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Abstract

Ultra-high-performance concrete (UHPC) has attracted significant attention in recent decades
due to its superior compressive strength and exceptional durability, while concerns have been
raised due to the fact that inherent brittleness of concrete resulted in an explosive failure of
UHPC. To extend the applications of UHPC in engineering design and construction,
incorporating randomly distributed steel fibres into UHPC concrete matrix has been considered
as one of the effective methods to enhance the ductility of the material. This is due to the fibre
bridging effects preventing the propagation of the crack thereby to enhance the ductility and
compressive and tensile strengths of the material. Therefore, the ultra-high performance fibre
reinforced concrete (UHPFRC) has a great potential to bring a step-change in the way of

infrastructure are designed and constructed.

The main objectives and findings of this paper are detailed as follows:

(1) To study the long-term shrinkage mechanisms of UHPC with and without steel fibres, a
series of experiments was conducted to achieve the optimal mixtures with the autogenous
and drying shrinkage mitigated.

(2) To investigate the structural responses of axial members (both UHPFRC short and slender
columns) subjected to a concentric or eccentric load, the optimal UHPFRC mixture was
then utilized to manufacture the test specimens for experimental investigations.

(3) A generic mechanic-based partial-interaction (PI) approach that used to simulate the
conventional concrete members (flexural and axial members) is suitably modified based on
the material properties of UHPFRC to accurately simulate the structural responses of the
short UHPRC columns under eccentric loading conditions.

(4) Finite element analysis (FEA) is carried on in conjunction with a concrete damage plasticity
(CDP) model to simulate the structural behaviours and damage patterns of both UHPFRC
short and slender columns subjected to a concentric or eccentric load. An extended study
is also conducted based on the clarified finite element (FE) model to investigate the
slenderness effects regarding the structural response of the slender columns.

(5) An experimental program is undertaken to investigate the structural performances of the
concrete-filled carbon FRP tube (CFRP-CFFT) columns manufactured with ultra-high-
performance fibre reinforced concrete (UHPFRC). Furthermore, finite element (FE)

analysis incorporating CDP and Hashin’s damage model is then conducted to simulate both



the structural response of CFRP-CFFT UHPFRC columns as well as the corresponding
damage patterns of CFRP tubes and concrete.

The proposed load-moment (P-M) interaction envelopes regarding UHPFRC short and slender
columns as well as CFRP-CFFT UHPFRC column generated in these studies accurately predict
the structural behaviours of columns subjected to axial loads with different eccentricities.
Hence, these P-M envelopes can serve as foundations for promoting design guideline of the
UHPFRC columns in the future.
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CHAPTER 1. Introduction and General Overview

Concrete, is one of the most frequently used construction materials worldwide. Due to its
extensive application in construction of infrastructures, commercial buildings and bridges, its
usage worldwide is dramatically increasing to cater for the intensified urbanization and
civilization. However, the brittleness and limitations in both compressive and tensile strengths
and material durability of the conventional concrete limits its application to fulfil requirements
of the high-performance based designs where a high ductility, corrosion resistance, and a high

impact or seismic resistance are warranted.

Due to rapid advancements in concrete technology, a specially formulated cement based
composite characterised by a very high compressive strength (fc” = 240 MPa) and a low water
to binder ratio was first developed by Yudenfreund et al (1972), and this new concrete was
called ultra-high performance concrete (UHPC). Further improvements in binder properties
was promoted by applying autoclaving at a temperature of 250<C and a pressure of 50 MPa,
which resulted in a compressive strength of 510 MPa with zero-porosity (Roy et al. 1972).
Investigations conducted to analyse the microstructure of UHPC indicate that the particle
spaces between cement and ultra-fine particles have been densely packed through a series of
chemical reactions, which resulted in high compressive strength generally more than 150 MPa

associate with very high flexural strength in the range of 60 to 70 MPa.

Although UHPC exhibits considerably high compressive strength, the inherent brittleness of
concrete results in an explosive failure. To overcome this shortcoming, very high strength steel
fibres (with a volume faction from 1% to 3% of concrete) were incorporated to the UHPC

matrix and this was termed as ultra-high-performance fibre reinforced concrete (UHPFRC).



This UHPFRC is usually made from cementitious materials such as Portland cement, silica
fume, finely graded quartz sand, high range water reducer, water, and a small amount of
discrete non-mantellic and metallic fibres for overcoming the brittleness of ultra-high
performance concrete (UHPC). UHPFRC is characterised by its superior mechanical properties
(with compressive strength greater than 150MPa and ductile tensile strength characteristics),
exceptional ductility, high durability and high corrosion resistance due to low water
permeability and low porosity. Therefore, these material characteristics make UHPFRC highly

suitable for high-performance based designs in modern constructions.

Due to its exceptional material characteristics, it is envisaged that replacing conventional
concrete by the UHPFRC in the design of heavily loaded columns of high-rise structures,
bridges and infrastructures allows a significant reduction in both dimensions of structural
members, construction period, building footprints and life-cycle costs. Nevertheless, the
underlying mechanisms and effects of steel fibres regarding shrinkage characteristics for
UHPC and UHPFRC have not been fully addressed from the previous research. Moreover,
limited investigations were conducted to explore the structural behaviours of short and slender
UHPFRC columns reinforced by steel rebars under axial loads, and hence it is a necessary to
develop rational analytical procedures along with studying the underlying structural

mechanism for analysing and predicting the behaviours of UHPFRC columns.

Objectives and Scope of Research

There are six major objectives of research carried out for this thesis work. The details are as

follows:



1. To contribute to the existing knowledge base on UHPFRC by using only locally available
materials with conventional mixing and curing methods to manufacture UHPC mixture.

2. To further adjust the proportions of ingredients of the UHPC mixture to reduce the usage
of cement without compromising its compressive strength. This will lead to economical
and optimal UHPFRC mix design.

3. To reduce the magnitude of shrinkage strains and also will yield an optimal mixture design,
differing the binder to sand ratios, adding shrinkage reducing agent (SRA), and replacing
water in ambient temperature by ice water were adopted to the original UHPC mixture.

4. To study the shrinkage mechanism of both UHPC and UHPFRC in detail, and the
influences of fibre properties on the shrinkage behaviour of concrete were also explored to
develop mix design procedures and the formulation and code practice of UHPFRC.

5. To develop rational analytical procedures and finite element analyse (FEA) to investigate
the structural response of UHPFRC columns.

6. Experimental and numerical investigations are conducted for analysing the structural
behaviours as well as the failure mechanisms of concrete filled carbon fibre reinforced

polymer tube (CFRP-CFFT) columns manufactured with UHPFRC.

Outline of the Thesis

This thesis is organised into five major chapters. Chapter 1 provides background information
of this thesis along with major research objectives and intended significant outcomes. It is
worth noting that Chapters 2 to 4 deal with the major research investigations of this thesis work
and these are organised as a collection of manuscripts and journal papers, which were either

published or submitted for review. A brief description of chapter 2-5 is given as follows:



Chapter 2 describes the experimental works conducted to systematically investigate the
shrinkage characteristics of UHPC and UHPFRC and the corresponding underlying mechanism.
The mix design recipe used for this work follows closely the investigations carried out by
Sobuz et al. (2016) at the University of Adelaide. Different techniques such as differing the
binder to sand ratios, adding shrinkage reducing agent (SRA), and replacing normal tap water
with chilled water were investigated to study the effects on both drying and autogenous
shrinkage strains. Moreover, experimental observations and variation of shrinkage strains were
interpreted with characterization tests such as scanning electron microscopy (SEM) and
thermal gravity (TG) analysis. The influence of varying the fibre properties such as fibre aspect
ratios, fibre dosage, fibre type, and hybridization of steel fibres with blended micro straight and
hook end fibres on both total and autogenous shrinkage behaviours were also investigated.
Manuscripts of two journal papers form the core of this chapter. It is worth noting that whilst
the first paper has already been published in the journal of Cement and Concrete Composite
(Elsevier), and the second paper is under review by Construction and Building Materials

(Elsevier).

Chapter 3 deals with the research work carried out to investigate the structural behaviours of
both short and slender UHPFRC columns. In this chapter, a numerical model is developed by
suitably modifying a structural mechanics based approach developed at the University of
Adelaide by Visintin et al. (2013), these developed models aim to simulate accurately the
structural responses such as axial load VS deflection relationships of both short and slender
UHPFRC columns subjected to either concentric or eccentric axial loads. Additionally, these
models were compared and validated against the test results obtained from an experimental
study on short and slender UHPFRC columns conducted earlier at the University of Adelaide

by (Singh et al. 2015 and Douglas et al. 2015). Furthermore, finite element analysis (FEA) was



conducted for both short and slender columns to simulate their structural responses and the
corresponding concrete damaged patterns. These numerical models were compared and
validated against experimental results, and then another procedure is developed to generate
axial load-moment interaction envelopes with high accuracy. This chapter consists of a journal
paper published in the Journal of Structural Engineering (ASCE) for the short UHPFRC

column and the work pertaining to slender column is presented as a separate sub-chapter.

In Chapter 4, structural investigations related to UHPFRC columns made with concrete filled
carbon fibre reinforced polymer tube (CFRP-CFFT) are described in detail. Both material and
structural testing were conducted to study the structural behaviour of CFRP-CFFT UHPFRC
columns under either concentrically or eccentrically axial loads. Subsequently, the obtained
material properties from testing were then used as a fundamental input for conducting finite
element analysis for simulating the behaviours of these CFRP-CFFT columns. This chapter
consists of a journal paper under review for possible publication by the Composite Structures

(Elsevier).

Chapter 5 is the concluding part of this thesis where the major findings and achievements of
this thesis work are summarised. It also suggests areas of research that needs future

investigations.
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CHAPTER 2. Investigations on Shrinkage Characteristics of Ultrahigh

Performance Concrete Reinforced With and Without Steel Fibres

Introduction

This chapter presents a series of the experimental investigations regarding long-term shrinkage
characteristics of ultra-high performance concrete (UHPC) reinforced with and without steel

fibres. This chapter consist of manuscripts of two international journal articles.

