25 mm.
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The iteration procedure is Regular Newton-Raphson method with arc-length control with
maximum 100 iterations per load step for the flexural test and 50 iterations per load step for
the shear test. Force and energy norms are adopted as convergence criteria (Table 4.8). The
analysis requires both norms to be satisfied but is allowed to continue if the convergence
criteria are not satisfied within the set number of iterations.

Table 4.8. Convergence criteria

Norm Tolerance
Relative out of balance force 0.01
Relative energy variation 0.001

4.3 Linear finite element analysis

Linear elastic behavior of the precast girder during prestressing is expected. This section
includes the result of the LFEA in terms of deformations, stresses and strains at midspan.
Figure 4.34 presents the absolute deformations of the precast girder after application of the
prestressing force after immediate elastic losses and its own self-weight. The horizontal
deformation includes only elastic shortening and not volume stability effects.
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b) Horizontal deformation (elastic shortening)
Figure 4.34. Deformation after prestressing (Scale factor: 10)

Figure 4.35 presents the stress and strains distributions of the precast girder at midspan. The
labels correspond to the location of the soffit and top of the cross-section and at the centroid
of the tendons. The elastic shortening is equal to 0.604%o - 7350 mm = 4.4 mm.
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Figure 4.35. Stress and strain distributions after prestressing at midspan
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4.4 Nonlinear finite element analysis

This section presents the results of the two nonlinear finite element analyses with particular
emphasis in the vertical equilibrium, convergence behavior, load - deflection response,
deformed meshes, stresses in the composite section at midspan, crack pattern and principal
strains in concrete and strains in steel.

4.4.1 Composite section

The vertical reaction forces are symmetric at both support ends and the value of each reaction
force is 40.7 kN. At this stage the applied loads correspond to the self-weight of the precast
girder and the topping which adds up to 82.9 kN and 82.7 kN for the exact geometry and the
approximate geometry, respectively. The error is 1.8% and 1.6% which is deemed acceptable.
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Figure 4.36. Vertical reaction forces
4.4.2 Flexural test
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Figure 4.37. Evolution of convergence norms and number of iterations per load step

Figure 4.37 displays the number of iterations and the evolution of the relative out of balance
force and relative energy variation during each load step. The dashed green and black lines
indicate the energy and force tolerances, correspondingly. The first and second steps
corresponds to the casting of topping and composite section phases, respectively. The next
115 steps correspond to the mechanical test phase. From this point onwards the steps
mentioned refer only to the 115 steps of the mechanical tests, for global step humeration add
the two initial steps. The analysis convergences in terms of both norms until step 21 with only
1 or 2 iterations in each step. At step 9 the force norm approaches the tolerance limit and after
step 20 the analysis converges by means of the energy norm exclusively and the force norm
no longer satisfies the tolerance for the remainder of the analysis. Between steps 50 and 80
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the energy convergence norm oscillates around the tolerance, resulting in converged and non-
converged steps (Figure 4.38). The non-converged steps are followed by converged steps
and the energy norm is close to the tolerance, hence the results are acceptable. Nevertheless,
after step 80 none of the steps converge but the behavior does not show a drastic divergent
trend. The energy norm remains smaller than 0.01 which may be considered acceptable.
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Figure 4.38. Evolution of the relative energy variation

4.4.2.2 Load - deflection

Figure 4.39 displays the load — deflection response of the beam to the prescribed deformation
applied during the 4-point bending test. The deflections are obtained at the soffit of the
specimen at midspan and the applied load is the average of the two loading plates. The non-
converged steps are indicated with red circles. The load — deflection response shows a linear
elastic behavior until the tensile strength is reached at the bottom fibre at step 17 (166 kN).
Furthermore, at step 22 (199 kN) the first discrete cracks appear in the precast girder and a
change of slope is noticeable which indicates a change of stiffness due to the propagation of
cracking. The numerically derived load-carrying capacity is 401 kN but the curve reaches a
plateau after step 94 at around 96 mm midspan deflection and 392 kN external load where
the deflection increases without a significant increase in the load-carrying capacity.
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Figure 4.39. Load - deflection curve NLFEA
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4.4.2.3 Deformed meshes

Figure 4.40 illustrates the meshes with absolute deformation at load steps 20, 29, 41, 54 and
93. The largest deformation occurs at midspan and local element distortions occur due to
cracking both in the precast girder and the topping. The deformed meshes indicate mainly
bending deformations. The last step does not show clearly huge distortions of the elements
characterizing failure but the equilibrium path at this stage is obtained from non-converged

steps.

4.4.2.4 Stresses at midspan

a) Step 22: 199 kN

b) Step 29: 222 kN

c) Step 41: 250 kN

d) Step 54: 276 kN

e) Step 93: 391 kN

Figure 4.40. Deformed meshes at different load steps (Scale factor: 10)
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Figure 4.41. Stress distribution at midspan at different load steps
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Figure 4.41 indicates the stress distribution at midspan at different load levels. In the start step
the stress distribution is characterized by the precast girder subjected to the stresses caused
by prestressing and self-weight whereas the topping is stress-free since no external load is
applied at this stage. The following two steps show the stress distributions at decompression
and when reached the tensile strength at the bottom fibre of the precast girder.

4.4.2.5 Maximum principal strains in concrete and maximum crack width

Figure 4.42 and Figure 4.43 presents the maximum principal strains at load steps 22, 29, 41,
54 and 80 in the topping and precast girder, respectively. The plots illustrate the crack
development, starting with a few flexural cracks in the precast girder in load step 22 at 199 kN
which coincides with the observation from the load — deflection response. In the next load
steps, new flexural cracks appear in the precast girder and the topping and existing cracks in
the precast girder widen and propagate in the vertical direction. Vertical cracks propagate from
the precast girder to the topping in load step 41 (250 kN). Table 4.9 summarizes maximum
crack width in the constant moment region at the same time steps as the presented cracking
patterns. After step 41 (250 kN) the precast girder does not develop new cracks and existing
cracks widen and propagate vertically, whereas in the topping new cracks appear each step
but also existing cracks further propagate. The cracking pattern is widespread over the bottom
of both the precast girder and the topping and is symmetrical.

Table 4.9. Maximum crack width in the constant moment region at different load steps from NLFEA

Load step Load level [kN] Topping [mm] Precast girder [mm]
22 199 0.002 0.11
29 222 0.009 0.34
41 250 0.16 0.65
54 276 0.25 1.21
80 345 0.60 2.33
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Figure 4.42. Maximum principal strains in the topping at 199, 222, 250, 276 and 345 kN
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Figure 4.43. Maximum principal strains in the precast girder at 199, 222, 250, 276 and 345 kN

4.4.2.6 Minimum principal strains in concrete

Figure 4.44 displays the minimum principal strains in the precast girder and the topping at load
steps 22, 29, 41, 54 and 80. The minimum strains remain lower than the crushing strain of

3.5%o throughout all the steps.

Figure 4.44. Minimum principal strains at 199, 222, 250, 276 and 345 kN

4.4.2.7 Load - strain behavior at midspan
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The concrete strains at midspan are indicated in Figure 4.45. The locations from which the
concrete strains are extracted correspond to the nearest nodes to the bottom layer of
prestressing tendons (Bottom girder), to the bottom layer of longitudinal reinforcement of the

topping (Bottom topping) and 15 mm from the top of the specimen (Top). The latter

is located

in the precast girder whereas the former two are located in the topping (Figure 4.46).
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As inferred from the load — displacement curve in Figure 4.39, also a change of slope around
200 kN is observed in the three curves which indicates cracking in the bottom of the specimen.
The compressive strain in the top layer remains smaller than the crushing strain of concrete
which coincides with the observations of the minimum principal strains. The prestressing
tendons and the longitudinal reinforcement in the topping are past the yield strain as perfect
bond between the tendons and the SCGC in the girder is modelled. In particular, the
longitudinal reinforcement in the topping reaches the yield strain at load step 91 (2.31%o at
387 kN) and the prestressing tendons at load step 105 (4.12%o at 399 kN). The slope of the
curve at the location of the longitudinal reinforcement in the topping is flat after reaching the
yield strain which corresponds to the ideal plasticity material model adopted for the
reinforcement. The behavior at the level of the lower layer of prestressing tendons is similar
which indicates redistribution of stresses to neighboring nodes that haven’t reached plasticity
before hardening occurs.
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Figure 4.45. Concrete strains at midspan NLFEA

Figure 4.46. Node localization for extraction of concrete strains

4.4.2.8 Strains in steel

Figure 4.47 presents the normal strains in the longitudinal reinforcing bars at load steps 35,
54 and 80. The first yielding is observed at the bottom longitudinal reinforcement of the precast
girder at load step 35 (236 kN). The bottom longitudinal reinforcement of the topping first yields
at load step 54 (276 kN). Load step 54 coincides with a fully developed crack pattern in the
topping and the widening of existing cracks in the precast girder as illustrated in Figure 4.42
and Figure 4.43. Similarly, in step 80 (345 kN) already yielding is widespread in the bottom
layers of reinforcement both in the precast girder and the topping and yielding also occurs in
the top layer of longitudinal reinforcement in the topping as the cracks propagate vertically.
Observe that the yielding of the longitudinal reinforcement in the topping was reported at load
step 91 (387 kN) from Figure 4.45, this difference occurs since a crack opening is not present
right at the midspan of the specimen.
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Figure 4.47. Longitudinal reinforcement strains at 236, 276 and 345 kN

Figure 4.48 presents the normal strains in the shear reinforcement at load steps 35, 54 and
80. The stirrups reach the yielding strain in the last steps when flexural-shear cracks develop
at the bottom of the specimen next to the loading plates on the side to the supports.
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Figure 4.48. Shear reinforcement strains at 236, 276 and 345 kN

Figure 4.49 presents the normal strains in the prestressing tendons of the precast girder. The
prestressing tendons in the top and bottom layers reach the yield strain in load step 105 at
399 kN as observed from the strains in concrete from Figure 4.45. Furthermore, it can be
noted that the yield strain in the extremes is reached earlier as slippage of the tendons is not
accounted for in the model.
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Figure 4.49. Prestressing tendons strains at 345 and 399 kN

4.4.3 Shear test
4.4.3.1 Convergence behavior

Figure 4.50 displays the number of iterations and the evolution of the relative out of balance
force and relative energy variation during each load step. The dashed green and black lines
indicate the energy and force tolerances, correspondingly. The first and second steps
corresponds to the casting of topping and composite section phases, respectively. The next
200 steps correspond to the mechanical test phase. From this point onwards the steps
mentioned refer only to the 200 steps of the mechanical tests, for global step numeration add
the two initial steps. The analysis convergences in terms of both norms until step 22 with only
1 or 2 iterations in each step. After step 22 the analysis converges by means of the energy
norm exclusively and the force norm no longer satisfies the tolerance for the remainder of the
analysis.
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Between steps 23 and 108 the energy norm remains below the tolerance for most of the steps,
resulting in only 5 non-converged steps. The non-converged steps are followed by converged
steps and the energy norm is close to the tolerance, hence the results are acceptable. Steps
109 to 125 are non-converged steps with a drastic increase in the energy norm, which is also
evident from Figure 4.51, and indicate the post-peak response after failure when equilibrium
is no longer fulfilled. Therefore, the maximum load may be expected at step 108. After this
non-converged state, a new equilibrium path is found after step 126. Several steps of the
analysis converge by means of the energy norm and non-converged steps are followed by
converged steps. Nevertheless, the results of these converged steps should be judged
carefully as this is a post-peak equilibrium path after several non-converged steps, even
though the response after failure is not of particular interest for the present study.
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4.4.3.2 Load - deflection

Figure 4.52 displays the load — deflection response of the beam to the prescribed deformation
applied during the 3-point load test. The deflections are obtained at the soffit of the specimen
under the point of application of loading. The non-converged steps are indicated with red
circles. The numerically derived load-carrying capacity is 814 kN at around 36 mm deflection
at the soffit of the specimen under the point of application of loading.
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Figure 4.52. Load - deflection curve NLFEA

Seven steps are marked in the load — deflection curve to indicate characteristic stages in the
damage evolution of the specimen. The first point corresponds to the onset of cracking i.e. the
first appearance of cracks in a finite element. As can be observed the behavior after the onset
of cracking is almost linear elastic behavior until the second point (step 23: 446 kN) when
discrete cracking first occurs both in the girder and topping. After this point a change of slope
is noticeable with a decrease of stiffness caused by the propagation and widening of diagonal
cracks. This spread of cracking is accompanied with yielding of the shear and longitudinal
reinforcement of both the precast girder and cast in-situ topping within load steps 27 to 36
(493 kN to 568 kN). The deformation continues to increase with the applied load with a
decreasing slope caused by the evolution of cracking and yielding of reinforcement. The peak
load is attained at step 108 (814 kN), which is followed by a sudden drop in the load-carrying
capacity which is caused by the formation of a shear critical crack in both the precast girder
and the cast in-situ topping, and crushing of concrete under the bearing plate. At failure, the
yielding of shear and longitudinal reinforcement is completely widespread across the
localization of the shear critical crack. The following steps do not reach convergence until the
system regains equilibrium at step 126. The analysis is allowed to continue to describe post-
peak equilibrium path. However, this results are not of much interest to the present analysis
as the remaining load-carrying capacity is marginal and several finite elements are completely
distorted and lost all stiffness.