The first paper contained in this chapter namely “Characterizations of autogenous and drying
shrinkage of ultra-high performance concrete (UHPC): An experimental study” Reports tests
conducted on ten batches of concrete prisms that aims to investigate the efficiency of
techniques such as differing the binder to sand ratios, adding shrinkage reducing agent (SRA),
and replacing normal tap water with chilled water. These measures are expected to reduce the
magnitudes of both drying shrinkage and autogenous shrinkage strains. Scanning electron
microscopy (SEM) and thermal gravity (TG) analysis were also conducted to interpret the

underlying mechanism governing both autogenous and drying shrinkages.

In the second paper entitled “The Influence of Steel Fibre Properties on the Shrinkage of Ultra-
High Performance Fibre Reinforced Concrete”, the influences of the fibre aspect ratios, fibre
dosage, fibre type, and hybridization of steel fibres with blended micro straight and hook end
fibres were studied on magnitudes of both total and autogenous shrinkage strains. Direct pull-
out tests were also conducted on steel fibres-concrete interface to establish the bond-slip

relationships to assist in explaining the mechanism behind the autogenous shrinkage strains.
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2. Fang, C., Mohamed Ali, M.S., Xie, T., Visintin, P. 2019. The Influence of Steel Fibre
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2.1. Characterizations of Autogenous and drying shrinkage of ultra-high performance
concrete (UHPC): An experimental study
Xie, T.}, Fang, C.}, Mohamed Ali, M.S.%, *Visintin, P.!
1School of Civil, Environmental and Mining Engineering, The University of Adelaide, SA

5005, Australia

ABSTRACT:

Due to the high content of binder and low water to cement ratio, ultra-high performance
concrete (UHPC), exhibits higher levels of autogenous shrinkage compared to ordinary
concrete. This shrinkage has been shown to lead to a reduction in strength over time as a result
of the formation of thermal and shrinkage cracks. Aiming to mitigate the negative impacts
associated with shrinkage, the efficacy of three different techniques to reduce the impact of
shrinkage are investigated, namely: reducing the binder content; incorporating high levels of
shrinkage reducing admixture; and using crushed ice to partially replace mixing water. The
effects of these techniques are experimentally investigated and the underlying mechanisms of
the actions are characterized. It is found that autogenous shrinkage predominates the overall
shrinkage of UHPC and that the three techniques can effectively reduce shrinkage without
significantly compromising its mechanical strength. The results also suggest, that from the
perspective of reducing shrinkage: the optimal binder-to-sand ratio is in the range of 1 - 1.1;
the optimal dosage rate of shrinkage reducing admixture is 1%; and replacing of mixing water

by crushed ice up to 50% by weight has also induced a significant reduction in shrinkage.

Keywords: Ultra-high performance concrete (UHPC); Autogenous shrinkage; free total

shrinkage; compressive strength; microstructure; hydration
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2.1.1. INTRODUCTION

Ultra-high performance concrete (UHPC) is characterized by very high compressive strength
and superior durability (Mosaberpanah and Eren 2016; Shi et al. 2015; Singh et al. 2017; Wang
et al. 2015; Yoo and Banthia 2016). These characteristics are typically achieved using mix
designs with high quantities of binder (cement and silica fume) and low water to cement ratios
(in the order of 0.2 or less). As a result, partially hydrated binder is often present within the
mortar resulting in an increase in autogenous shrinkage (Wu et al. 2017; Youssef 2013) up to
an order of magnitude greater than that of conventional concrete (Park et al. 2014; Soliman and
Nehdi 2011; Soliman and Nehdi 2014; Yal¢inkaya and Yazic1 2017; Yoo et al. 2013; Yoo et
al. 2014). Hence total shrinkage strains in UHPC (including both the autogenous- and drying-
shrinkage) are expected to be higher than conventional concrete. This is significant as high
early age shrinkage strains may result in early age cracking (Sahmaran et al. 2009; Sobuz et al.
2016; Wang et al. 2015; Yoo et al. 2014; Yoo et al. 2014); and if containing fibers, a reduction
in strength over time due to the restraint provided by fibers (Soliman and Nehdi 2014; Yoo et

al. 2017; Yoo et al. 2014; Yoo et al. 2014).

The importance of quantifying shrinkage strains has led to a number of recent studies aimed at
understanding the underlying mechanisms governing autogenous shrinkage of UHPC and its
impact on performance. For example, experimental programs conducted by Yoo et al. (Yoo et
al. 2018; Yoo et al. 2018; Yoo et al. 2014) and Sahmaran et al. (Sahmaran et al. 2015; Sahmaran
et al. 2009; Sahmaran et al. 2009) systematically examined the effects of mixing proportion,
curing condition, geometry and specimen restraint on autogenous shrinkage of UHPC
specimens. Research has also identified several means for reducing both the magnitude of
shrinkage strains, as well as the time over which they develop. For example, R&3er et al.
(Rd3er et al. 2014) have shown that by curing at a temperature of 20 <€, a reduction of 85%
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in autogenous shrinkage strains is possible compared to those obtained under at 90 € heat
curing. Alternatively (Dudziak and Mechtcherine 2008; Jensen 2013) have shown that it is
possible to reduce drying shrinkage via the inclusion of moisture retaining superabsorbent
polymers into the mix. These release water over time, replacing that lost due to hydration and
drying, resulting in a reduction of shrinkage strains of up to 75%. The effects of shrinkage
reducing admixtures on the autogenous shrinkage of UHPC have been investigated by (Koh et

al. 2011; Soliman and Nehdi 2014; Yoo et al. 2015).

In this paper a standard UHPC mix which has been widely investigated at both the material
(Sobuz et al. 2016; Sobuz et al. 2017; Visintin et al. 2018) and member levels (Singh et al.
2017; Sturm et al. 2018; Visintin et al. 2018) is taken as a baseline, and simple means for

improving its dimensional stability is investigated. Approaches considered in this study include:

e The use of iced water in the mix design to lower concrete temperature and hence reduce
the potential for autogenous shrinkage and temperature induced deformations (Smith 2001).

e Varying mix design proportions to identify the beneficial restraining influence of (fine)
aggregate, and the presence of unhydrated binders that may act as a filler providing
additional dimensional stability.

e Varying mix design proportions to identify the reduction in autogenous shrinkage due to a
reduction in cementitious binder content.

e The use of high dosages of conventional shrinkage reducing admixtures to physically
reduce shrinkage by reducing the surface tension in the concrete pore water.

For each approach investigated a range of material and characterization tests are conducted to

determine the relative effectiveness of each approach, as well as the underlying mechanism of

action. It is envisaged that this work will assist in allowing concrete technologists to decide on

the most appropriate means for achieving the desired reduction in shrinkage.
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In the remainder of the paper the characteristics and constituents of the UHPC materials
investigated are first described. This is followed by a description of the experimental method
and tests conducted; finally, the change in autogenous and drying shrinkage achieved by each

approach is presented as well as a discussion of the mechanism of action.

2.1.2. EXPERIMENTAL PROGRAM

2.1.2.1. Ingredients used for UHPC mix

Two types of cementitious binder were used, namely sulphate resisting cement and silica fume.
The sulphate resisting cement, which contains 3-8% gypsum by weight, has a 28-day
compressive strength of 60 MPa and a 28-day mortar shrinkage strain of 650 (microstrain) as
determined through the tests performed as per AS 2350. 11 (Australian Standard 2006) and AS
2350. 13 (Australian Standard 2006), respectively. The undensified silica has a bulk density
of 635 kg/m? and has a silicon dioxide (SiO2) content over 89.6 %. A natural washed river sand
with a maximum nominal grain size of 0.4 mm was used as the fine aggregate for all UHPC
mixes. A third generation high range water reducer with an added retarder was added to each
UHPC during the mixing. For the purpose of further minimizing shrinkage, a shrinkage
reducing admixture (SRA), which meets and exceeds all requirements of Australian Standard
1478.1-2000 (Australian Standard 2000) as special purpose admixture type (SN), was added to
the UHPC mix with different dosages. As an alternative to the use of an SRA, aiming to prevent
the generation of a large amount of heat and therefore thermally and chemically induced plastic

shrinkage cracks, the use of crushed ice to partially replace mixing water is also examined.

A total of ten batches of UHPC mortar were manufactured. The first five batches of UHPCs
designated as U- series were prepared using the same water-to-binder (w/b) ratio but with

different binder-to-sand (b/s) ratios. A UHPC mix with a b/s ratio of 1.266 and w/b ratio of
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0.152, which was identified as optimal using the same raw materials in the previous study
(Sobuz et al. 2016), was used as the reference mix design. Note that the water content from the
chemical admixtures (i.e. 20% in SRA and 70% in SP) has been included in the calculation of
the water-to-binder ratio for each mix. In the first stage of testing, the compressive strengths
and total shrinkage strains of five batches of UHPC with varying b/s ratio were measured. The
mix with the overall best performance was then taken for the second stage of testing. This stage
included: the addition of SRA to three mixes in dosages of SRA-to-cement weight ratio of 1, 2
or 3% (designated as SRA series) or the addition of crushed ice (designated as Ice series) was
incorporated into the remaining two UHPC mixes as a partial replacement of water by a weight
ratio of 25 or 50%. The proportions of all mixes are given in Table 2-1-1. For manufacturing
UHPCs, all the dry materials, including sand and binders were initially mixed in an 80 L
capacity rotating pan mixer with fixed blades for approximately 5 minutes. Following the dry
mixing, water, crushed ice, superplasticizer and SRA, were subsequently added to the mixer

and the mixing was continued until the concrete started to flow.

Table 2-1-1. Mix proportion of the UHPCs

Paste Mixing
. Cement Silica fume Sand water Crushed SRA! SP? : water
Mix . w/b b/s weight .
(wr) (wr) (wr) (wr) ice  (wr) (wr) (wr) fracti weight
raction )
fraction
U-0.8 0.632 0.168 1.000 0.104 0.024 0.152 0.800 0.480 0.063
U-0.9 0.711 0.189 1.000 0.117 0.027 0.152 0.900 0.509 0.067
U-1.0/SRA-0/Ice-0 0.790 0.210 1.000 0.130 0.030 0.152 1.000 0.535 0.070
U-1.1 0.869 0.231 1.000 0.143 0.033 0.152 1.100 0.559 0.073
U-1.266 1.000 0.266 1.000 0.165 0.038 0.152 1.266 0.593 0.078
SRA-1 0.790 0.210 1.000 0.129 0.008 0.030 0.152 1.000 0.535 0.070
SRA-2 0.790 0.210 1.000 0.127 0.016 0.030 0.152 1.000 0.535 0.070
SRA-3 0.790 0.210 1.000 0.126 0.024  0.030 0.152 1.000 0.535 0.070
Ice-25/75 0.790 0.210 1.000 0.098 0.033 0.030 0.152 1.000 0.535 0.070
Ice-50/50 0.790 0.210 1.000 0.065 0.065 0.030 0.152 1.000 0.535 0.070

1. Containing 20% water; 2. Containing 70% water
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2.1.2.2. Test concepts and methods

To assess the effectiveness of each approach in reducing shrinkage, standard shrinkage tests
were performed according to Australian Standard 2350.13 (Australian Standard 2006) over a
period of 180 days when subjected to constant environmental conditions (25°C and humidity

< 50%).

To monitor the total shrinkage properties of UHPCs, square prism specimens which were 75
mm wide, and 285 mm long (shown in Fig.2-1-1 (a)) were regularly monitored to measure the
change in length. To provide an indication of the drying shrinkage relative to the total observed
shrinkage, autogenous shrinkage was determined from the length change of the prisms in Fig.
2-1-1(b) which were carefully sealed with water-proof aluminum tape to prevent the moisture

loss to the environment.

(@) (b)

Figure 2-1-1. Shrinkage test specimens: a) sealed prism for autogenous shrinkage

measurement; b) unsealed prism for free total shrinkage measurements

It is known that the evolution of autogenous shrinkage of cementitious composite is strongly
related to the time when the paste develops a ‘stable’ solid skeleton to transfer tensile stress,

which is defined as ‘time-zero’ for autogenous shrinkage measurement. In the present study,
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the final setting time obtained from calorimetry curve was adopted as the ‘time-zero’ where
autogenous shrinkage initiated in according to ASTM C1698-09 (ASTM 2009) and the

studies reported previously (Darquennes et al. 2011; Mechtcherine et al. 2014).

To further characterize the materials tested, and in order to identify the mechanisms controlling
the change in shrinkage, a series of further material and characterization tests were undertaken

as follows:

2.1.2.2.1. Compressive strength

The compressive strengths (f'c) of the UHPCs at different concrete ages were obtained through
axial compression tests, performed on cylinders (100 mm diameter x 200 mm height) in

accordance with Australian Standard (Standard Australia 2014).

2.1.2.2.2. Flowability and passing ability

The rheological properties of each mix was assessed through a slump flow test performed in
accordance with ASTM standard C143/C143M (ASTM International 2000) and a flow-table
test according to ASTM C1621 (ASTM International 2009) including the use of a J-ring to

assess passing ability around reinforcement.

2.1.2.2.3. Exothermic reaction at early curing ages

Heat generated as a result of the exothermic reaction associated with cement hydration

accelerates the autogenous shrinkage of the concrete (Kadri and Duval 2009; Langan et al.
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2002) and may result in the formation of micro-cracks (Aitcin 1999; Kim et al. 2011; Lura et
al. 2003). To examine the exothermic reaction of the UHPCs, a thermal sensor was embedded
at the center of a 100 mm cubic specimen. The ambient room temperature and internal concrete
temperature was also continuously recorded monitored for a period of three days, after which

no significant change in temperature occurred.

2.1.2.2.4. Unit weight and porosity

The unit weight of the hardened UHPCs was obtained by weighing concrete cylinders (100
mm diameter X200 mm height) 90 days after casting, such that the hydration reaction can be
considered to be complete. The porosity of each series of the UHPC was quantified by
measuring the volume of pore space voids in disc specimens of 150 mm diameter and 50 mm
thickness through tests performed in accordance with ASTM C642-13 (ASTM International
2013) using a hot water bath. Measurements of porosity were taken because porosity of
concrete is an essential indicator associated with not only the mechanical strength but also the

durability characteristics of the concrete.

2.1.2.2.5. Scanning electron microscopy (SEM) analysis and Energy-dispersive X-ray

spectroscopy (EDS)

Scanning electron microscopy (SEM) characterization was performed to evaluate the
microstructure of the UHPC matrix and hence assist in identifying the: unreacted binder
component, homogeneity of the matrix, and pores and cracks seen in the microstructure of the
matrix. Energy-dispersive X-ray spectroscopy (EDS) analysis was also conducted to identify

any change in the hydration products resulting from the shrinkage reduction methods applied.
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2.1.2.2.6. Thermal gravity (TG) analysis

Thermal gravity (TG) analysis was undertaken to estimate the degree of hydration of the UHPC
90-days after casting. The analysis was undertaken to assess both the non-evaporable water
content and the calcium hydroxide (Ca(OH)2) content. These approaches have been commonly
applied cementitious mortar, for example see (Bentz 2005; Chen and Wu 2013; Maltais and

Marchand 1997).

TG analysis was conducted using METTLER TOLEDO TGA testing machine, for each mix a
sample weighing 2.5 kg was oven-dried at 105 “C for 24 hours to remove the evaporable water,
and the sample was then pulverized to a size of <45um. About 20 pg of this sample was placed
in a ceramic crucible and heated in the furnace from ambient temperature to 900 “C in a nitrogen
atmosphere at a rate of 10 “C/min to determine the weight loss of matrix due to decomposition

of the hydration products.

2.1.2.2.6.1. Non-evaporable water content

The amount of hydration products and the degree of hydration (Dn) of UHPC is obtained by
determining the non-evaporable water content (Wne) using loss-on-ignition (LOI) method.
Cementitious paste is commonly used for this test as the non-evaporable water content is
present due to the reactive cementitious binders only, and the degree of hydration is strongly
correlated with the w/b ratio of the cementitious paste (Huang et al. 2017; Lam et al. 2000; Yio
et al. 2014). The effects of coarse and fine aggregates on hydration are usually ignored due to
their inertness. It is worth noting that in this study cement mortar was used instead of cement
paste as the: pore diameter, paste-to aggregate interfacial transition zone (1TZ), distribution of

aggregate and the mixing efficiency are all affected by the aggregate content, and hence their
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effects on hydration cannot be neglected. The LOIs of the UHPC mortar were estimated using
the LOIs of cementitious powder without moisture damage and considering the LOIs of the

sand (Bentz 2005; Chen and Wu 2013; Maltais and Marchand 1997).

Previous studies by Lam et al. and Wong et al. (Lam et al. 2000; Wong and Buenfeld 2009)
have shown that absolute hydration of 1g anhydrous cement can produce approximately 0.23g
of non-evaporable water and this non-evaporable water content-to-cement ratio (Wneo/Co) of
0.23g/g was applied as the reference value to determine the degree of hydration of the UHPCs

in the following calculations for Dn.

To calculate Dn, the LOlraw of the raw cementitious powder, silica fume and sand are firstly

calculated using:

LOIraW — (Wd—raw_Wi—Taw) (2_1)

Wi_raw
where Way-raw is the dry weight of the as-received raw material, and Wi-raw is the ignited weight
of the as-received raw material after TG test. These LOlraw values are required to correct the
calculations of non-evaporable water content (Wne) as follows:

Whe = [Wa—y — Wiy * (1 + X LOLrgy,)] (2-2)
where Waq-u is the dry weight of the UHPC mortar sample, Wi.u is the ignited weight of the
UHPC mortar sample after TG test and ) LOI,.,,, is the total ignited weight of the as-received
raw materials, including sand cement and silica fume. The effective residual cementitious

binder content (Cerr) is calculated by

Cops = [Wicy + (1 — 221m)] (2-3)

Wheo/Co
Finally, the degree of hydration of UHPC (Dn) is defined as the function of Whe, effective
residual cementitious binder content (Ceff) and the reference value of the non-evaporable water

content-to-cement ratio (Whneo/Co), as given in Eq. (2-4):
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Wne/ceff
Whneo/Co

Dy (%) = x 100 (2-4)

The loss of the non-evaporable water that is chemically bonded in hydration products can be
determined by calculating the difference in weights between at 100°C and 700 °C from TG.
This temperature interval is selected to avoid the interference due to the water evaporation at
100 °C and de-carbonation of calcium carbonate (CaCOs) of the composite when the

temperature overs 700 ‘C (Vedalakshmi et al. 2003).

2.1.2.2.6.2. Calcium hydroxide (Ca(OH)2) content

A fully hydrated cementitious-silica fume material usually consists of dicalcium silicate (C2S)
and tricalcium silicates (CsS) (Brunauer and Kantro 1964; Hasanzadeh et al. 2016; Newman et
al. 2005). The formations of these calcium silicates (CnS) consume around 20-25 % by weight
of the water in the mix and produce 20-25 % by weight of the calcium hydroxide (Ca(OH)z2).
Therefore, the degree of hydration of the UHPC can also be assessed by the Ca(OH)2 content
in the concrete. The amount of Ca(OH)2 products can be determined by calculating the drop in
weight of the sample within 400 to 450 °C during TG tests (Dweck et al. 2000; Vedalakshmi

et al. 2003), which indicates the decomposition of Ca(OH)2 in the hydration products.

In the remainder of the paper the effectiveness of each shrinkage reduction approach including
1) reducing binder usage; 2) using SRA,; 3) partially reducing mixing water with crushed ice
will be presented and the mechanism of their action explored using the characterization tests

above.
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2.1.3. EFFECT OF BINDER-TO-SAND RATIO ON THE PROPERTIES OF THE

UHPCS

2.1.3.1. Flowability of concrete

Table 2-1-2 presents the results of slump flow and flow-table tests of the UHPC specimens,
from which it can be inferred that the flow- and passing ability of the UHPC generally increased
with an increase in the b/s ratio. This can be attributed to the fact that the increased b/s ratio in
the UHPC mix resulted in an increased volume of paste that covered the surface of the fine
aggregates leading to the reduction in friction between the sand particles in the fresh UHPC
(Hermida et al. 2009).