4.4.3.3 Deformed meshes

Figure 4.53 illustrates the meshes with absolute deformation at load steps 22, 48, 108 and
126. The main deformations occur under the point of application of loading. Local element
distortions start in the bottom of the precast girder and become gradually more pronounced.
Step 108 shows the mesh before failure where the distortion is limited to the soffit of the
specimen. Meanwhile, step 126 is the post-peak response where the stiffness is entirely
vanished from the distorted elements in the soffit but also under the point of loading.
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a) Step 22: 441 kN

b) Step 48: 638 kN

c) Step 108: 814 kN

d) Step 126: 184 kN
Figure 4.53. Deformed meshes at different load steps (Scale factor: 10)

4.4.3.4 Maximum principal strain in concrete

Figure 4.54 presents the maximum principal strains at load steps 23, 40, 48, 108 and 126 in
the shear span. The plots illustrate the crack development, starting with a few vertical cracks
in step 23 (446 kN) which coincides with the observation from the load — deflection response.
Step 40 (593 kN) already shows the appearance of new diagonal cracks and widening of the
existing cracks. This diagonal cracking pattern is accompanied with first yielding of the shear
and longitudinal reinforcement of both the precast girder and cast in-situ topping. In the next
steps, the diagonal cracks continue to widen and the number of stirrups reaching the yield
stress increases, this behavior causes the decrease of the stiffness in the load — deflection
diagram. At the maximum load of 814 kN (step 108) is noticeable the shear critical crack which
causes failure. The diagonal crack is over the flange of the precast and extends from under
the bearing plate in direction to the support. The post-peak behavior shows a fully cracked
region without any stiffness at the same position of the distorted elements from Figure 4.53.
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Figure 4.54. Maximum principal strains in concrete at 446, 593, 638, 814 and 184 kN

4.4.3.5 Minimum principal strains in concrete

Figure 4.55 displays the minimum principal strains in the precast girder and the topping at load
steps 23, 40, 94, 108 and 126. The minimum strains reach the crushing strain of 3.5%o at load
steps 94 and 108 (801 and 814 kN) near the edge of the loading plate. Finally, the post-peak
response shows a region where the crushing strain is surpassed which corresponds to the
distorted elements with no stiffness at the edge of the loading plate (Figure 4.53).
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Figure 4.55. Minimum principal strains in concrete at 446, 593, 801, 814 and 184 kN

4.4.3.6 Strains in steel

Figure 4.56 and Figure 4.57 present the normal strains in the shear and longitudinal
reinforcement for different load levels.
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Figure 4.56. Shear reinforcement strains at 493, 568, 638 and 814 kN

The first yielding is observed at load step 27 in the bottom longitudinal and shear reinforcement

of the precast girder. In the topping, the bottom longitudinal reinforcement first yields at load

step 32 (534 kN) and the shear reinforcement at load step 36 (568 kN). The first yielding of

reinforcement is caused by the appearance of diagonal cracks from step 23 to 40, as displayed
in Figure 4.54.
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The damage evolution until load step 48 (638 kN) is the propagation and widening of the
diagonal cracks in both the precast girder and the topping. At this load step the shear and
longitudinal reinforcement have an active contribution to the resistance since the elements are
yielding at the same positions of the open cracks in Figure 4.54. Finally, at the maximum load
level (step 108), the yielding of shear and longitudinal reinforcement is widespread along the

critical shear crack.

Figure 4.57. Longitudinal reinforcement strains at 493, 540

, 638 and 814 kN
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Comparison of experimental,
analytical and FEA results

This Chapter contains a comparative analysis between the experimental, analytical and FEM
response of the precast girder with cast in-situ topping to prestressing and the mechanical
tests. The comparison is performed on the basis of deformations, concrete strains, stresses,
load — deflection curves, evolution of cracking and failure mode. Additionally, NLFEAs are
presented to do a sensitivity study to assess the influence of different material parameters in
the structural response to the 4-point load test.

5.1 Prestressing
5.1.1 Deformations

Figure 5.1 displays a comparison of the deformations after prestressing calculated by
analytical analysis, LFEA and as measured for the SCGC girders. The camber determined
analytically is slightly higher than the LFEA results since the second moment of area of the
discretized geometry as defined in 4.2.1 is slightly higher than the exact geometry. The
analytical calculation is performed for gross cross-sectional properties (i.e. the area of the
prestressing tendons and the reinforcement steel are not transformed to equivalent areas of
concrete and their contribution to the second moment of area is disregarded), hence the real
cross-section is stiffer which leads to a lower measured camber. The OPC bar represents the
average camber at 1 day of the precast girders with similar properties produced by Haitsma
Beton in OPC concrete C60/75 (Table 3.15) and the difference in camber between SCGC and
OPC concrete girders is explained in detail in 3.6.1. The elastic deformation from the analytical
model is almost the same as the FE model.
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Figure 5.1. Deformations after prestressing (Experimental vs analytical vs LFEA)

5.1.2 Concrete stresses at midspan

Figure 5.2 shows the stress and strain distributions at midspan. The analytical model based
on the Euler Bernoulli beam assumptions is almost the same as the plane stress elements
that can accurately describe the generalized model for the linear elastic behavior of a beam.
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Figure 5.2. Stress and strain distributions after prestressing at midspan (Analytical vs LFEA)

5.1.3 Transmission length

The relative strains measured by the FBG sensors along the length of the specimen for the
shear test and the transmission length calculated analytically according to EN 1992-1-1 [22]
are displayed in Figure 5.3.

The elastic strain due to prestressing is:

2
PmO _ Pmoep MGcep

Ops = — = —15.46 MPa
P 4y Iy Iy
Eps = Ops/Ec = —0.618 %o

At the transmission length, the steel and concrete fully coupled and the strains shall be equal.
The measured strain at the marked transmission length is close to the elastic strain caused
from analytical calculations, even though the measurements are still fluctuating. The
calculation model from EN 1992-1-1 [22] seems to be adequate for geopolymer concrete.
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Figure 5.3. Transmission length

5.2 Short-term flexural behavior

5.2.1 Load - deflection

Figure 5.5 presents the load — deflection response as measured from the experiment and the
curve obtained numerically by means of the NLFEA for the flexural test. Figure 5.6 displays
the load levels during characteristic points in the damage process of the structure as
determined analytically, numerically and from the experiment. The load — deflection curve is
approximately linear elastic until cracking and the initial slope is almost the same for the
NLFEA and the experiment (the unloading cycles in the experiment is the reason why the
initial section of the curve is not a single line). The change in slope due to the evolution of
cracking occurs at similar load levels. In fact, the cracking load determined analytically and
numerically are equal and are only 3% higher than the experiment.

The onset of cracking in the NLFEA is almost the same as the load when the measured strain
at the level of the prestressing tendons reach the tensile strength of concrete (Figure 3.32).
The load from the experiment is slightly higher (11%) since cracking first occurs at the soffit of
the topping layer as reported by the NLFEA, whereas the measured concrete strain from the
experiment is at 55 mm from the soffit where cracking will occur later. The onset of cracking
in NLFEA is defined as the load step in which first cracking occurs at an integration point after
the tensile strength is reached. From the load displacement curve it can be observed that the
linear elastic response is practically unaffected after the onset of cracking as the cracks before
discrete cracking are microcracks with an order of magnitude of the crack width between 10~*
and 10~2 mm. This microcracks start in the topping layer (of a lower tensile strength than the
precast girder) and are not structural cracks (Figure 5.4), the same is observed from the
experiment as cracking is first reported in the topping layer but the NLFEA reports discrete
cracks first in the precast girder. Hence the differences in the reported loads at which the onset
of cracking, the tensile strength is reached at the bottom of the girder and discrete cracking
occur. The development of cracking stage shows a satisfactory correspondence between the
experimental and numerical results.
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Figure 5.4. Microcracking in the cast in-situ topping at the onset of cracking (Load step 7: 64 kN)
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Figure 5.6. Characteristic load levels (Experimental vs analytical vs NLFEA)

Recall that the specimen did not fail during the experiment as the hydraulic jack reached the
end of the stroke. Nevertheless, another specimen was tested 9 months later after subjected
to self-weight and the load at failure did not reach the maximum load levels as presented in
Figure 5.5 as will be seen in the last section of this Chapter. Therefore, the maximum load
from the load — deflection curve is assumed to be the resistance force for comparison with the
results from the NLFEA and the analytical model. The RTD 1016-3B [72] and RTD 1016-3 [73]
present the modelling of seven experimental studies of prestressed concrete girders with and
without stirrups and with failure modes in flexure and shear. The modelling is also performed
in DIANA FE in plane stress conditions with a total strain based smeared rotating crack model.
All but one of the seven models report slightly higher resistances with the NLFEA with no
safety format (i.e. without partial factors and mean material properties from testing) than the
experiment. From Figure 5.6, this is also the case for the present study as the predicted
capacity by NLFEA is slightly higher than the maximum load attained during testing. Figure
5.7 d) displays the stress distribution in concrete at midspan from the NLFEA and the idealized
bilinear compressive stress block for the analytical model. The area under both stress
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diagrams is almost the same and the analytically determined resistance is slightly higher
because the lever arm of the bilinear stress block is slightly higher than the (almost) triangular
stress distribution in the NLFEA. Case PB7 from the RTD 1016-3B [72] (I-shaped post-
tensioned girder failing in flexure) presents the analytical calculation of the flexural resistance
as per EN 1992-1-1 [22] with no safety formats and the result is slightly higher than the NLFEA
result, and both a little higher than the experiment which is the case for the present study as
well. Therefore, an acceptable prediction of the short-term flexural resistance is possible with
the current analytical and numerical models described in this study.

5.2.2 Concrete stresses at midspan

Figure 5.7 presents the stress distributions at midspan at characteristic phases. The start step,
decompression and cracking of the bottom fibre show a linear elastic response and
correspondence of plane stress and Euler Bernoulli methods of analysis. On the other hand,
the bilinear compressive stress block assumed for ULS calculations as per EN 1992-1-1 [22]
is not the same stress profile from the NLFEA, nevertheless the area under the stress diagram,
hence the compressive forces from both concrete compression zones, are almost equal.
Consequently, the idealized bilinear compressive stress block for ULS calculations is
adequate for predicting the resistance of the specimen.
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Figure 5.7. Stress distribution at midspan at different load steps (Analytical vs NLFEA)
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5.2.3 Load - strains at midspan

Figure 5.8 displays the average point load applied during the flexural test and the
corresponding concrete strains at the level of the bottom longitudinal reinforcement in the
topping, the lower layer of the prestressing tendons and near the top of the girder as defined
in Figure 3.20 and Figure 4.46, for the experiment and the NLFEA, respectively. As mentioned
previously for the load — deflection curve, the initial slope is the same both the experiment and
the numerical results and a change of slope in the load — strain diagrams occur at around 190
kN which is caused by cracking of the specimen. The numerical results display a satisfactory
resemblance to the measured strains, hence the choice of material models for concrete
applied to geopolymer concrete appear to be acceptable.

The compressive strain at the top of the girder remains smaller than the crushing strain of
concrete (3.5 %o) according to EN 1992-1-1 [22] for the experiment and the numerical
simulation. The measured strains do not reach the yielding strain of the longitudinal
reinforcement and the prestressing tendons but in the NLFEA higher loads are attained and
yielding occurs. At this stage, concrete is fully cracked and the load — strain behavior
resembles the constitutive model of the reinforcement and prestressing steel as the elements
are perfectly bonded. Figure 5.8 a) and b) show a plateau after yielding, same as the ideal
plasticity model adopted for the reinforcement. The material model of the prestressing tendons
is hardening plasticity and the neighboring nodes have to yield before the hardening behavior.
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Figure 5.8. Concrete strains at midspan (Experimental vs NLFEA)
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5.2.4 Maximum principal strains and crack widths

Figure 5.9 displays the maximum principal strains on the side surface of the specimen in the
constant moment region, obtained from the numerical simulation and as measured in the
experiment with DIC. The crack widths from DIC measurements are calculated from the
measured strain field and for the smeared crack model of the numerical simulation are
obtained from the multiplication of the strains with the crack bandwidth. Observe that both
methods deduce the crack width from the maximum principal strains. The crack width in the
numerical simulation depends on the shape of the tension softening diagram determined by
the fracture energy and the crack bandwidth. The fracture energy (Nakamura [76]) is the
energy required to open a unit area of crack surface and is a property independent on the
element size. The crack bandwidth estimator (Govindjee [75]) considers the crack orientation
and is defined as the projected length of the element containing the crack on to the crack plane
[71]. Both parameters have been defined by studies for OPC concrete. Figure 5.10 and Figure
5.11 is a comparison of the maximum crack widths measured by DIC and from the NLFEA.

The maximum principal strains exceed the tensile strain of concrete in the precast girder and
vertical cracks start to appear. The DIC measurements indicate that at 190 kN few small
vertical cracks appear in the precast girder and more in the topping. In contrast, the numerical
results at 190 kN display a higher number of evenly spaced cracks in a symmetrical crack
pattern exclusively in the precast girder because the normal stresses in the area under
consideration are almost equal along the length of the specimen since the prestressing force
is fully transmitted, the moment caused by the mechanical test is constant in this region and
the moment due to self-weight is maximum at midspan but the effect of this load is less
relevant as the load magnitude in the mechanical test increases.

At 220 kN, the numerical results show no new crack formation in the precast girder and the
cracking propagates to the topping. The cracking pattern in the topping is similar to the DIC
measurements. In the next load steps, the existing cracks widen and propagate in the vertical
direction. At 250 kN, additional cracks appear in the precast girder from the numerical
simulation and DIC measurements. The cracking pattern in the precast girder with the
numerical simulation and DIC measurements is quite similar after this stage of cracking.
Nevertheless, Figure 5.10 indicates that the maximum crack width in the precast girder is
higher for the numerical simulation as compared to DIC measurements for every load level.
The crack width depends on the shape of the tension softening diagram and the tensile
strength of geopolymer concrete differs from OPC concrete (2.2.2.2), hence the post-cracking
response as described by the fracture energy may also be different for geopolymer concrete.
The cracking behavior of geopolymer concrete needs to be investigated, especially with
respect to the fracture energy. Larger crack widths in geopolymer concrete girders are also
reported in the study by Du, et al. [46]. The following shapshots of the cracking process
indicate strain concentrations in the interface between the precast girder and topping both
from DIC measurements and the numerical simulation with some cracks in the girder
extending horizontally. The interface with the precast girder is modelled as perfect bond hence
debonding of the two surfaces is not captured but is reported experimentally, hence cracking
starting in the precast girder in the simulation and in the topping in the experiment. The tensile
strains in the topping indicate a widespread and fully developed cracking pattern but with lower
strains than the DIC measurements. The fully developed crack pattern and smaller spacing
between cracks in the topping is explained because higher stresses transfer from the precast
girder as the two are perfectly bonded. On the other hand, debonding is reported in the
experiment and stresses are not fully transferred in the regions where the two elements are
debonded. Figure 5.11 reports higher maximum crack width in the topping as compared to
DIC measurements because the numerical simulation shows more cracks at a lower spacing.
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Figure 5.11. Maximum crack widths in cast in-situ topping (Experimental vs NLFEA)
5.3 Sensitivity analysis

A sensitivity analysis is performed to explore the effect of the varying elastic modulus of
geopolymer concrete at 28 days cured at different conditions. An additional two NLFEA of the
flexural test are performed for the other curing conditions as defined in Table 2.6 (standard
curing and drying after 7 days). Furthermore, an extra benchmark NLFEA is performed using
material parameters of OPC concrete as input. In the case of the first two analyses, only the
elastic modulus (and consequently the prestressing forces) are modified. On the other hand,
the benchmark analysis for OPC concrete required the modification of the elastic modulus,
tensile strength, transmission length, shrinkage strains and creep coefficient (and
consequently the prestressing forces too). The properties for OPC concrete are as calculated
in 3.3.3.2 and 3.3.4.2 according to EN 1992-1-1 [22]. An overview of the parameters for the
sensitivity analysis are presented in Table 5.1. A comparison of the prestressing of the
benchmark analysis, the main analysis and the two extra analyses is displayed in Figure 5.12.

Figure 5.13 presents the load — deflection response to the flexural test of the four NLFEA and
the experimental test.
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Table 5.1. Parameters sensitivity analysis

Geopolymer concrete

Structural | Age : Dryin Dryin OPC

member [da%]ys] Parameter | Units aft%ar g aft?a/r 194 Standard concrete
days days curing

E MPa 25000 33350
55 fet MPa 2.80 3.00
' Lye mm 498 470
Precast Opmo MPa 1270.81 1298.60
girder E MPa 24900 27500 30650 35650
30 fet MPa 3.60 3.62
Opm30 MPa 993.42 | 1003.69 | 1014.23 | 1172.94
60 Opmeo MPa 932.90 944.80 957.00 | 1130.10
Cast in-situ 30 E MPa 26400 27100 32600 34550
topping fet MPa 3.00 3.33

The prestressing force at 2.5 days is the same for the three analyses of geopolymer concrete
girders since the curing regimes are changed in later stages. On the other hand, the
prestressing of the OPC concrete girder is slightly higher since the elastic losses are lower
due to the higher elastic modulus at 2.5 days. Furthermore, the same explanation holds for
the variation of the prestressing force at 30 and 60 days within the geopolymer concrete
members. The prestressing is higher for samples exposed later to drying since the elastic
modulus is also higher, hence the elastic and creep losses are lower as both are inversely
proportional to the elastic modulus. The prestressing of the OPC concrete girder at 30 and 60
days is significantly higher than the geopolymer concrete counterparts for the same reason
but mainly due to lower creep and shrinkage losses.
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Figure 5.12. Prestressing of precast girders at different ages for geopolymer concrete under different curing
conditions and OPC concrete
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The four NLFEA and the experimental results have the same qualitative behavior in terms of
the load — deflection response, flexural stiffness, cracking load and ultimate load. The results
are coincident with the observations of the flexural behavior of reinforced specimens analyzed
in 2.3.1.1 which also report similar behavior of geopolymer concrete and OPC concrete
girders. The elastic modulus after 30 days is between 14 and 30% lower for geopolymer
concrete than OPC concrete for the different curing conditions (Table 5.1). The flexural
stiffness is calculated as the slope in the linear part of the load — deflection curve and is equal
to 13.2, 14.1, 16.1 and 17.9 kN/mm for the geopolymer (drying after 7, 14 days and standard
curing) and OPC concrete girders, respectively. Therefore, the flexural stiffness is 10 to 26%
lower for geopolymer than OPC concrete girders. The discrepancy in flexural stiffness is lower
than the difference in elastic modulus and coincides to a certain extent with an experimental
study [46] presented 2.3.1.1, even though in that case the difference in flexural stiffness for
geopolymer and OPC concrete girders was lower. The cracking load of geopolymer concrete
girders is independent of the flexural stiffness and only the OPC concrete girder show a higher
cracking load since the prestressing losses are lower. The behavior of the geopolymer
concrete girders after cracking is similar as the difference in elastic modulus has a marginal
effect in the short-term load — deflection response. On the other hand, the load-carrying
capacity of the OPC concrete girder is higher than the geopolymer concrete counterparts for
the same midspan deformations before reaching the plateau. Therefore, it can be stated that
the geopolymer concrete girders undergo higher deformations or have a lower load-carrying
capacity. Finally, the maximum load is the same for the four analyses, hence the difference in
elastic modulus (between geopolymer concrete under different curing conditions), shrinkage
strains and creep coefficient between geopolymer and OPC concrete have a marginal effect
in the maximum short-term load-carrying capacity of a flexural member. This is in line with the
observation by Prinsse, et al. [34] that describe a negligible effect to the decrease in material
properties of geopolymer concrete in the structural behavior of reinforced girders.

450
400 A
350 1
— 300 -
=
kel
8 250 -
E | ---L
=3
8 200 -
o 1
Q 1
< 150 !
1
1
1
100 I Drying after 7 days
! — Drying after 14 days
1 — Standard curing
50 - OPC
- __4' Experiment
0+ T
0 20 40 60 80 100 120 140 160

Midspan deflection [mm]

Figure 5.13. Sensitivity analysis Load - deflection curves



Comparison of experimental, analytical and FEA results 117

5.4 Short-term shear behavior
5.4.1 Load — deflection

Figure 5.14 presents the load — deflection response as measured from the experiment and
the curve obtained numerically by means of the NLFEA for the shear test. Figure 5.15 and
Figure 5.16 display the maximum deformation and load at failure as determined analytically,
numerically and from the experiment.

The load — deflection curve is approximately linear elastic until cracking and the initial slope is
almost the same for the NLFEA and the experiment. The change in slope occurs at similar
load levels (around 460 kN) and is caused by the propagation and widening of diagonal cracks.
The numerical simulation curve starts to separate from the experiment when the shear critical
crack starts to propagate to the topping. The response of the NLFEA is stiffer which leads to
a higher shear resistance (by 12%) obtained numerically as shown in Figure 5.16. Conversely,
the analytically determined shear capacity is 16% lower than the experiment. Additionally, the
notable difference is in the ductility displayed by the numerical model which is 35% higher than
the experiment. The higher deformations and load carrying capacity are due to a stiffer cross-
section in the numerical model caused by the perfect bond between the precast girder and the
topping. This condition implies that the cross-section is fully composite, whereas in the
experiment debonding is reported in the cross-section and the stresses do not transfer fully
as in the numerical model. The fully composite cross-section can attain higher stresses and
hence deformations.