Table 2-1-2. Influence of binder-to-sand ratio on rheological properties of fresh UHPCs

Specimen  b/s ratio S(:%Jm)p Flow table (mm)  J-ring (mm)
U-0.8 0.8 165 375 412
U-0.9 0.9 240 440 451
U-1.0 1 235 425 443
U-1.1 1.1 250 430 455
U-1.266 1.266 250 470 506

2.1.3.2. Autogenous shrinkage

The autogenous shrinkage strains (ea) plotted in Fig. 2-1-2 for each mix with a different b/s
ratio, were measured using the sealed prisms shown in Fig. 2-1-1(b). These values can be seen
to decrease with an increase in b/s ratio. Further it is also observed that for all mixes, regardless
of the variation in b/s, the autogenous shrinkage began to plateau 42 days after casting,
indicating the completion of hydration. At the concrete age of 42 days, the ¢a of U-1.266 was
up to 35% lower than those of the companion specimens. Furthermore, the UHPC prepared
using a higher b/s ratio (i.e. U-1.1 and -1.266 series) exhibited a lower rate of autogenous

shrinkage gain which can be inferred by the reduced slope of the curves.
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Figure 2-1-2. Effect of binder-to-sand ratio on autogenous shrinkage

Moreover, when comparing the autogenous shrinkage strains in Fig. 2-1-2 with those expected
from conventional concrete (e.g. (Bentur et al. 2001; Zhang et al. 2003)) for a given age (i.e.
concrete age of 28 days), the autogenous shrinkage of UHPCs (>400 macrostrain) are
significantly higher than those of the conventional normal- and high- strength concrete (< 150
macrostrain). This difference is because the increased binder and reduced mixing water in
UHPC means it tends to undergo a more rapid self-desiccation than conventional concrete and

potentially to form more micro-cracks as further shown and discussed in Section 2.3.9.

2.1.3.3. Free total shrinkage

Figure 2-1-3 illustrates the effect of b/s ratio on free total shrinkage measured using the
unsealed prisms shown in Figure 2-1-1 (a). Similar to the results of the autogenous shrinkage
tests, the free total shrinkage strains (et) of the UHPC specimens generally decreased with an
increase in b/s ratio for a given concrete age. Unlike the autogenous shrinkage tests, where the
shrinkage deformations stabilized at 42 days, it is observed that the free total shrinkage

increased in all five mixes continued up to the concrete age of 90 days. This is due to the
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continuous drying of the UHPCs, which is associated with loss of moisture from the concrete
to the environment and is in contrast to the significant slowing of autogenous shrinkage after

42 days as a result of the decreased rate of hydration.
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Figure 2-1-3. Effect of binder-to-sand ratio on free total shrinkage

2.1.3.4. Assessment of free drying component

The free drying shrinkage component of the UHPCs can be estimated and assessed by the
difference between the free total (solid line) and autogenous (dashed line) shrinkage properties
shown in Fig. 2-1-4 (a) to (e). It is evident from the Fig. 2-1-4 that at the early curing ages (i.e.
before the concrete age of 7 days), the difference between the free total and autogenous
shrinkage of each UHPC series was negligible. The difference between the ¢a and &t of each
series increased up to 110% with an increase in the b/s ratio from 0.8 to 1.266 at the concrete
age of 180 days. Note that although the w/b ratio for a UHPC mix is low, with adequate mixing
energy the moisture (including water and superplasticizer) can be evenly distributed to form a
high paste volume (Russell and Graybeal 2013; Schiefd et al. 2007). This suggests that more
moisture was able to diffuse from the UHPC for mixes with a higher paste volume owing to
the higher b/s ratio, as reported in Table 2-1-1, and the observation is in consistent with
previous research (Ma et al. 2004; Shen et al. 2016; Soliman and Nehdi 2013). In addition, as
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illustrated in Fig. 2-1-4 (a) and (b), the drying shrinkage component of each specimen was
significantly lower than the corresponding autogenous shrinkage at each given concrete age,

indicating that the autogenous shrinkage predominates the overall free total shrinkage of

UHPCs.
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2.1.3.5. Assessment of free drying component

The free drying shrinkage component of the UHPCs can be estimated and assessed by the
difference between the free total (solid line) and autogenous (dashed line) shrinkage properties
shown in Fig. 2-1-4 (a) to (e). It is evident from the Fig. 2-1-4 that at the early curing ages (i.e.
before the concrete age of 7 days), the difference between the free total and autogenous
shrinkage of each UHPC series was negligible. The difference between the ¢a and &: of each
series increased up to 110% with an increase in the b/s ratio from 0.8 to 1.266 at the concrete
age of 180 days. Note that although the w/b ratio for a UHPC mix is low, with adequate mixing
energy the moisture (including water and superplasticizer) can be evenly distributed to form a
high paste volume (Russell and Graybeal 2013; Schiefd et al. 2007). This suggests that more
moisture was able to diffuse from the UHPC for mixes with a higher paste volume owing to
the higher b/s ratio, as reported in Table 2-1-1, and the observation is in consistent with
previous research (Ma et al. 2004; Shen et al. 2016; Soliman and Nehdi 2013). In addition, as
illustrated in Fig. 2-1-4 (a) and (b), the drying shrinkage component of each specimen was
significantly lower than the corresponding autogenous shrinkage at each given concrete age,
indicating that the autogenous shrinkage predominates the overall free total shrinkage of

UHPCs.

2.1.3.6. Compressive strength

The effect of b/s ratio on f'c is shown in Fig. 2-1-5. It is observed that the U-1.266 series
developed a lower compressive strength than the other four companion mixes for a given age.
The reduction in strength associated with the reduction in fine aggregate could be a result of
the mechanism of stress transfer within the concrete as per the well-known theory for
conventional mortars (Reddy and Gupta 2008). That is the transfer of normal force in a mortar

is largely due to the interaction of sand to sand interfaces. For the UHPC with a lower w/b ratio,
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its compressive strength is not predominated by failures of cementitious paste but by adhesive
failures between aggregates and cementitious materials (Jun et al. 2004; Park et al. 2008). The
presence of excessive unhydrated cementitious materials in the UHPC series with higher binder
content weakened the interfacial transition zones (ITZs) between the fine aggregate and binder,
which led to the observed reduction in compressive strength. It is also worth noting in Fig. 2-
1-5 that, all these five UHPC series experienced reduction (up to 5.3%) in their compressive
strengths within the curing age from 90 to 180 days, as shown in Fig. 2-1-5 (b). This reduction
in the f°c was caused by the formation of internal micro cracks (discussed further in section
2.3.9) as a consequence of the increased shrinkage of the concrete (Sobuz et al. 2016). The
above observations indicate that the most appropriate b/s ratio for UHPC should be within 1 to

1.1 to achieve adequate aggregate interaction without compromising the f'c.
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Figure 2-1-5. Effect of binder-to-sand ratio on compressive strength: (a) curing time from 0

to 90 day; (b) curing time from 90 to 180 day

2.1.3.7. Unit weight and porosity of the UHPCs

Figure 2-1-6 shows the effect of b/s ratio on the unit weight and porosity of the hardened
UHPCs measured at the concrete age of 28 days. It is observed that the unit weight of the
UHPC increased with an increase in b/s ratio due to the higher unit weight of the cementitious

materials (approximate 3500 kg/m®) compared to that of the sand (approximate 2000 kg/m?).

29



The porosity of the UHPC also decreased approximately 10 % with an increase in b/s ratio
from 0.8 to 1.266. This reduction in porosity may be attributed to the increased amount of
residual unhydrated binder which fills the pore spaces. The reduction in binder also reduces
the total amount of porous ITZs around the sand particles (Brough and Atkinson 2000;

Scrivener et al. 2004).
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Figure 2-1-6. Effects of binder-to-sand ratio on unit weight and porosity of hardened UHPCs

2.1.3.8. Exothermic reaction at early curing period

Figure 2-1-7 illustrates the variations of internal temperature of the five different specimens
with the curing time. It is worth noting that the temperature measured at the center of each
UHPC series was normalized by the corresponding ambient temperature in order to remove its
influence. From the calorimetry curves in Fig. 2-1-7, it can be observed that a decrease in b/s
ratio led to an increase in the magnitude of the peak temperature measured at the center of the
sample, with the maximum magnitude of change being approximately 10%. The increase in
temperature with a reduction in b/s indicates that the UHPC with a lower b/s ratio had a higher
degree of exothermic reaction and generated more heat as the consequence of a higher degree
of reaction. This is due to the residual unhydrated binders in the UHPC with a higher b/s which
act to fill the pores and voids and absorbed water to their surface, which hindered the level and
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rate of hydration in the concrete (Yu et al. 2014). These facts can be further verified using the
TG analysis and SEM characterizations presented in the following sections. The above
observation indicates that the UHPC prepared using a lower b/s ratio underwent a more
significant chemical reaction process, which consumed more raw materials and achieved a
higher degree of hydration. Therefore, UHPC prepared using a lower b/s ratio tended to have
a more significant autogenous shrinkage at the early curing stage, which can be inferred from

the curves in Fig. 2-1-2.
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Figure 2-1-7. Effect of binder-to-sand ratio on variations of the internal temperature with

curing time

The initial and final setting times of each mix can be identified as the first trough and the end
point of the linear ascending branch on the calorimetry curves in Fig. 2-1-7. These points were
also affected by the b/s ratio, in which the initial and final setting time of the UHPC were
delayed by approximately 4 hours when the highest quantity of aggregate was considered. This
could be explained by the fact that the increased amount of aggregates hindered the contact
between water and binder which led to a longer induction period (referred to the initial gentle
trough stage) and resulted in this later setting of the concrete (Jennings and Pratt 1979; Odler

1998).
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2.1.3.9. Morphological characterization by scanning electron microscopy (SEM) and
Energy-dispersive X-ray spectroscopy (EDX)