As previously described in 5.2.1, the numerical models from RTD 1016-3B [72] and RTD 1016-
3 [73] report higher resistances with the NLFEA with no safety format (i.e. without partial
factors and mean material properties from testing) than the experiment. Nevertheless, the
numerical prediction with perfect bond is not on the safe side as the short-term shear
resistance is overestimated. The analytical model as defined in EN 1992-1-1 [22] is
conservative as it does not consider the contribution of concrete to the shear strength,
aggregate interlock and dowel action of the longitudinal reinforcement. Therefore, a
conservative estimate of the short-term shear resistance is possible with the analytical model
as described in this study. It is recommended that different loading conditions are performed
to analyze the SLS performance where deformations are of principal importance.
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Figure 5.14. Load - deflection curve during shear test (Experimental vs NLFEA)
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A Mohr-Coulomb interface with tension cutoff was considered to improve the numerical model
to more accurately describe the shear behavior by accounting for the debonding between the
precast girder and the topping. However, in a 2D plane stress analysis the interface elements
are defined as structural line interfaces of a certain thickness. This only allows to apply the
interfaces along the horizontal plane (in red) in Figure 5.17, whereas the vertical plane (in
blue) is still perfectly bonded. The difference in stiffness between the two planes causes a
numerically-ill stiffness matrix and divergence of the solution method for the NLFEA. This a
limitation of the 2D plane stress analysis as a full 3D analysis would be required to define an
interface in the horizontal and vertical planes. Observe that the Rijkswaterstaat Guidelines for
Nonlinear Finite Element Analysis of Concrete Structures [23] suggest a 2D plane stress
analysis and do not define the use of interfaces between elements cast at different stages.
Furthermore, initially the debonding crack opening was not a phenomenon to be described by
the present numerical model. The particular shape of the cross-section of the specimen makes
it difficult to apply interfaces between the precast girders and the topping. For bridges with
inverted T girders with a deck on top, the interface could be applied along a single horizontal
plane.

Figure 5.17. Line interfaces in 2D plane stress model
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5.4.2 Failure mode

Figure 5.18 displays the maximum principal strains at failure from the numerical simulation
and the DIC measurements at the maximum load level before failure by the critical shear crack
in the topping. Furthermore, failure in the experiment is also due to the delamination crack in
the interface between the precast girder and the topping and slippage of the prestressing
tendons. The two latter phenomena are not modelled in the numerical simulation since perfect
bond between the geopolymer concrete elements is assumed and the tendons are modelled
as embedded reinforcement. The position and orientation of the shear critical crack from the
NLFEA is consistent with the DIC observations. Furthermore, the positon of the cracks in the
bottom of the precast girders are coincident as well.

Figure 5.18. Cracking pattern at failure from NLFEA and DIC measurements

5.5 Long-term flexural behavior (after 9 months)

The effect of the long-term material properties (e.g. elastic modulus, creep and shrinkage) of
geopolymer concrete is explored by the NLFEA of the specimen tested in flexure by 4-point
loading after being subjected to self-weight for 9 months. A comparison of the externally
applied loads in the NLFEA of the flexural test and the flexural after 9 months is displayed in
Figure 5.19. Figure 5.20 presents the load — deflection response to the flexural test after 9
months of the NLFEA and the experimental test. The analysis of the flexural test after 9 months
required the modification of the elastic modulus, shrinkage strains and creep coefficient (and
consequently the prestressing forces too). An overview of the parameters for the analysis are
presented in Table 5.2.

As stated in 3.2.2, after casting of the in-situ topping the specimens subjected to sustained
loading are covered in plastic. The effect of sealed curing conditions on the elastic modulus of
the ready-mix geopolymer concrete mixture are explored by material testing as described in
3.3.3.1 and Figure 3.10. As previously discussed, the elastic modulus seemed to be stable
after exposed to drying when sealed at early ages, therefore the measurement of the elastic
modulus at 60 days is used for the analysis after 9 months as measurements at this age are
not available. The elastic modulus of the ready-mix geopolymer concrete mixture is the lowest
for this set of curing conditions but degradation of the stiffness due to microcracking is
expected so the results shall be analyzed accordingly. On the other hand, the elastic modulus
for sealed conditions are not available from the material tests for the SCGC mixture. Therefore,
the default selection of curing conditions (drying after 14 days) as the benchmark analysis of
the flexural test are used for this analysis. Furthermore, the shrinkage strains and creep
coefficients at 270 days (9 months) from the material tests of the SCGC mixture as displayed
in Table 3.12 are used to calculate the input of the prestress force after losses in the numerical
model of the flexural test after 9 months. From the monitoring results (3.6.2), the total
deformation of the specimens is overestimated when scaling the results from material samples
at structural level. On the other hand, the scale of effect of shrinkage causes that in smaller
samples shrinkage develops and stabilizes faster whereas in larger samples it takes more
time to stabilize, hence the shrinkage deformation may not yet be stable after 9 months.
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Table 5.2. Parameters analysis flexural test after 9 months

Structural Stage Parameter | Units Flexural Flexural test after
member test 9 months

Prestressin E MPa 25000 25000

Precast girder 9 Opmo MPa 1270.81 1270.81

Testin E MPa 27500 27500

g Oyme | MPa 944.8 791.6

Cast in-situ topping Testing E MPa 27100 25670

From Figure 5.19 is observed that the effect of the larger shrinkage strains and creep
deformations over time of geopolymer concrete is translated in higher prestress losses. The
prestress loss at 60 days is 26% whereas it increases to 38% at 270 days.

The linear elastic behavior displayed by the numerical results in Figure 5.20 does not capture
accurately the behavior of the specimen. The difference of the slope in the ascending branch
between the numerical simulation and experimental results is evident and is caused by the
choice of the elastic modulus and the loading scheme in the numerical model. As described
in 3.6.5.2, the specimen is cracked before the mechanical test and a decrease of the stiffness
over time is expected since the elastic modulus decreases after exposed to drying as indicated
from material tests in 3.3.3.1. For such reason, the experimental curve does not display a
linear behavior and the degradation of stiffness is already noticeable from the start of the
flexural test. Furthermore, the load in the numerical model is not applied with the load cycles
with high load levels as in the experiment (Figure 3.26) which cause degradation of the
stiffness. Therefore, the elastic modulus measured at 60 days is not appropriate to capture
the behavior of the structure in the long-term. Nevertheless, the load — deflection response
from the numerical simulation provides an acceptable fit to the experimental results as
cracking progresses.

Furthermore, the externally applied load for reaching the tensile strength in the bottom fibre
and for discrete cracking of the precast girder decrease in the specimen after 9 months (due
to the higher prestress losses) by 17% and 15%, respectively. The cracking resistance in
prestressed members is of critical importance (as important as the load carrying capacity)
since the full prestressing design assumes the specimen will remain uncracked over the
service lifetime. The creep and shrinkage deformations do not appear to stabilize after 9
months, hence the prestress losses will continue to increase over time and the cracking
resistance will continue to decrease. The design criteria of conventional concrete structures
based on the estimation of material properties from the 28-day compressive strength result in
non-conservative estimates of the cracking resistance of prestressed geopolymer concrete
members which can lead to an unsafe design.

The maximum load in the flexural test after 9 months is overestimated by 5% in the numerical
simulation as compared to the experimental results. The numerical simulation has some
intrinsic limitations due to the modelling assumptions which did not allow to fully describe the
failure mechanism and the evolution of damage from the experiment. In particular, the perfect
bond assumption between geopolymer concrete members and between the prestressing steel
and the SCGC girder. The failure mode of the specimen is characterized by anchorage failure
of the prestressing tendons and debonding between the precast girder and cast in-situ topping.
The two phenomena are not captured in the numerical simulation. Nevertheless, the difference
in the maximum load carrying capacity with the experiment may be deemed acceptable and
the assumption of perfect bond on the short and long-term flexural resistance has a smaller
impact than for the short-term shear resistance.
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Figure 5.21 displays the load — deflection response from the numerical simulation and
experimental results of both the flexural test and the flexural test after 9 months. The cracking
load is decreased by 15% in the specimen after 9 months, and as previously mentioned this
is critical for the performance over the service lifetime of the structure. The maximum
experimental load (even though the specimen did not reach failure) and the predicted
resistance from the numerical analysis of the flexural test are 4% and 5% higher than the
maximum load at failure of the flexural test after 9 months, respectively. The maximum load
decreases slightly between the NLFEAs of the specimen subjected to the flexural test after 28
days of casting of the topping and the specimen subjected to the flexural test after 9 months.
As previously indicated, the size effect will cause shrinkage to develop and stabilize over a
longer time span hence the prestress losses can continue to increase even though from the
monitoring measurements it appears that the shrinkage and creep deformations from the
structure are lower than from the material samples. The numerical model based on the
material properties at 28 days can result in non-conservative estimates of the load carrying
capacity and the long-term creep and shrinkage deformations shall be monitored for a longer
time span to judge the structural performance over the service lifetime.
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Conclusions and future work

This chapter connects the most relevant findings reported in the present study to the research
guestions. Practical recommendations for the use of geopolymer concrete in engineering
practice and directions for further research are suggested.

6.1 Conclusions

The present study focused on the upscaling of two geopolymer concrete mixtures in structural
elements consisting of an individual prestressed girder with a compression layer on top. The
precursor of the mixture of the precast girder was GGBFS and the activator was a solution of
sodium silicate and sodium hydroxide. The first mixture was developed by TU Delft and was
used for the construction of a precast geopolymer concrete girder whereas the reinforced
topping was cast with a ready-mix geopolymer concrete mixture. Several studies report higher
creep and shrinkage, and a decrease of the elastic modulus over time for geopolymer concrete
as compared to OPC concrete, which puts in doubt whether the specimens fulfill the criteria
for structural performance for conventional prestressed structures. The main objectives of the
present study were to determine the impact of these different material properties on the
performance of the structural elements subjected to shear and flexure structural tests; the
study intended to address how to deal with the material differences for applying the current
methods of analysis for conventional concrete structures (EN 1992-1-1 and the
Rijkswaterstaat’s Guidelines for NLFEA) and to what extent the theoretical foundation,
material constitutive models and general practice of design based on the 28 day compressive
strength for OPC concrete were applicable for the analysis of geopolymer concrete structures.
The study described (and compared with experimental results) the deformations, load-
deflection response, principal strains, normal stresses, damage evolution, cracking stages,
maximum load and failure mechanism of the specimens subjected to mechanical tests.
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RQ1 (1): How different are the time-dependent material properties (e.g. elastic modulus,
creep and shrinkage) of the two geopolymer concrete mixtures compared to
conventional concrete of similar strength class?

The development of the elastic modulus over time was studied for both geopolymer concrete
mixtures as it is reported that the elastic modulus of geopolymer concrete starts to decrease
due to microcracking when exposed to drying [30]. The elastic modulus was determined
experimentally by testing prismatic samples (100x100x400 mm?3) at different ages according
to 1ISO 1920-10:2010 [64] and EN 12390-13 [65]. The samples were kept in standard curing
conditions or exposed to drying after 3, 7, 14 or 30 days to assess the influence of curing
conditions in the development of stiffness. The elastic modulus of the samples under standard
curing conditions slightly increased over time and appeared to be more or less stable.
Conversely, the elastic modulus of both mixtures decreased when exposed to drying with a
10% decrease in the elastic modulus at 28 days when exposed to drying after 14 days as
compared to standard curing. Moreover, the stiffness of air-exposed samples continued to
reduce over time, reporting a decrease of 15-26% at 56 days for the SCGC mixture of the
precast girder and 7-19% for the mixture of the topping, when exposed to drying at 28 and 7
days, respectively. Therefore, the reduction of elastic modulus is intrinsically related to the
drying process.

The elastic modulus of samples exposed to drying at early ages (< 7 days) seemed to stabilize
after 30 days, however the initial exposure to drying was accompanied by a lower stiffness as
compared to samples exposed to drying at later stages. Consequently, the elastic modulus of
geopolymer concrete was compared to estimates for OPC concrete from EN 1992-1-1 [22] as
several studies suggest that the elastic modulus of ambient cured geopolymer concrete is
lower than OPC concrete of similar strength class and is overestimated by standards and
empirical equations from OPC concrete codes [11, 16, 30, 36]. The elastic modulus of both
mixtures were consistently lower than the estimates for conventional concrete of the same
strength class from EN 1992-1-1 [22], regardless of the curing conditions. The elastic modulus
at 30 days of the two mixtures were 22-30% lower when exposed to drying and 6-14% lower
for standard curing as compared to OPC concrete estimates. From the literature study in
2.2.2.3, the elastic modulus of geopolymer concrete at 28 and 90 days are 25-30% and 22-
31% lower than OPC concrete, respectively. In conclusion, the application of the concrete
standard to determine the elastic modulus of geopolymer concrete leads to non-conservative
estimates but a rough estimate can be obtained with a reduction of 30% of the elastic modulus
of OPC concrete of the same strength class.

Finally, the elastic modulus of the geopolymer concrete mixtures was compared to the
estimates from empirical relations from several studies on geopolymer concrete with different
choices of precursors, activators and curing conditions [11, 16, 36]. None of the empirical
equations gave a satisfactory fit to the experimentally determined elastic modulus of both
mixtures. The lowest estimates of elastic modulus were calculated with an equation for fly ash-
based geopolymer concrete [11] as the elastic modulus of ambient cured samples increases
for higher slag content. The highest estimates were obtained for an equation for GGBFS-
based geopolymer concrete with calcium silicate as activator [36] because the high calcium
content increases the amount of C-S-H gel in the hardened binder phase and the elastic
modulus was closer (but still lower) to OPC regardless of curing conditions. The best fit to the
elastic modulus of the geopolymer concrete mixtures was obtained with an equation for heat-
cured fly ash-based geopolymer [16]. As a result, a conclusive framework for estimating the
elastic modulus from the compressive strength as for OPC concrete is unavailable because
the wide variety of choices and combinations of the constituent materials and curing conditions
are inherently related to the development of stiffness.
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The shrinkage and creep behavior of the SCGC mixture of the precast girder were also studied
from prismatic samples [58] since literature suggests that GGBFS-based geopolymer concrete
exhibits a considerably larger shrinkage and creep than OPC concrete regardless of the
exposure conditions [35, 37]. The drying shrinkage of SCGC at 30 days is 32% higher than
the estimate from EN 1992-1-1 [22] for OPC concrete but increases to 73% at 60 days. The
creep coefficient of SCGC at 30 days is almost the same as the prediction model from EN
1992-1-1 [22] for OPC concrete but at 60 days the creep coefficient increases for SCGC
whereas for OPC it remains constant. The increase of creep and shrinkage between 30 and
60 days suggest a pronounced viscous mechanical response of geopolymer concrete caused
by the rearrangement and reorganization of the C-A-S-H gel structure as reported from
literature [37], whereas in OPC concrete the volume change is caused by capillary forces
arising in the empty voids due to the moisture loss to the environment for OPC concrete.
Samples cured at 25°C for 1 day and 20°C until 28 days were tested for autogenous shrinkage
in a ADTM [58]. The development of autogenous shrinkage over 28 days was compared to
the curve obtained from EN 1992-1-1 3.1.4 (6) [22]. The exponential function to describe the
development of autogenous shrinkage of OPC concrete may be suitable to describe the
behavior of SCGC but the final autogenous shrinkage of SCGC, obtained by curve-fitting, is
significantly higher (an order of magnitude) than the estimate for OPC concrete. The linear
prediction of the final autogenous shrinkage ¢.,(c) from the compressive strength from EN
1992-1-1[22] is not applicable for GGBFS-based geopolymer concrete. For such reasons, the
isotropic elasticity-based prediction models for OPC concrete appear not to be adequate to
predict the visco-elastic/viscoplastic material response both for creep and shrinkage,
especially in the long-term, as they both largely underestimate the behavior of geopolymer
concrete and lead to unsafe design assumptions.

The prediction models to determine the material properties from the 28-day compressive
strength as defined in EN 1992-1-1 [22] for conventional concrete do not capture the long-
term material properties (e.g. elastic modulus, creep and shrinkage) of the geopolymer
concrete mixtures from this study and result in non-conservative estimates. Therefore, it is
advised to only consider the structural application of geopolymer concrete mixtures which
have been extensively studied in material scale in terms of constituent materials, curing
conditions, microstructure, mechanical properties and volume stability not only at 28 days but
more importantly in the long-term. Furthermore, it is advised to further continue testing the
material samples from the two geopolymer concrete mixtures used in the present study to
determine if the decrease of stiffness and the viscoelastic behavior stabilize at some point.

RQ1 (2): What is their influence in the response of a prestressed girder with reinforced
cast in-situ topping to prestressing and mechanical tests?

The insights from the study on the material properties posed a critical impediment for the
generalized applicability of geopolymer concrete in a prestressed structure since a lower
elastic modulus and higher shrinkage and creep implicate larger deflections and higher
prestress losses, thus compromising the structural performance. A comparison of the camber
after prestressing of the specimens to OPC concrete C60/75 precast girders with similar
geometry and prestressing layout produced by Haitsma Beton, a sensitivity study, consisting
on the experimental results, three NLFEA on SCGC and an extra benchmark NLFEA on OPC
concrete, and the NLFEA of a specimen tested in flexure after 9 months, were performed to
estimate the influence of the varying elastic modulus cured at different conditions and the
higher creep coefficient and shrinkage strains as compared to OPC concrete, in the structural
response of the prestressed girder after the application of the prestressing force and of the
composite section with the cast in-situ topping to the 4-point load flexural test at different ages
(28 days and 9 months after casting of the topping).
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The camber after prestressing is proportional to the flexural stiffness as the behavior of the
structure is elastic and the results showed a higher camber for SCGC girders as the elastic
modulus is lower than for OPC concrete of a higher strength class. The decrease of elastic
modulus over time and the higher creep deformations due to the visco-elastic/viscoplastic
response of geopolymer concrete, explain why the camber of the SCGC girders continues to
increase over time (from 2.5 to 7 days) whereas it is stable for OPC concrete girders (from 1
to 28 days). The elastic modulus, creep and shrinkage influence the prestressing force by the
elastic, creep and shrinkage losses. The prestressing of the OPC concrete girder at 2.5 days
was slightly higher than the SCGC counterparts (lower elastic losses due to higher elastic
modulus) and was significantly higher at 30 and 60 days, mainly due to lower creep and
shrinkage losses. The prestressing force was lower for SCGC girders modelled with material
properties of samples exposed earlier to drying due to the associated decrease of the elastic
modulus as exposed beforehand.

The four NLFEA of the short-term flexural test with varying elastic modulus and the
experimental results had the same qualitative behavior in terms of the load — deflection
response, flexural stiffness, cracking load and ultimate load. The studies on the flexural
behavior of reinforced geopolymer specimens (2.3.1.1) also report similar behavior of
geopolymer concrete and OPC concrete girders. The load — deflection response was initially
linear elastic and the flexural stiffness was 10 to 26% lower for geopolymer concrete than OPC
concrete girders. The cracking load of geopolymer concrete girders was independent of the
flexural stiffness and only the OPC concrete girder showed a higher cracking load since the
prestressing losses are lower. The decrease in elastic modulus in the geopolymer concrete
mixtures had a marginal effect in the short-term load — deflection response as the three
numerical models and the experimental results display a similar behavior. The load-carrying
capacity of the OPC concrete girder was higher than the geopolymer concrete counterparts.

Regarding the long-term flexural behavior, the prestress losses increase from 26% after 28
days to 38% after 270 days due to the larger shrinkage strains and creep deformations over
time of geopolymer concrete. The creep and shrinkage deformations do not appear to stabilize
after 9 months, hence the prestress losses will continue to increase over time. The effect of
the increasing prestress losses is a reduction of the cracking resistance which is of critical
importance (as important as the load carrying capacity) in prestressed members since the full
prestressing design assumes the specimen will remain uncracked over the service lifetime.
The cracking load from the numerical simulation of the flexural test after 9 months is reduced
by 15% as compared to the short-term flexural test. The maximum load decreases slightly
between the NLFEAs of the specimen subjected to the flexural test after 28 days of casting of
the topping and the specimen subjected to the flexural test after 9 months.

RQ2: To what extent are the methods of analysis for conventional concrete structures,
from EN 1992-1-1 [22] and the Rijkswaterstaat’s Guidelines for NLFEA [23], applicable
to estimate the flexural and shear capacity of the test specimen consisting of a
prestressed girder with reinforced cast in-situ topping built with geopolymer concrete?

The analysis of the prestressed girder with reinforced cast in-situ topping subject to
prestressing and mechanical tests was performed by means of analytical models and
numerical simulations. The analytical model was based upon the design philosophy for
conventional concrete structures as described in EN 1990 [67] and EN 1992-1-1 [22]. The
numerical model was performed in commercial FE software DIANA and consisted in a 2D
linear and nonlinear phased analysis in plane stress conditions. The modelling choices were
as suggested by the Rijkswaterstaat’s Guidelines for NLFEA of Concrete Structures [23] to
ensure the quality and robustness of the analysis. The analytical and numerical models were
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refined with the input from the material tests on the mechanical properties (compressive
strength and elastic modulus) and volume stability properties (creep coefficient, autogenous
shrinkage and drying shrinkage) of the geopolymer concrete mixtures as deviations to the
properties of OPC concrete were identified, as previously described.

The flexural analytical model was based on the Euler Bernoulli beam theory where plane
sections remain plane and normal to the axis of the flexural member, and the strains vary
linearly over the height of the cross-section. The normal stresses also vary linearly over the
height of the cross-section before cracking when the normal stresses reach the tensile
strength of concrete. The resistance of the cracked cross-section was determined from the
concrete compressive force (bilinear stress block in the compression zone), the tensile forces
in the prestressing steel and the prestressing force. The height of the compression zone was
determined by an iterative calculation of equilibrium of forces in the cross-section. The shear
analytical model was based on the truss model and the shear resistance is obtained from
vertical equilibrium of the concrete compressive strut and the steel tensile tie which is
equivalent to a number of closed stirrups over a certain distance. The truss model is
conservative as it does not consider the contributions of concrete and the secondary load
carrying mechanisms (dowel action and aggregate interlock) to the shear resistance.

The numerical simulation was modelled with 8-noded quadrilateral plane stress elements for
the geopolymer concrete members (also the loading and support plates), embedded truss
elements for the reinforcement steel and prestressing tendons, and zero-thickness structural
interface elements. Perfect bond was assumed between geopolymer concrete members and
with the embedded reinforcement and prestressing steel. The geopolymer concrete
constitutive model was a total strain based orthogonal rotating crack model with exponential
tension softening and parabolic compressive relation, reduction of the compressive strength
due to lateral cracking with a lower bound of 0.6, confinement effects on the compressive
strength and reduction of the Poisson ratio dependent on damage. The constitutive model for
the reinforcement steel was ideal plasticity and for the prestressing steel it was hardening
plasticity. The iteration procedure was Regular Newton-Raphson method with arc-length
control. Force and energy norms were adopted as convergence criteria. The convergence
behavior of the nonlinear analysis for both mechanical tests were satisfactory, hence the
solution procedure and the convergence criteria are adequate.