The scanning electron microscopy (SEM) micrographs were evaluated to investigate the effect
of b/s ratio on the microstructure of the UHPCs, as depicted in Figs. 2-1-8 and 2-1-9 at different
magnifications. It is evident from the SEM micrographs at 1000>< magnification that the
increased volume of cementitious paste (at higher b/s ratio) led to a much denser microstructure
as a result of the reduction in volume fraction of the porous aggregate-paste 1TZs. This fact
also caused by the micro-filler effect offered by unreacted cementitious binders. Moreover, as
shown on the SEM micrographs at 10000x magnification, a large amount of ettringite
(3Ca0 Al203 3CaS04 32H20) and calcium hydroxide (C-H) were observed and characterized
using EDX spectroscopy in the microstructure of the UHPC prepared using the lower b/s ratio
(i.e. U-0.8, and -0.9). This is because the increased porosity in the concrete provided the space
for the growth of ettringite and C-H crystals owing to their expansive nature (Mehta 1973). For
the UHPC prepared using a relatively higher b/s ratio (i.e. U-1.0, -1.1 and -1.266), a larger
amount of unreacted cementitious materials were detected, as indicated in Fig. 2-1-9. Ettringite
and C-H crystals were rarely observed in the matrix of U-1.0, -1.1 and -1.266 series owing to
the increased denseness and reduced pore space in their matrix shown in Fig. 2-1-8. The
presence of these unreacted binders may restrain the shrinkage of the matrix contributing to the
reduction in autogenous- and drying- shrinkage shown in Figs. 2-1-2 and 2-1-3. The presence
of the unreacted binder is also a clear indication of the decreased degree of hydration in the
UHPC prepared using a higher b/s ratio. It is worth mentioning that the observed increased
pore space in UHPC adversely affected the drying shrinkage of the concrete, which seemingly
contradicts to the observations reported in the literature (Han and Lytton 1995). The possible
explanation is that the expansion resulting from the abundance of crystalline ettringite and C-

H in the pores and cracks was more significant than the drying shrinkage of the concrete (Mehta
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1973; Yan et al. 2004). To verify the deduction on the decrease in mechanical strength of UHPC
after a long-term curing, Fig. 2-1-10 illustrates a representative SEM micrograph of U-1.1
series with the indications of the micro-cracks that were induced by thermal and autogenous

shrinkage.
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Figure 2-1-9. SEM images of the fracture surface of the UHPCs (10000> magnification): a)

U-0.8: b) U-0.9; ¢) U-1.0; d) U-1.1; €) U-1.266

Figure 2-1-10. Observed shrinkage induced micro-cracks in the micro-structure of the UHPC

2.1.3.10. Results of thermal gravity (TG) analysis

The TGA curves of the comparing UHPCs are shown in Fig. 2-1-11 and the effect of binder to
sand ratio on the degree of hydration and C-H content are shown in Fig. 2-1-12. It should be
noted that the paste weight fraction factor for each specimen series, as given in Table 2-1-1,
was considered in the calculations of the chemically bonded water and C-H content of the paste
that is the actual materials for hydration. In general, except for U-0.8 series, the calculated
degree of hydration and the C-H content decreased with an increase in the b/s ratio (i.e. up to
approximately 18% lower). While the w/b ratio remained the same for the mixes being
compared, the UHPC prepared using a higher b/s underwent a lower degree of hydration and
hence contained less hydration products. This further confirmed the previously observed less

significant autogenous shrinkage for the UHPC prepared using a lower b/s ratio.
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Figure 2-1-11. TG analysis for U-0.8, -0.9, -1.0, -1.1, and -1.266 UHPC series
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Figure 2-1-12. Effect of binder-to-sand ratio on degree of hydration and C-H content

2.1.3.11. Selection of the mix for further investigations to migrate autogenous shrinkage
A comprehensive study of the experimental results of among U-0.8, -0.9, -1.0 -1.1 and -1.266
UHPC series led to the selection of the mix design of U-1.0 as the mix for further investigation.
These investigations include: the incorporation of shrinkage reducing admixture (SRA) and the

used crushed ice to partially replace mixing water. Mix designs for the second stage of this

work are shown in Table 2-1-3.
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Table 2-1-3. Effect of SRA content on rheological properties of fresh UHPCs

SRA Flow table

Specimen  b/s ratio content (%) Slump (mm) (mm) J-ring (mm)
SRA-0 1 0 235 425 443
SRA-1 1 1 280 512 529
SRA-2 1 2 Full 579 568
SRA-3 1 3 Full 560 585

2.14. EFFECTS OF APPLIED TECHNIQUES ON THE PROPERTIES OF THE

UHPCS

2.1.4.1. Flowability

2.1.4.1.1. Effect of shrinkage reducing admixture (SRA) content

For the flow test results reported in Table 2-1-3, it can be seen that the UHPC series prepared
with a higher SRA content exhibited better flowability and passing ability. This is due to the
higher liquid content (i.e. 80% of the organic liquid component in SRA) in the UHPC mix with
a higher SRA content that provides better lubrication, resulting in a better rheology of the

UHPC.

2.1.4.1.2. Effect of crushed ice dosage

The flow test results presented in Table 2-1-4 indicate that that the replacement of water with
crushed ice had negligible impact on the flowability and passing ability of the UHPC as the
added crush ice completely melted after sufficient mixing. The temperature of the mixing water
was recorded immediately prior to adding to the mixer. For mixes without using crushed ice
the water temperature was found to be the same as the ambient temperature (i.e. 25 <C) while
for water with crushed ice the temperature was found to be 2.6<C and 1.2<C at 25% and 50%
replacement ratio (by weight) respectively. The incorporations of crushed ice in a UHPC mix
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are expected to reduce the internal temperature of the specimens and hence lessen the potential

formations of thermal cracks.

Table 2-1-4. Effect of crushed ice dosage on rheological properties of fresh UHPCs

Crushed ice flow table

Specimen  b/s ratio dosage (%) Slump (mm) (mm) J-ring (mm)
Ice-0 1 0 235 425 443
Ice-25/75 1 25 240 418 456
Ice-50/50 1 50 235 431 462

2.1.4.2. Autogenous shrinkage

2.1.4.2.1. Effect of shrinkage reducing admixture (SRA) content

Figure 2-1-13 shows the effects of SRA contents on the autogenous shrinkage of the UHPC. It
can be seen that the ea of the UHPC decreased significantly with an increasing SRA content
(up to approximately 69% for UHPC at age of 90 days). It is also observed that the SRA started
reducing the autogenous shrinkage right after the initial casting of the UHPC. As stated by
Collepardi et al., Folliard et al. (Collepardi et al. 2005; Folliard and Berke 1997) and Lura et al.
(Lura et al. 2003), SRA incorporation eases the surface tension in the capillary pores of the
concrete and subsequently reduces the drying- and autogenous- shrinkage of the concrete. The
reduction in autogenous shrinkage with incorporation of SRA seen in the present study is also
in reasonable agreement with those reported by studies on UHPC mortar. For example, Su et
al. (Anshuang et al. 2017) reported an up to 95% reduction in autogenous shrinkage with 2%
SRA dosage at 7 days (compared to 65.6 % as reported in the present study) and an
approximated 61% reduction in autogenous shrinkage with 2% SRA dosage at 160 days was
observed by Soliman and Nehdi (Soliman and Nehdi 2014) (compared to 57.8% as reported in

the present study). In addition, the comparison of the efficacy of using SRA on autogenous
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shrinkage between UHPC and conventional cementitious mortar (i.e. as reported in (Bentz et
al. 2001)) suggests the nearly the same performance of SRA to reduce autogenous shrinkage

at a given dosage of SRA.
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Figure 2-1-13. Effect of SRA content on autogenous shrinkage properties

2.1.4.2.2. Effect of crushed ice dosage

The effect of crushed ice on the autogenous shrinkage of the UHPCs is depicted in Fig. 2-1-14.
At each given curing age, the UHPC manufactured using a higher crushed ice exhibited a lower
ea (up to approximately 19 % at concrete age of 180 days). This observation is expected as the
internal temperature of UHPC decreased with the incorporation of crushed ice, which led to
the deceleration of the rate of hydration of the concrete and hence reduced autogenous

shrinkage.
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Figure 2-1-14. Effect of crushed ice dosage on autogenous shrinkage properties

2.1.4.3. Free total shrinkage and assessment of free drying component

2.1.4.3.1. Effect of shrinkage reducing admixture (SRA) content

The effect of SRA content on the free total shrinkage of the UHPC is illustrated in Fig. 2-1-15,
where it can be seen that the UHPC prepared using a higher content of SRA exhibited a lower
et. Fig. 2-1-16 (a) to (c) illustrate the comparisons between the free total shrinkage and the
autogenous shrinkage at all curing ages of each of the four comparing UHPC series, in which
the difference between the free total shrinkage and the autogenous shrinkage of each UHPC
series yields approximately the free drying shrinkage component of the concrete. It is observed
that the UHPC prepared using a higher SRA content developed a lower drying shrinkage than
their counterparts with lower SRA contents. This observation is consistent with the findings of
previous studies by Yoo et al. (Yoo et al. 2013; Yoo et al. 2014) and suggests that the SRA is
particularly effective to mitigate the free drying shrinkage of the UHPC through reducing the

surface tension in the capillary pores of the concrete during the drying process.
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Figure 2-1-15. Effect of SRA content on total shrinkage
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2.1.4.3.2. Effect of crushed ice

The &t of the UHPC series with different crushed ice dosages were also periodically measured
up to the concrete age of 180 days and illustrated in Fig. 2-1-17 as the corresponding values of
the er and ¢a are also shown in Fig. 2-1-18. It is observed that the &t of the UHPC decreased
with an increase in crushed ice dosage whereas the replacement of mixing water with crushed
ice led to no impact on the free drying shrinkage property of the concrete. This is observed

because the drying shrinkage only depends on the moisture movement out of the concrete.
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Figure 2-1-17. Effect of crushed ice dosage on total shrinkage
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Figure 2-1-18. Effect of ice replaced water ratio on free drying shrinkage: (a) Ice = 0%; (b) Ice

Shrinkage strain (microstrain)