The initial slope of the load — deflection curve was almost the same for the NLFEA and the
experiment both for flexural and shear short-term tests. For the flexural test, the stress
distributions at characteristic phases in the linear elastic regime (prestressing, decompression
and cracking of the bottom fiber) and the cracking load, were practically equal from the
analytical and numerical models; the cracking load was 3% higher than the experiment. The
change in slope in the load — deflection diagram occurred at similar load levels for the
experiment and numerical simulation (190 kN for the flexural test and 460 kN for the shear
test) and was caused by the evolution of cracking. Therefore, the linear elastic behavior of the
specimen was accurately described both by the analytical model based on the Euler Bernoulli
beam theory and the numerical simulation with plane stress elements.

The specimen did not fail during the flexural test but the hydraulic jack reached the maximum
stroke. The maximum load attained during testing was considered as the flexural resistance
since the specimen was retested months after and the load at failure was lower. In the
numerical model, failure was considered as the load — deflection diagram reached a horizontal
plateau of increasing deformations for an invariable externally applied load. The predicted
flexural resistance was slightly higher (8% by analytical model and 3% for the numerical
simulation) than the maximum load attained during testing. The bilinear compressive stress
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block assumed for ULS calculations as per EN 1992-1-1 [22] was not the same stress profile
from the NLFEA but the areas of the stress diagrams were almost equal. The shear failure
was characterized by a shear critical crack in the topping and the position and orientation of
the shear critical crack from the NLFEA was consistent with the DIC observations. The
predicted shear resistance was 12% higher from the numerical simulation and 16% lower from
the analytical model as compared to the experiment. The numerical and analytical models
from the validation of the Rijkswaterstaat’s Guidelines for NLFEA (RTD 1016-3B [72] and RTD
1016-3 [73]) also report higher resistances with the analytical model and NLFEA with no safety
format (i.e. without partial factors and mean material properties from testing).

The numerical models provided more insights of the behavior in the nonlinear regime after
cracking and the correspondence with the flexural test in terms of the load — deflection
response and concrete strains was satisfactory. The onset of cracking from the numerical
simulation was 11% higher than the load at which the measured concrete strain surpasses
the tensile strength of concrete. The difference was because the first cracking from the
numerical model was reported at the soffit of the topping whereas the concrete strains were
measured at the level of the lower layer of prestressing tendons in the experiment. The
measured concrete strains at midspan at the levels of steel reinforcement were accurately
described by the numerical simulation. The crack widths were deduced from the maximum
principal strains both for DIC and NLFEA. The strains in the topping were smaller for the
NLFEA due to more cracks appearing at smaller spacing, caused by the higher stresses
transferring from the precast girder as the two were perfectly bonded. On the other hand, the
strains in the girder for the NLFEA were higher but the cracking pattern is similar, hence the
post-cracking response as described by the fracture energy may also be different for
geopolymer concrete. Regarding the shear test, the response of the NLFEA was stiffer and
the numerically obtained load — deflection curve separated from the experiment when the
shear critical crack starts to propagate to the topping. The cross-section of the numerical
simulation was stiffer since the perfect bond between the precast girder and the topping
implied that the cross-section was fully composite, whereas in the experiment debonding was
reported in the cross-section and the stresses did not transfer fully as in the numerical model.

The choice of material constitutive models and the assumption of perfect bond between the
reinforcement and prestressing tendons to the geopolymer concrete seem to be acceptable
to describe the short-term flexural behavior. On the other hand, the numerical prediction of the
short-term shear resistance with perfect bond is not on the safe side and a nonlinear interface
to simulate the debonding may allow to describe more accurately the phenomena.
Nevertheless, the application of interfaces is only possible in the horizontal plane in a 2D plane
stress analysis. A full 3D analysis would be required to define an interface in the horizontal
and vertical planes which is also not defined in the Rijkswaterstaat Guidelines for NLFEA of
Concrete Structures [23]. Therefore, it must be weighed if the description of this phenomena
justifies a more detailed FE model requiring more computational and modelling efforts.

Regarding the flexural test after 9 months, the linear elastic behavior displayed by the
numerical model does not capture accurately the experimental results due to the difference in
elastic modulus as the specimen was cracked prior to the mechanical test and the stiffness
degradation caused by the cyclic application of loading at high load levels in the experiment.
The cracking load is decreased significantly (15%) in the specimen after 9 months but the
creep and shrinkage deformations do not appear to stabilize after this period, hence the
prestress losses will continue to increase over time and the cracking resistance will continue
to decrease which is critical for the performance over the service lifetime of the structure. The
maximum load in the flexural test after 9 months is overestimated by 5% in the numerical
simulation as compared to the experimental results. The perfect bond assumption between
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geopolymer concrete members and between the prestressing steel and the SCGC girder did
not allow to fully describe the failure mechanism and the evolution of damage from the
experiment. The assumption of perfect bond on the short and long-term flexural resistance
has a smaller impact than for the short-term shear resistance. The design criteria of
conventional concrete structures based on estimating the material properties from the 28-day
compressive strength result in non-conservative estimates of the cracking resistance and
flexural load carrying capacity of prestressed geopolymer concrete members which can lead
to an unsafe design. Nevertheless, the truss model for shear resistance, the bilinear
compressive stress block for flexural resistance and the 2D plane stress analysis with total
strain based orthogonal rotating crack model with exponential tension softening and parabolic
compressive relation can be used to estimate the structural performance of the prestressed
girder with reinforced cast in-situ topping built in geopolymer concrete with the adequate long-
term material properties as input.

6.2 Future work

Prestressed geopolymer structures are attractive for application in the precast industry. The
quality control in the production is ideal for dosage control and safety when handling
geopolymer concrete. However, the current production methods are based on mass
production with demolding and prestressing after 1 day to speed up the production line. The
autogenous shrinkage is significantly higher than OPC concrete, therefore the decision to
apply the prestressing force at 2.5 days was adequate since the prestressing losses due to
autogenous shrinkage were reduced by approximately half. Nevertheless, a proper economic
and technical evaluation is required to determine whether higher shrinkage losses are
allowable (which will require higher prestressing forces i.e. more tendons) to speed up the
production process.

In order to determine the flexural and shear resistance of prestressed geopolymer concrete
structures for engineering practice, the applicability of the current analytical methods from EN
1992-1-1 [32] was determined by comparing the resistance obtained from the analytical and
numerical models with the experimental results. In engineering practice, nonlinear finite
element analysis is demanding in manpower and computational resources. This type of
analysis is a higher approximation level for concrete structures and is justified when significant
cost savings can be expected. For example, for developing design codes, assessing existing
structures, designing special structures (complex geometries or extreme loading) and forensic
failure analysis. The current analytical methods from EN 1992-1-1 [22] can be applied to
calculate the short-term flexural and shear resistance of prestressed geopolymer concrete
structures. But structures are not designed for short-term lifespan and the development of the
material properties over time need to be studied for longer time spans. The warehouse in
Poland mentioned in Chapter 2, reports significant increase in the compressive strength and
the other projects do not display a loss of performance throughout the years. On the other
hand, the present study and literature shows a decrease in the elastic modulus caused by
moisture loss and higher creep and shrinkage. The long-term creep and shrinkage
deformations shall be monitored for a longer time span to investigate whether they stabilize
and judge the structural performance over the service lifetime. Furthermore, it is
recommended to study the cracking behavior of geopolymer concrete with regards to the
fracture energy.
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Appendix A: Construction drawings

List of construction drawings

Code Description Date Paper size
KO-01 Element Drawing KO-01 24/06/2021 A3
KO-D1 Section B + ribs detail 23/07/2021 A3
KO-D2 Section C1 and D1 23/07/2021 A3
KO-D3 Detail beam end 24/06/2021 A3
DR-02 Reinforcement topping 23/07/2021 A3
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Appendix B: Inspection certificates of
prestressing strands

s ————— —
PE—
Inspection Certificate Number:
Abnahmepriifzeugnis 17560
o\ VL4
~«OTARU ZRT. MSZ EN 10204:2004 "3.1"
Testing machine \ Prifmaschine INSTRON 600KN, serial nr: J9306
Testing standard \ Prifstandard MSZ EN ISO 15630-3:2011
Serial nr. of load cell \ Wégezelle nr 51983
Serial nr. of extensometer \ Serial nr. of extensometer E101656
Client \ Kaufer Haitsma Beton BV p/a Ballast Nedam Cent. Financ. Diensten
Order No. \ Auftrags-Nr 30005456;
Designation \ Genorm.Bennenung
NEN 3868:2001 FeP-1860-12,9-7S (Y1860S7-12,9-R1-F1-C1) left hand lay / St 1660/1860 Z-12.3-109 linksgéngig
Diameter \ Durchmesser 12,9
Nom. area \ Nennquerschnitt 100,00 mm*2
Construction \ Konstruktion 4,40+6%4,25 mm
Coil No. \ Ring Nr 21D 4062
Heat No. \ Schmelze Nr 57103
Length \ Léange 5085
Netweight \ Nettogewicht 3956
Coil dimens \ Ringabmess. 900X710
Test Report / Prufprotokoll / Rapport de essai
200 ————— - -
180 E — }
160 /
140
£ 120
g 100
S 80
60
40
20
1 2 3 4 -] 6 7
Elongation/Dehnung/Allongement [%]
Measured data \ Messdaten
M (g/m) Sn Fm Rm Fp0,01 Rp0.01 (MPa) Fp0.1 Rp0.1 Fp0.2 Rp0.2
(mm*2) (kN) (MPa) (kN) (kN) (MPa) (kN) (MPa)
777,92 99,61 191,89 1927 147,48 1481 166,82 1675 171,01 1717
Ft1% Rt1% Em Agt Ratio Fp0,1/Fm Ratio Fm/Fp02
(kN) (MPa) (GPa) (%)
168,81 1688 192,88 6,64 0,87
On basis of the measured and calculated data, the product corresponds to the contractual requirements. \ Auf Grund der gemessenen und gerechneten
Angaben entspricht das Produkt den Vorschriften des Vertrages.
Chemical composition: \ chemische Zusammensetzung
Heat & Mn Si P S Heat | ¢ Mn Si P S
57103 0,8400 0,6700 0,2000 0,0120 0,0090 T57103»MII 0,8400 0,6700 0,2000 0,0120 0,0090

This document has been made by the informatic system of D&D Drétaru Zrt and valid without signature
Dieses Dokument wurde von der Informatiksystem von D & D Drétaru Zrt und ohne Unterschrift giiltig gemacht worden

Lehoczki Zoltan

Head of Quality Control Department
Leiter der Qualitatskontrolabteilung

2021 julius.19.

D&D Droétaru Zrt. Magyarorszag 3527 Miskolc, Sajoszigeti u. 4. Telefon: +36 46 519 100, Telefax +36 46 519 115, web: www.drotaru.hu, e-mail: contact@drotaru.hu
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. =\ Inspection Certificate Number:
i i 17 663

P s l » Abnahmepriifzeugnis

— —

DROTARU ZRT. MSZ EN 10204:2004 "3.1"

Testing machine \ Prifmaschine INSTRON 600KN, serial nr: J9906
Testing standard \ Priifstandard MSZ EN ISO 15630-3:2011

Serial nr. of load cell \ Wagezelle nr 51983

Serial nr. of extensometer \ Serial nr. of extensometer E101656

Client \ Kaufer

Haitsma Beton BV p/a Ballast Nedam Cent. Financ. Diensten
Order No. \ Auftrags-Nr 30005456;

Designation \ Genorm.Bennenung 2
NEN 3868:2001 FeP-1860-12,9-7S (Y1860S7-12,9-R1-F1-C1) left hand lay / St 1660/1860 Z-12.3-108 linksgangig

Diameter \ Durchmesser 12,9
Nom. area \ Nennquerschnitt 100,00 mm*2
Construction \ Konstruktion 4,40+6"4,25 mm
Coil No. \ Ring Nr 21D 4061
Heat No. \ Schmelze Nr 57103
Length \ Lange 5075
Netweight \ Nettogewicht 3956
Coil dimens \ Ringabmess. 900X710
Test Report / Prifprotokoll / Rapport de essai
200 H SR s ﬁ
160 i
Z 120
B
£ 80
40
1 2 8 4 5 6
Elongation/Dehnung/Allongement [%]

Measured data \ Messdaten

M (g/m) Sn Fm Rm Fp0,01 Rp0.01 (MPa) Fp0.1 Rp0.1 Fp0.2 Rp0.2
(mmA*2) (kN) (MPa) (kN) (kN) (MPa) (kN) (MPa)
779,39 99,79 191,14 1915 151,31 1516 169,04 1694 172,43 1728
Ft1% Rt1% Em Agt Ratio Fp0,1/Fm ‘ Ratio Fm/Fp02
(kN) (MPa) (GPa) (%)
170,49 1705 192,49 5,95 0,88

On basis of the measured and calculated data, the product corresponds to the contractual requirements. \ Auf Grund der gemessenen und gerechneten
Angaben entspricht das Produkt den Vorschriften des Vertrages.

Chemical composition: \ chemische Zusammensetzung

Heat C Mn Si P S Heat | C Mn Si P S

57103 0,8400 0,6700 0,2000 0,0120 0,0090 T57103-M|| 0,8400 0,6700 0,2000 0,0120 0,0090

This document has been made by the informatic system of D&D Drétéru Zrt and valid without signature
Dieses Dokument wurde von der Informatiksystem von D & D Drétaru Zrt und ohne Unterschrift gultig gemacht worden

Lehéczki Zoltan
Head of Quality Control Department
Leiter der Qualitatskontrolabteilung

2021 julius.19.
D&D Drdtéru Zrt. Magyarorszag 3527 Miskolc, Sajoszigeti u. 4. Telefon +36 46 519 100, Telefax +36 46 519 115, web: www.drotaru.hu, e-mail: contact@drotaru.hu
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Appendix C: Analytical calculations

Calculations according EN 1990 and EN 1992-1-1 (clauses referenced in left hand side).
1. Stage I: Prestressing (2.5 days)

5.10.2.1 Poay = (140 kKN/str) (16 str) = 2240 kN
Maximum prestressing  opmax = Prnax/Ap = 1400 MPa
No tensile stresses _Pmo  Pmoey Mee _
top fibre Ay Woe Wy ™
Mg Ac
Ppo < ———— < 6205 kN
T Agey — Wy
P, Ppnoer M
°1022(5) R e AN ()
Limited compressive Ag Wop  Wyp
stress bottom fibre Mg Ay + 0.6 OW,pA
Py < —5°9 Jem (Wb Ag < 2499 kN
Agep + ng

1.1 Immediate prestress losses: elastic deformation and relaxation of the tendons

Prestressing force Pino = Brnax + 4Pg; + APy, = 2033.3kN
after losses Opmo = Pmo/Ap = 1270.81 MPa
5.10.4 (1) Ppno  Pmoe) Mgcep
Elastic deformation Tps =~ A, 1, + Iy =—15.46MPa
Eps = Ops/E. = —0.618 %o
Ao = gpsL = 4.3 mm
AP, = epsEpA,, = —190.5kN
5.10.4 (1) & 3.3.2(7) Opi = 1400 MPa
Relaxation loss (Class  p; 00 =2.5%
2: low relaxation 1= 0pi/fp =0.731
tendons) t —60h
Ay = 0,;0.66p1990€° ¥ (£/1000)°751~H) = —10.15 MPa
APy, = Aydoy, = —16.2kN

1.2 Maximum prestressing force at the active end during tensioning and transfer

5.10.2.1 (1) Tpmax = Min(kify kafpo1) = 1524.60 MPa
Maximum prestressing k, = 0.8

in a tendon k2 = 09 Jmax < Up,max
5.10.3 (2) Gpmo () = min(ks fy, ks fpo.1) = 1436.25 MPa
Maximum stress in k, = 0.75

tendon after transfer . — .85 Omo < Opmo (%)
of prestressing

5.10.2.2 (5) kefer (1) = —21MPa
Maximum stress in ke =0.7

concrete if longitudinal
cracking prevented
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300

- 250
- 200
=5
£
- 150 =
=2
T
; - 100
: Max stress
I Prevented long cracking | [ 50
-19.12 | - - = = Creep nonlinearity
T T . T T O
-25 -20 -15 Stress [MPa] -10 -5 0
Stage I: Stress distribution
1.3 Transfer of prestress
8.10.2.2 (1) np1  for 7-wire strands =3.2
Bond stress n,  for good bond conditions =10
feta(®) = @c0.7fcim (£) = 1.95 MPa
fopt = Mp1M1feea(t) = 6.25 MPa
8.10.2.2 (2) a, forsudden release =1.0
Transmission length a,  for 7-wire strands =0.19
lpt = a1a2¢0pm0/fbpt =498 mm
2500
2000 H
—. 1500 -
<
o
1000 -
500 -
0 T T T T T T
0 500 1000 1500 2000 2500 3000 3500
X [mm]
Transfer of prestressing force
1.4 Camber

 dx? - dx2 ~  EI
Boundary conditions: w(0) = w'(L/2) =0

d*w  d*w M

_ Ggcx(L —x)
clg
LZ
kee(L/2) = g(;f] =8.00-10"7 1/mm
c'g
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30elL/2) = okac(L/DL?

6p(x)

6p(L/2)
Spe,(L/2)

r

I

\

2

=—17.7 mm
= 6¢c(L/2) +6p(L/2) = —13.7 mm

x
Lyt
3
4

1 x — 1000 mm
1 34—

1

x 5 x?
=B+ @ = 50000, -

3x? l 12
——+(L—ﬂ—500>x—%t

1< x3+
L\ 12

Lpe
xL = x? = = = 2500, —

=4.1mm
0<x<lpy

Ly < x <1000 mm

;i > 1000 mm < x < 1+ [,
pt

1000 mm + L, < x < L/2

2 0<x<lpy

) lpe < x <1000 mm

3l
——, +250 x% 4 - 1000 mm < x < 1+ Iy,

2

250000 1000 mm + [,y < x < L/2

[y
|

=
1

[
1

Defonmation [mm]

=1
|

T
1000

T ‘ T
2000 3000
% [mm]

Deformation due prestressing (red), self-weight (blue) and total (black)

2. Stage II: Cast in-situ topping (30 days)

2.1 Immediate prestress losses: elastic deformation and relaxation of the tendons

Elastic deformation

Prestressing force
after elastic losses
5.10.4 (1) & 3.3.2(7)
Relaxation loss (Class
2: low relaxation

tendons)

a6t = Mzep = 1.62 MPa
APy = aGtEpAp/Ec = 18.2 kN

Ppi = Ppo + 4P = 2051.5kN
Opmi = mi/Ap = 1282.17 MPa
P1000 =2.5%

H= Gpmi/fpm = 0.670

t =732h

A0y, = 0,;0.66p1900€°H(t/1000)%751=1 = —8.67 MPa
AP, = AyAa, = —13.9kN
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2.2 Time dependent losses: creep and shrinkage

Autogenous shrinkage

Drying shrinkage
Total shrinkage
Creep

2.3 Total losses

Shrinkage losses
Creep losses
Relaxation losses
Total losses

Prestress after losses
5.10.6 (2)

2.4 Deformation

Creep
Total deformation

Sca(tZ.S)

Eca(t30)

Eca = Ecaltzo) — &caltas)
€ca(tz0)

Ecs = €cq T Eca

#(t30, to)

Ecc(t30,t0) = P(tz0,to)ops/Ec

Aos = g4

Ao, = gcc(t30vt0)Ep
Aoy, = 0.840y,,

Ao = Aog + Ao, + Ao,

AcA
AP = P

E,A eZA
pfp pfg
<1 + L4, <1 + T >(1 + 0.8¢(t, to)))
Ppzo = Py + AP
Opm30 = PmBO/Ap
P = Pnzo/Pmo

8¢,:30 = P(t30,t0)0pr, (L/2)
8t,5 = Opty + 8,30

3. Stage lll: Composite section (60 days)

= 590 um/m

= 1140 um/m
= 550 um/m

= 153 um/m

= 703 um/m

= 1.83

= —1028 um/m

—135.40 MPa
—197.89 MPa
—6.93 MPa

—340.23MPa

= —445.6 kN

1605.9 kN
= 1003.69 MPa
=0.79

= —25.0 mm
= —38.6 mm

3.1 Immediate prestress losses: elastic deformation and relaxation of the tendons

Elastic deformation

Prestressing force
after elastic losses
5.10.4 (1) & 3.3.2 (7)
Relaxation loss (Class
2: low relaxation
tendons)

B MGtep
OGt = A

g

AP = 06¢EpAp/E;
Ppi = Ppo + AP,
Opmi = Pmi/Ap

P1000

u= Upmi/fpm

t

A0y = 0;0.66p1990€”1#(t/1000)0 75071

AP, = AyAc,,

3.2 Time dependent losses: creep and shrinkage

Autogenous shrinkage

Drying shrinkage
Total shrinkage
Creep

€ca (tz.s)

€ca(too)

Eca = Eca(to) — Ecqltas)
Eca(teo)

Ecs = €cq T €ca

é(teo, to)

Ecc (t60' to) = ¢(t60: to)aps/Ec

= 1.62 MPa

= 18.2kN

= 2051.5kN

= 1282.17 MPa
=25%

= 0.670
=1500h

= —10.35 MPa
= —16.6 kN

= 590 um/m

= 1140 um/m
= 550 um/m

= 332 um/m

= 882 um/m

= 2.26

= —1271 pym/m
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3.3 Total losses

Shrinkage losses Aog = gcqEp = —169.78 MPa
Creep losses Ao, = ecc(teo, to)Ep = —244.64 MPa
Relaxation losses Ao, = 0.840,, = —8.28 MPa
Total losses Ao = Aog + Ao, + Ao, = —422.70 MPa
Prestress after losses AP = AcA,
5.10.6 (2) 7 B 24 = —539.8kN
1+ 2521+ 52 ) (14 0.8¢(t, 1))
EA, I, Bty
Preo = Pmi + AP = 1511.6 kN
O-p60 - Pm60/Ap = 944.78 MPa
P = Pmeo/Pmo =0.74
300
—— Elastic 981}
—EIastic+ReI§x - 250
El+Rel+Shrinkage
El+Rel+Shr+Creep L 200
€
£
- 150 =
§
- 100
- 50
-9.60
T T T T 0
-25 -20 5 0
Stress [MPa]

3.4 Deformation

Self-weight topping

Creep
Total deformation

4. Magnel diagram

Stresses after losses at midspan tgq

thLZ

8E,1,
5 2
86e(L/2) = 18 Kge(L/2)L

8¢,t60 = P(te0,to)0pr, (L/2)
8tyo = Opty + 86t + Op,t60

Kee(L/2) =

Stage |: Prestressing (2.5 days)

Pmo  Pmoép _ Mg,
Ag W Wy
P P,0€ M

mo moO©p + Gc chm(t)

Bottom fiore 1.b — -
Ag  Wep  Wep

1t -

Top fibre < feem(6)

Stage IlI: Cast in-situ topping (30 days)

Pnzo  Pmso€p _ Mg + Mg,

. B S
Top fibre 2.t 4, W, W, > fom
. Pmso  Pmzoep Mge + Mg
_ _ <
Bottom fibre 2.b A W,y Wy fetm

=1.33-107% 1/mm

= 6.8 mm

= —30.9 mm
= —37.7 mm
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Stage lll: Composite section (60 days)