= 25%; (c) Ice = 50%

2.1.4.4. Compressive strength

2.1.4.4.1. Effect of shrinkage reducing admixture (SRA) content

The effect of SRA content on f'c at all curing time are illustrated in Fig. 2-1-19. For each given
concrete age, f'c decreased significantly with an increase in the SRA dosage (up to 21.5 %
decrease in f"cat 90 days with SRA content of 3%), which is in agreement with those reported
in the previous studies on UHPCs (Soliman and Nehdi 2011; Yoo et al. 2013). It is also worth
noting that the mixes incorporating SRA exhibited no compressive strength losses (Af'c) for the
concrete age ranging between 90 to 180 days. This finding further validates the hypothesis of
Sobuz et al. (Sobuz et al. 2016) that the reduction in strength of UHPC over time is due to the

formation of micro-shrinkage cracks.
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Figure 2-1-19. Effect of SRA content on compressive strength: (a) curing time from 0 to 90

day; (b) curing time from 90 to 180 day

2.1.4.4.2. Effect of crushed ice dosage

Figure 2-1-20 illustrates the variations of f'c with curing time of the UHPCs manufactured using
different crushed ice replacement ratios. For a given concrete age, the U-25/75 and -50/50
series, which were prepared with crushed ice, developed a lower f'c than the corresponding
UHPC without crushed ice (up to 8 % reduction when replacing 50% of water by crushed ice),
whereas there was only a slight difference in fc between U-25/75 and -50/50 series. This is
likely due to the small difference in temperature between mix U-25/75 and -50/50 compared
to the control without ice. Moreover, as shown in Fig. 2-1-20, U-25/75 and -50/50 UHPC series
all exhibited insignificant strength losses (< 1%) between concrete age between 90 and 180
days compared to that seen in U-1.0. This can be explained by the fact that less thermal and
plastic shrinkage cracks formed during the exothermic reaction stage, due to the reduction in
the heat generation by the incorporation of crushed ice at the early curing stage (i.e. within 72
hours after casting). This will be shown in the calorimetry curves of these UHPC series are

presented and their effects are discussed in the following sections. This finding indicates that

the simple replacement of a proportion of the mixing water with ice may be all that is required
to mitigate the excessive shrinkage strains which causes a reduction in strength of UHPC over

time.
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Figure 2-1-20. Effect of ice replaced water ratio on compressive strength: (a) curing time

from 0 to 90 day; (b) curing time from 90 to 180 day

2.1.4.5. Exothermic reaction at early curing ages: effects of SRA and crushed ice dosage
The effects of SRA content and crushed ice dosage on the internal temperature of the UHPC
are depicted in Figs. 2-1-21 and 2-1-22, respectively. As can be seen from both figures, the
incorporation of SRA or replaced mixing water by crushed ice in the UHPC mix can
significantly delay the initial and final setting time and reduce the magnitude of peak
temperature, which indicates a lower degree of hydration. It is also observed that the strength
development period (referred to the width of the hump of the temperature history curve) was
increased by using SRA or replacing mixing water with crushed ice. This indicates that the
UHPC mixed with SRA or crushed ice could experience a slightly slower strength gain within

the very early age (i.e. 72 hours) due to the decelerated reaction rate.
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2.1.4.6. Unit weight and porosity of the hardened UHPCs
As illustrated in Fig. 2-1-23, it is observed that the SRA content has marginal effect on the unit
weight of the hardened UHPC, however it did lead to an increase in the volume of pore space.

This was as expected as SRA, which is a type of organic substance (mainly chemically stable
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ethanol derivatives) (Shlonimskaya et al. 2014), is inert to during hydration and thus causes

formation of additional pores in the UHPCs.
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Figure 2-1-23. Effects of ice replaced water ratio on unit weight and porosity of hardened

UHPCs

The test results of the unit weight and porosity of the hardened UHPCs shown in Fig. 2-1-24
suggest that partially replacing the mixing water by crushed ice resulted had no significant
effect on the unit weight of the concrete. However, a slight increase in the porosity of the UHPC
with an increase in the crushed ice dosage was observed due to the decreased reaction rate.
This is because the lower temperature caused amount of unreacted raw materials (i.e. water
and binder) to remain in the structure of the matrix. The gradual evaporation of the residual

water subsequently led to the increased porosity of the concrete.
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Figure 2-1-24. Effects of SRA content on unit weight and porosity of hardened UHPCs

2.1.4.7. Morphological characterization of the UHPCs

2.1.4.7.1. Effect of SRA content

Figures. 2-1-25 and 2-1-26 illustrated the SEM micrographs of the fracture surface of SRA -0,
-1, -2 and -3 UHPCs with different magnifications. The comparisons among these micrographs
at the lower magnification (i.e. 1000>) suggest that the increased SRA content in the UHPC
mix led to increased porosity of the concrete, which is in agreement with the findings from the
porosity test mentioned earlier. For the SEM micrographs at the higher magnification (i.e.
10000%), an increased amount of unhydrated binder and ettringite were observed, which
indicated lower degree of hydration and increased pore space in the concrete. As discussed
previously, this arises because the SRA does not participate in the hydration process but rather
acts to slow the hydration process by reducing the contact between the water and binder. In
addition, based on the porosity tests results and SEM micrograph, the increased porosity of the
UHPC with SRA incorporation might be another potential explanation for the reduction in the
autogenous shrinkage of the concrete, where the presence of pores limited the space for the

autogenous shrinkage of the matrix for a given content of aggregate in the mix.
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(c) (d)
Figure 2-1-25. SEM images of the fracture surface of the UHPCs (1000x magnification): a)

SRA-0; b) SRA-1; c) SRA-2; d) SRA-3
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Figure 2-1-26. SEM images of the fracture surface of the UHPCs (10000 magnification): a)

SRA-0; b) SRA-1; c) SRA-2; d) SRA-3

2.1.4.7.2. Effect of crushed ice dosage

Figures. 2-1-27 and 2-1-28 show SEM micrographs of the fracture surface of Ice -0, -25/75,
and -50/50 UHPCs at the different magnifications. From SEM micrographs of these UHPC
series at the lower magnification (i.e. 1000>), the denseness of the UHPC is observed to
decrease with an increase in the crushed ice dosage, indicating an increase in porosity. The
comparisons of the SEM micrographs at the higher magnification (i.e. 10000%) show the
increased amount of unhydrated binder and ettringite, which suggest the lower degree of
hydration and increased pore space for the UHPC prepared using a higher crushed ice replaced
water ratio. The increased porosity, formation of ettringite in the concrete and the reduced heat
of hydration together explain the mechanism by which the replacement of mixing water with

crushed ice reduces self-desiccation.
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Figure 2-1-27. SEM images of the fracture surface of the UHPCs (1000 magnification): (a)

Ice = 0%; (b) Ice = 25%; (c) Ice = 50%
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(a) (b)
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Figure 2-1-28. SEM images of the fracture surface of the UHPCs (10000 magnification): (a)

Ice = 0%; (b) Ice = 25%; (c) Ice = 50%

2.1.4.8. Thermal gravity (TG) analysis

The TGA curves of SRA -0,-1, -2 and -3 UHPC series and Ice -0, -25/75, and -50/50 UHPC
series are shown in Figs. 2-1-29 and 2-1-30 respectively and the degree of hydration of these
UHPCs at their hardened stage are shown in Figs. 2-1-31 and 2-1-32 in conjunction with the
calculated C-H contents. It is evident from Fig. 2-1-31 that the increased SRA content generally

lowered the degree of hydration of the UHPCs (i.e. up to around 20%). An even more

52



pronounced reduction in the degree of hydration (i.e. up to approximately 95%) was observed
for the UHPC using a higher crushed ice replaced dosage. These characterizations further
confirm that using SRA or replacing mixing water by crushed ice can efficiently reduce the

shrinkage of UHPC due to chemical reaction.
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Figure 2-1-29. TG analysis for SRA -0,-1, -2 and -3 UHPC series.
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Figure 2-1-30. TG analysis Ice = 0%, Ice = 25% and Ice = 50% UHPC series
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Figure 2-1-32. Effect of ice replaced water ratio on degree of hydration and C-H content

2.1.5. COMPARISONS AMONG THE THREE TECHNIQUES AND FURTHER
SUGGESTIONS FOR UHPC MIX

To compare the effectiveness of the three techniques used in the present study to mitigate
shrinkage of the UHPCs, the key findings of each test are summarized in Table 2-1-5. To make
a valid comparison, the test results of each UHPC series are compared with the reference mix,

U-1.0 series. It can be seen from Table 2-1-5 that compared to U-1 series, both U-1.1 and 1.266
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had significantly lower 90-day autogenous- and total- shrinkage strains and a marked Af”c at
90 days. All five U-series of UHPCs experienced strength drop after 90 days. Incorporation of
SRA and partially replaced of mixing water in UHPC mix by crushed ice can both led to the
reduction in autogenous- and total- shrinkage of the concrete, hence minimizing the
compressive strength loss (Af'c) after long term. While the use of SRA is more efficient in
reducing shrinkage and the associated reduction in strength over time than replaced mixing
water by ice, the low cost and simplicity of using ice has significant benefits. However, it is
also noted that the application of either of the technique causes a reduction the maximum
compressive strength achieved. Therefore, from this study, it can be concluded that the best
mix for reducing the impact of shrinkage without significant Af'c in the long-term will be 1)
SRA-1 using 1% SRA dosage and 2) Ice-50/50 prepared using crushed ice dosage of 50%.

Table 2-1-5. Effects of nominated techniques on shrinkage and other properties of the UHPCs

_ Chgnge in autqgenous _Change in 'gotal Change in betvﬂ;cn 90

Specimen shrinkage strain at 90 shrinkage strain at 90 f'.at 90 and 180
days days days days

uU-0.8 6.4% 3.3% -6.5% -5.3%
uU-0.9 0.8% -0.2% -3.0% -3.6%
U-1.0/SRA-0/Ice-0 0.0% 0.0% 0.0% -3.8%
U-11 -15.7% -8.6% 0.5% -3.9%
U-1.266 -26.3% -10.9% -6.3% -2.3%
SRA-1 -36.1% -30.0% -12.9% 0.6%
SRA-2 -69.6% -47.9% -18.5% 2.0%
SRA-3 -55.0% -65.7% -21.5% 1.8%
Ice-25/75 -13.5% -13.7% -5.3% -0.8%
Ice-50/50 -20.7% -20.4% -8.1% -0.2%

2.1.6. CONCLUSIONS
The following major inferences can be made from the results of the present study to investigate

the effects of b/s ratio, SRA content and crushed ice dosage on the shrinkage properties of the

UHPC:
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e Autogenous shrinkage of the UHPC decreases with an increase in the b/s ratio due to
the more significant shrinkage restraint provided by the residual binders in the UHPC
prepared with a higher b/s ratio.

e Anincrease in the b/s ratio in the UHPC mix leads to a decrease in the porosity of the
concrete. For UHPC prepared using a lower b/s ratio, the abundance of crystalline
ettringite and C-H seen in the pores and cracks in the concrete minimized the drying
shrinkage of the concrete

e An optimal b/s ratio will be 1 - 1.1 for a typical UHPC mix to minimize the shrinkage
effect without significantly comprising /.

e The autogenous shrinkage has more significant effect than the drying shrinkage on total
shrinkage of the UHPCs.

e The porosity and the amount of unreacted binder, which are related to the degree of
hydration of the concrete, are the two influential factors on the shrinkage properties of
UHPCs.

e SRA is not only able to reduce the drying shrinkage but also the autogenous shrinkage
(i.e. up to 55% at 90 days with 3% of SRA dosage) of UHPCs

e The replacement of half of the mixing water by crushed ice in a UHPC mix can reduce
the autogenous shrinkage of the UHPC up to 22% and has nearly no effect on the drying
shrinkage properties of the UHPCs. This technique is cost-effective and relatively

practical to apply in any cast in-situ or pre-casting scenarios.
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2.2. The Influence of Steel Fibre Properties on the Shrinkage of Ultra-High
Performance Fibre Reinforced Concrete

Fang, C.1, Mohamed Ali, M.S.%, Xie, T.%, Visintin, P. %, Sheikh, A.H.

1School of Civil, Environmental and Mining Engineering, The University of Adelaide, SA

5005, Australia

ABSTRACT:

In this study, the effects of fibre volume fraction, fibre type, and aspect ratio on various
shrinkages of the ultra-high performance fibre reinforced concretes (UHPFRCs) were
experimentally investigated. Single fibre pull-out tests were conducted and the corresponding
results were incorporated to explore the underlying mechanism governing the magnitudes of
both autogenous and drying shrinkages. In general, the presence of randomly distributed steel
fibres was found to reduce both the total and autogenous shrinkage, and more specifically, an
increase in fibre volume fraction or fibre aspect ratio results in significant mitigation in both
total and autogenous shrinkages. Hook-end fibres were found to be more effective in
restraining autogenous shrinkage compared to straight fibres and consequently blended fibre
mixes that include straight fibres were less effective at restraining shrinkage than only hooked-

end fibres.

Keywords: ultra-high performance fibre reinforced concrete (UHPFRC); steel fibres;

autogenous shrinkage; free total shrinkage; fibre pull-out load-slip relationship.

2.2.1. INTRODUCTION
The exceptional durability of ultra-high performance concrete (UHPC) will bring about a step-

change in the way structures and infrastructures are planned, managed, and maintained, while

70



its outstanding mechanical properties will fundamentally change how structural engineers
approach reinforced concrete design. The great potential of UHPC has largely been
demonstrated by favourable early-age compressive and tensile strengths. Further, the excellent
ductility and durability of UHPC at a structural level observed in instantaneous tests on
members has led to the suggestion that UHPC members can be constructed with reduced
quantities of the traditional reinforcement (Fang et al. 2019; Krahl et al. 2018; Ngo et al. 2017,

Song et al. 2018; Xie et al. 2019).

The excellent mechanical and durability characteristics exhibited by UHPC can be attributed
predominately to the low water by binder (w-b) ratio used to produce this type of concrete. The
low water content results in reduced drying shrinkage of UHPC in the long-term but causes a
severe autogenous shrinkage when compared to normal strength concrete (NSC) (Koh et al.
2011; Shi et al. 2015; Wang et al. 2015; Xie et al. 2018). In order to address this shortcoming,
attempts have been made to reduce shrinkage by adding additional steel fibres to the UHPC
matrix. Investigations of the short- and long-term shrinkage of UHPFRCs, including
autogenous shrinkage (Yoo et al. 2015; Yoo et al. 2014), drying shrinkage (Park et al. 2013)
and restrained shrinkage (Yoo et al. 2014; Yoo et al. 2014) have mostly been conducted by
Yoo et al, with a smaller number of studies by others (e.g. (Garas et al. 2009; Meng and Khayat
2018; Meng et al. 2018; Soliman and Nehdi 2012; Soliman and Nehdi 2014; Soliman and
Nehdi 2013)). It is worth noting that in these studies a single type of hooked end steel fibre was
incorporated into the UHPC matrix with a typical fibre volume fraction of 2% for studying
autogenous- and drying- shrinkage, respectively (e.g. Yoo et al. (Yoo et al. 2013) and Garas et
al. (Garas et al. 2009)). Further, the only investigation found to date that monitors the variations
in autogenous shrinkage of UHPFRCs by varying fibre types, fibre dosages, and proportions
of different fibre blends is that conducted by Meng and Khayat (Meng and Khayat 2018). In

this study, it was found that autogenous shrinkage of the UHPC mixture was decreased by more

71



than 60% with an increase in fibre content of straight fibres from 0% to 5% by volume.
Furthermore, the inclusion of 0.5% PVA fibres as well as 1% of hooked end steel fibres
significantly reduced the autogenous shrinkage and enhanced the tensile strength as well as
fracture energy of specimens when compared with the specimens having 2% of straight steel
fibres only. A further increase in the fibre content of hooked end fibre resulted in reductions in
flexural and tensile strengths of UHPFRC, and this was mainly due to the fibre agglomeration

during the mixing process.

From the preceding discussions, it can be inferred that there is a lack of investigation to explore
the influence on fibre type, fibre aspect ratios and volume fraction of the fibres regarding on
the shrinkage mechanism of UHPFRC; therefore there is a need to extract the influence of fibre
properties on the shrinkage behaviour which is necessary for both the development of mix
design procedures and the formulation and code practice for a new formulated concrete, such
as UHPFRC. The primary objective of the present study is to experimentally quantify the
effects of fibre aspect ratios, fibre dosage, fibre type, and hybridization of steel fibres with

micro straight and hook end fibres blended, on the shrinkage behaviour of UHPFRC.

2.2.2. EXPERIMENTAL PROGRAM

2.2.2.1. Materials and Concrete mixtures

2.2.2.1.1. Ingredients used for the UHPC matrix

A single UHPC mixture recipe based on the work by Sobuz et al. (Sobuz et al. 2016) at the
University of Adelaide was used to prepare the concrete matrix of the UHPFRCs (the detailed
mixture proportions are summarized in Table 2-2-1). The blended binder consists of sulphate
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resisting cement and undensified silica fume and a detailed description of the chemical
composition of both binders can be found in Sobuz et al. (Sobuz et al. 2016). A well-graded
natural washed river sand with a nominal maximum size of 4 mm and a fineness modulus of
2.34 was used as the only aggregate in the mixture. To enhance the workability, a high range
water reduced agent with an added retarder (which meets the requirements of AS1478.1-2000
(Australian Standard 2000)), was used as the superplasticizers (SP) for all mixes at a constant

SP to binder ratio of 0.06.

2.2.2.1.2. Steel Fibres

Four different types of steel fibres, as illustrated in Fig. 2-2-1, were added to the concrete
mixture. The manufacturer reported properties of each fibre type are provided in Table 2-2-2.
Three of these four fibres (type H1, H2, and H3) are macro-fibres of hooked end shape and
with different nominal diameters and lengths, whereas the fourth (type S) is a straight micro-
fibre. A total of 12 UHPFRC mixes were prepared with steel fibres to investigate the effects of
fibre type, fibre volume fraction, the aspect ratio of fibre and the hybridization of steel fibres
with micro straight and hook end fibres blended on the mechanical and shrinkage properties of
UHPFRCs. Specifically, mixture 1 is the reference mixture without steel fibres, and the mixture
2-12 were manufactured with different types of fibre with volume fractions of 1.5%, 2%, and
2.5%, and it is worth noting that straight and hooked end fibres blended with a proportion of
1:1 with a total volume fraction of 2% were added into the mixture 9. To quantify the total
fibre reinforcement, a reinforcing index (RI) used as a measurement in the previous studies (Ou
et al. 2011; Xie and Ozbakkaloglu 2015) was adopted in the present study to investigate its

influence regarding shrinkages and the corresponding definition is defined as follow:
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l
RI = V% x L 1
rXy 1)

in which V: % is the total fibre volume fraction as a percentage, and lrand dr are the length and
nominal diameter of the fibre, respectively. For the UHPFRC containing blended fibres the RI

is determined by calculating the volumetric average RI of each fibre.

== Micro straight fibres

- = Dramix 3D-45/35 BL

= Dramix 3D-65/35 BL

A——ney, Dramix 3D-80/60 BL

T

Figure. 2-2-1 Steel fibres used in the UHPFRCs.

2.2.2.1.3. Mixing procedure of UHPFRCs

To prepare the UHPFRC mixtures, all the dry components, including binder and sand were
mixed in a rotating pan mixer with 80 L capacity for five minutes. Following this, the liquid
constituents (water and superplasticizer) were added and mixing was continued until the
desired slump flow of the matrix was achieved. Finally, the discrete steel fibres were added

before mixing for a few more minutes to ensure a uniform distribution of the fibres.
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Table. 2-2-1 Mix proportion, physical-and mechanical-properties of the UHPFRCs.