Pneo  Pmeo€p Mge+ Mge Mg,
Top fibre 1.t — — — > f,
p Ag Wgt Wgt WCt o
Pneo  Pmeo€p Mge+ Mge Mg,
i bes — - +——<
Bottom fibre 1.b 4, W,y Wy, W, fetm
Pneo  Pmeo€p Mge+ Mge Mg,
H cs — — — <
Top fibre 2.t 4, Wy, Wy, W, = fetm
Pmeo  Pmeo€p Mge+ Mgy Mg,
Bottom fibore 2.b® — - + > f.
Ag ng ng WCb o
o Ts] 251
oo ——1il ——2il
300 - P 15l 2sll
— il ——2ill
Pm,30 - ---elim
200 -
E
s K
S '
1000 2000 3000 4000 6000 7000 8000 9000
-100
200 Pl Ton]
Magnel diagram
Vortices Magnel diagram
Stages | and I Stage llI
Vertex [Ple [kN m] |P| [kN] e [mm] | |Ple [kN m] |P| [kN] e [mm]
A -145.9 2521.9 -58 -127.2 2729.7 -47
B -23.6 5548.9 -4 74.3 7810.9 10
C 31.3 -36.5 -1 80.0 -260.8 0
D 153.6 2990.6 0 281.4 4726.7 0
5. Flexure
5.1 Zero external moment
Bottom fibre P Preoe
op = — 200 _ _MOOP = —15.86 MPa
Ac ch
Ep = O-b/ECTn = —058 %0
Top fibre P Prsoe
pii g, = — 160 | me0Tp = 0.92 MPa
AC WCt
St = O-t/EC - 003 %0
&
Cross-section analysis  x, = h, (1 3 tg ) = 283 mm
t~ <b
K =é&p/xy =—-2.03-10"°1/mm
M = —Ppeoep = —226kNm
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5.2 Decompression of bottom fibre

Decompression _ Pmeo  Pmeo® | Mgc+Mge  Maec 0
bottom fibre 4, Wy Wo  We
P, Prso€
Mdec — me60 + me60°*p
4 Wov = 277kNm
_ MGC + MGt) ch
ng n
Stress bottom fibre Preo  Pmeoep Mg + Mg,
girder P4, and M Ogb = 4, Wop W,y = —9.60 MPa
Stress top fibre girder _ Pueo | Pmeoep  Mgc + Mgt
Ppe0 and M, %9t =~ A, Woe Wy = —9.81 MPa
Stress bottom fibre _ NMMgec _
girder My, Ogbdec = "y~ = 9.60 MPa
Stress top fibre girder NMMyec(he — 2Zcp)
My, Ogtdec = ——— ICC = = —3.75 MPa
Stress bottom fibre Mgec(he — zcp)
topping Mg, Tibec == = —3.70 MPa
Stress top fibre Mgec _
tOpplng Mdec Gtt,dec - - Wct —_ _8.96 MPa
Resulting stress girder o, = 04t + 04t gec = —13.56 MPa
at interface
Resultin_g stress Op = Ogp + Ogp,dec = 0.00 MPa
bottom fibre
- i i (o}
Cross-section analysis %y = he — 2, ( b ) — 420 mm
Op — Ot
agb,dec - natt,dec -6
Kdec = =1.62-107"1/mm
EChC
90
i — Prestress+G| | 400
-13.6 37 r —— Decomp 350
3-8 - 300
- 250 E
8 200 %,
L 150 £
- 100
op 94 0
T T T 0 T T
-15 -10 -5 0 5 10 05 -0.25 0 0.25 05
Stress [MPa] Strain [%o]

Stress and strain distribution at midspan for decompression moment

5.3 Cracking of bottom fibre

Cracking bottom fibre  Pmeo  Pmeoép

Mgc+Mge M

+ cr —
Ag ng ng n ch fctm
Pneo  Pmeo€p Mge + MGt> Wep
Mer =\ feem + - =
(ft A, "W, ) 380 kN m
Stress bottom fibre Prso  Pmeoep Mge + Mg,
girder P40 and M, Tgp = 4, Wop W, = —9.60 MPa
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Stress top fibre girder _ Pueo | Pmeoep Mgc + Mg
P and M, Ogr = — A, T = —9.81 MPa
Stress bottom fibre _ MM, _
girder M, Tyver = = 13.20 MPa
Stress top fibre girder M (he — Zcp)
M., Ogter =~ = —5.16 MPa
Stress bottom fibre M, (he — z¢p)
topping M, Oter = ————— = —5.08 MPa
Stress top fibre M
topping M., Tuver = =iy = —12.32 MPa
Re_sulting stress girder gy = 04t + 0gt.cr = —14.97 MPa
at interface
Resulting stress Op = Ogp + Ogpcr = 3.60 MPa
bottom fibre
- i i (o)
Cross-section analysis Xy =h— hg( b ) — 362 mm
Op — Ot
0, ber — no; :
Kep = u =222. 10—6 1/mm
EChC
123
T —— Prestress+G || 400
160 5.1 . — Mer 350
52 1 300
. 250 —.
£
: 200 £
] 150 2
T
1 100
T~ 36 132 | 90
T T T T 0 T T
15 -10 5 0 5 10 0.25 0 0.25 0.5
Stress [MPa] Strain [%o]

Stress and strain distribution at midspan for decompression moment

5.4 Cracked cross-section

Transformed cross-sectional properties of the precast girder:

np = Ep/E. =7.00 Zsgp = 116.0 mm
Ape = Apnp = 11199 mm? Ay = 1708458 mm?
ne = E;JE. =727 Iy = 1.22-10° mm*
Asgr = Aggns = 3427 mm? Zgep = 107.7 mm
Top fibre Orge = — 2"60 PmGOIe"’ngb Mec 1+ Mt — —8.99 MPa
gt gt gt
Bottom fibre Opgt = — 2"60 - Pméolepzsgb MGCI+ Mgt = —8.77 MPa
gt gt gt
Transformed cross-sectional properties of the composite section:
ne = E/JE. =0.985 I,y = 6.62-10° mm*
A = Aenp = 282142.5 mm? Zeepy = 212.7 mm
Agee = Agens = 12429 mm? F =2669.5kN
Zgep = 266.5mm P, =4181.1kN
A, = 465417.5 mm? epe = —14.6mm
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o girder

—— o fict topping -9.1

9.0

-8.8

20 15 10 -5
Stress [MPa]

a) Stresses girder/fictitious topping

-25 0

b) Forces in transformed girder

c) Forces in transformed composite

Analysis of transformed composite cross-section

Analysis of the cracked composite cross-section

n.a

3 -
© Cracked i

d) Neutral axis location

e) Forces

Analysis of cracked composite cross-section

Ager =70695.4 mm?
lyer = 297-108 mm*
Zger = 1914 mm

y =38mm
Mg, = 400.8 kNm
Keer = 246-107°

Stress [MPa]

25 -20-15-10 5 0 5 10
f) Stresses in cracked section

Acer =379893.8 mm?
I..y =3.57-10° mm*
Zeor = 250.8mm
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5.5 Ultimate Limit State

Equilibrium of horizontal forces (ULS)

Ag; [mm?] dg; [mm] | & [%d] | o [MPa] N [kN] a[mm] | M[KNm]
Ay | 8912 905 354 | -0.831 -166 -150.4 -20.6 3.1
A, | 2610 157 252 3.293 500 78.5 814 6.4
Ay | 4916 804 168 6.689 500 402.1 165.4 66.5
Ag, | 4410 314 48 | 11.542 500 157.1 285.4 44.8
N, - - -- -- -- -32135| -52.9 170.0
Poso - | 1600 | 4.908 945 1511.6 | 129.1 195.2
AN -- | 1600 66.3 | 10.804 1704 1214.6 267.2 324.5
Y= 0 X = 810.6
+Pmsoep — (Mg + Mge) = 967.6
2500
2000 1 1728
1694 59.5,1915.0
& 1500 -
=
3 94
& 1000 +
500 - —Ao
——ome
0 T T T T T T
0 10 20 ) 50 60 70
Strain %o
Prestressing steel stresses and strains (ULS)
45
4 —gc 35 4 400
——Ac 475 3 390
€ 1 300
£
=4 1 250
T 1 200
—C
g |] 150
4.9 41 100
788 190
T T T T T T T 0
-100 150 400 650 5 4 3 2 1 0
Stress [MPa] Strain [%o]
a) Stresses b) Strains
Stress and strain distributions at midspan (ULS)
X, = 86.6 mm
Qext = 421KkN
Ky =4.04-1075
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5.6 Moment curvature diagram

800 -

600 -

400 A

M [kN m]

200 -

-1.00E-05 ?{fO E+00 1.00E-05 2.00E-05 3.00E-05 4,00E-05 5.00E-05
2

K [1/mm]

Moment curvature diagram

6. Ultimate Limit State: Shear

373

1 11 14 1
T + T+ + T +
v » ™ e
(9}
Lo
(9]
/{.:.\\
Ty}
+ & . :
4+ 4+
—~+ 4y 4 4 b

Two members for calculation of shear resistance (blue: precast girder, red: cast in-situ topping)
6.1 Precast girder
cota =0andsina =1 z = 0.85d = 310 mm cotf = 2.5.

6 double legged stirrups ($8) over a distance z(cotf) =776 mm between x =776 —
1551 mm, at an average spacing of 140 mm.

A
Vras = % z(cot B)fywd

2 (8 mm)?

VRm,s,g = T z(cot g)fywm =

The proportion of the prestressing force transmitted over the distance of 1200 is equal to 85%.

Pineo Ocp 8.2
=0. = 8.2 MP —=15—=0.2 =1.2
ocp = 0.85 4, 8 a i 550 0.25 - a.y, 5
Ul = 06
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VeRamax,g = @ewV1feabwz(cot8) sin? @
Vemmazg = @ewVifembwz(cot8) sin? @ = 1.25- 0.6 - 50 MPa - 277 mm - 776 mm - sin?(21.8°)
Vimmaxg = 1111.1 kN
VRm,g = min(VRm,s,g; VRm,max,g) = 278.5 kN
6.2 Cast in-situ topping

Stirrups inclined to the left are at an angle of a; = 79.7°, while the stirrups inclined to the right
are at an angle of a, = 100.3°

3675
hrsp &6 3 bats &0 Fiz-150 |

per zijde

175 opleglijn \_hrsp_di0-125/250 20286

Inclined stirrups in cast in-situ topping

z = 0.85d = 214.2 mm cotf = 2.5
4 pairs of stirrups (¢10, 2 oriented to the right and 2 oriented to the left) over a distance of
z(cot#) = 535.5 mm between x = 1071 — 1606.5 mm, at an average spacing of 250 mm.

A
Vras = %Z(cot 0 + cota)fywq Sina

A
VeRmst = %nywm((cote + cotay) sina; + (cotf + cotay,) sin az)

2m(10 mm)?

Vemst = mZM.Z mm - 500 MPa((Z.S + cota;) sinay + (2.5 + cota,) sin 0(2)

Vemse = 331 kN
The cast in-situ topping is not prestressed, hence g, = 0 MPa and a,, = 1.
Veamaxt = %ewV1feabwz(cotd + cota) sin? 6
Vemmax,t = %ewV1fembwz(cot 8 + cota) sin? 6
Vemmaxe = 0.6 - 45 MPa - 746 mm - 252 mm(2.5 + cot 100.3°) sin? 100.3° = 11390 kN
Veme = Min(Vam 5.6 Vemmax,e) = 331 kN

Finally the overall shear resistance is the sum of the contributions of the precast girder and
the cast in-situ topping: Ve = Vem,g + Vem,: = 609.5 kN,
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