Mix proportion (kg/m?3)

Fibre

Fibre

Mix . . Sulfate N - . . . Slump 28-d fs 28-d f'¢ 180-d f'
No. Designation resisting ?lljlr'ﬁ: Sand Water SP  Fibre ]\c/r(;::lf[irgﬁ Description of fibre r,?gzir&?? (mm) (MPa) (MPa) (MPa)
cement
M1 Ref 0 0.0% - 0.00 255 6.1 128.3 126.8
M2 H1-0.015 0.155  1.5% Dramix 3D-45/35 BL 0.68 230 14.1 129.1 134.9
M3 H2-0.015 0.155  1.5% Dramix 3D-65/35 BG 0.98 210 14.4 133.7 137.1
M4 H3-0.015 0.155  1.5% Dramix 3D-80/60 BG 1.20 195 14.8 141.8 144.4
M5 S-0.02 0.207  2.0% Micro straight fibres 1.30 215 13.6 122.6 126.8
M6 H1-0.02 0.207  2.0% Dramix 3D-45/35 BL 0.90 205 12.4 147.2 151.4
M7 H2-0.02 0.79 021 100 012 006 0207 2.0% Dramix 3D-65/35 BG 1.30 210 11.8 133.7 138.2
M8 H3-0.02 0.207  2.0% Dramix 3D-80/60 BG 1.60 170 13.9 137.3 139.7
M9 50H2/50S-0.02 0207 200 Blended gtr’;erjifgg’_ ‘2‘5?3?;/"%8”""'9“ & 130 205 12.0 133.9 137.9
M10 H1-0.025 0.259  2.5% Dramix 3D-45/35 BL 1.13 155 10.7 139.8 142.6
M11 H2-0.025 0.259  2.5% Dramix 3D-65/35 BG 1.63 125 11.9 125.8 130.3
M12 H3-0.025 0.259  2.5% Dramix 3D-80/60 BG 2.00 145 13.0 127.6 131.0
Table. 2-2-2 Manufacturer-reported details of steel fibres
Fibre type Designation Diameter, ds Length, It Aspect ratio, Yield tensile strength, ft  Young's modulus, Ec Fibre shape
(mm) (mm) (I+ /ds) (MPa) (MPa)

Micro fibres S 0.2 13 65 2850 210000 Straight

Dramix 3D-45/35 BL H1 0.75 35 45 1225 210000 Hooked end

Dramix 3D-65/35 BG H2 0.55 36 65 1345 210000 Hooked end

Dramix 3D-80/60 BG H3 0.75 60 80 1225 210000 Hooked end
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2.2.2.2. Test methods

2.2.2.2.1. Measurements of the total- and autogenous- shrinkage

The total- and autogenous- shrinkage was determined using prismatic specimens which were
75 mm x 75 mm in cross-section and 285 mm long (Fig. 2-2-2). Specimens used for measuring
the autogenous shrinkage were carefully sealed with waterproofed aluminium tape to prevent
diffusion of moisture from the concrete into the surrounding environment (Fig. 2-2-2(a)), while
specimens used for measuring the total shrinkage were exposed to the surrounding environment
(Fig. 2-2-2(b)). The change in length of each specimen was regularly monitored up to the
concrete age of 180 days with the ‘time-zero’ for autogenous and total shrinkage measurement
taken as the final setting time of the matrix conforming to ASTM C1698-09 (ASTM 2009) and
in accordance with previous studies (Darquennes et al. 2011; Mechtcherine et al. 2014). All
the total shrinkage and autogenous- shrinkage specimens were stored in an environmental
chamber that was maintained at a constant 25 °C (77 °F) temperature and a relative humidity

of 50% for the entire duration of testing.

(a) (b)
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Figure. 2-2-2 Shrinkage test specimens: a) sealed prism for autogenous shrinkage

measurement; b) unsealed prism for free total shrinkage measurements

2.2.2.2.2. Fibre pulled-out for the UHPC matrix

In order to explore the underlying mechanism governing the effect of fibres on the different
shrinkage components of UHPFRC, the interaction between the steel fibres and the UHPC
matrix was quantified by the load-slip (P-9) relationships derived by processing the test results
from single fibre pull-out tests. As can be seen in Fig. 2-2-3, semi dog-bone shaped specimens
were used, in which the fibre was embedded concentrically in the matrix with an embedded
length equal to half the length of the fibre perpendicular to the concrete face. Three identical
specimens were used for each test series. Details the test specimens and the test set-up are
shown in Figs. 2-2-3 (a) and (b). All the pull-out test were conducted under a displacement-

control with a rate of 1. mm/min.

23mm
_(091in)

(1.57in.)

40mm

N

Ly

Ly2

(@) (b)

Figure. 2-2-3. Single fibre pull-out test: a) specimen details; b) set-up.
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2.2.2.2.3. Compressive and splitting tensile strength

To obtain the compressive strength (f'c) of the UHPFRCs at the age of 28 days and 180 days,
compression tests were conducted on cylinder specimens with a 100 mm diameter and 200 mm
as per ASTM standard C39/C39 M-05 (ASTM International 2005 ). The splitting tensile
strength (fst) tests were performed on cylinder specimens with a 100 mm diameter and 200 mm
height according to ASTM standard C496/C496 M-04 (ASTM International 2004) at a concrete

age of 28 days only.

2.2.3. RESULTS AND DISCUSSIONS

2.2.3.1. Slump

Table 2-2-1 summarises the slump values measured for fresh UHPFRC. Comparisons between
different UHPFRC mixtures show that the workability of UHPC is generally reduced with an
increase in a volume fraction of steel fibres, and specifically, the slump of the concrete reduced
up to 23.5% with the incorporation of 1.5% of steel fibres by volume. Subsequently, a further
increase in fibre volume fraction leads to a further reduction in the slump of the UHPC,
particularly; the slump of mixture 11 is nearly 49% of the slump of reference mixture due to
the fibre bridging effects. As listed in Table 2-2-1, for the mixture with a given fibre volume
fraction, the UHPC mixture with the largest fibre aspect ratio (e.g. Dramix 3D-80/60) exhibited

the low slump values compared to companion specimens.

2.2.3.2. Fibre pulled-out test results
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A typical failure mode of fibre pull-out test is shown in Fig. 2-2-4 with the corresponding
representative load-slip relationship shown in Fig. 2-2-5. Note that due to the limitations of
testing facilities, the pull-out tests of type S fibres from the matrix were not successfully
conducted. Therefore, the pull-out load-slip behaviour of this type of fibre has been
approximated as that tested by Qi et al. (Qi et al. 2018) on exactly the same type of straight
micro-fibre (from the same supplier with It =13 mm, dr =0.2 mm ) which was pulled-out from

a UHPC matrix of cubic strength f°c =151.5 MPa, which is similar to that reported in this study.

Figure. 2-2-4 Typical failure mode of fibre pull-out test.

It can be observed from Fig. 2-2-5 that the pull-out load-slip relationship of the straight fibre
from the matrix is comprised of three distinct phases: the initial linear ascending branch (a
linear relationship with a full bonding between matrix and reinforcement), a small transition

region between the end of elastic stage and the peak load (debonding occurred while the friction
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providing residual strength) and finally the nearly exponentially descending branch (pull-out
with kinetic friction) (Qi et al. 2018). Unlike the behaviour of the straight micro-fibre, the pull-
out load-slip curves of all the three hooked end fibres exhibit five major parts: the initial linear
ascending proportion (a linear relationship with a full bonding between matrix and
reinforcement), a small proportion of transition region between the end of elastic stage and the
peak load (deformed pull-out with kinetic friction and mechanical anchorage); stress relaxation
at the beginning of the descending region (deformed pull-out stage with kinetic friction and
mechanical anchorage), a strain hardening stage (deformed pull-out due to kinetic friction and
mechanical anchorage), and finally the gradually descending branch (straight pull-out with
kinetic friction). To investigate the underlying mechanism governing the effects of fibres on
the shrinkage properties of the UHPFRCs, only the static friction component (the ascending

branch of each curve presented in Fig. 2-2-5) on the pull-out load-slip curve is considered.

400

— H3 (Aspect ratio=85)
= = H2 (Aspect ratio=65)
300 — H1 (Aspect ratio=45)

=== Micro fibre (Aspect ratio=65) reported in Qi et al. 2018

Pull-outforce (N)
N
o
o

0 10 20
Slip (mm)

Figure. 2-2-5 Fibre pull-out force- slip relationships.
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As shown in Fig. 2-2-5, for a given pull-out force within the static friction region, fibre type
H3, which has the highest aspect ratio suffered a slightly lower slip compared to those
developed by the hooked end fibres with lower aspect ratios. This implies that the fibre with a
higher aspect ratio is more effective to resist the tensile stress exerted on the matrix. Moreover,
it is also observed that due to the anchorage provided by their hooked ends, each of the H series
of fibres induced a lower slip than the straight fibre for a given pull-out force within the static

friction phase.

2.2.3.3. Shrinkage characterizations

2.2.3.3.1. General observations

Figures 2-2-6 (a) to (I) show the shrinkage characterizations, including the measured total
shrinkage strain, autogenous shrinkage strain and also the calculated free drying shrinkage
magnitudes for all test series. Note that the free drying shrinkage strain (¢sn-p) values were
estimated by subtracting the autogenous (red dashed line) shrinkage strain (e;sh-a) from the free
total (black solid line) shrinkage strain (&sh-t) for concrete age up to 180 days for all specimen
series. It can be observed from Fig.2-2-6. that for all the mixtures, the increase in ¢,sh values
with time exhibits a similar pattern over a long term, but the magnitudes of shrinkage strain
were significantly affected by the fibre volume fraction, type of fibres and aspect ratio of the

fibres.
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Figure. 2-2-6 Shrinkage characterization of the UHPFRCs: a) Ref series; b) H1-0.015 series;

¢) H2-0.015 series; d) H3-0.015 series; e) S-0.02 series; f) H1-0.02 series; g) H2-0.02 series;

h) H3-0.02 series; i) 50H2/50S-0.02 series; j) H1-0.025 series; k) H2-0.025 series; I) H3-

0.025 series.
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It is observed from Fig. 2-2-6 (a-l) that the substantial part of esh-t is due to esh-a (range from
80-95%) and the remainder of the shrinkage strain is due to ¢,sh-o Which is attributed to the low
moisture diffusion from the matrix. Moreover, the higher values of ¢sh-a can be explained by
the fact that a high binder content contributes to a very high degree of hydration of cement and
the pozzolanic reaction of silica fume, and hence it led to a significant self-desiccation of the
concrete matrix. These findings were also reported by the previous investigations (Xie et al.
2018). Moreover, the reduction in drying shrinkage can be attributed to the disruption of the
interconnection of pores by fibres, reducing the amount of water present in the capillary pores
(Lei and Cao 2011). The steel fibres also restrain the autogenous shrinkage due to the bond
between the fibres and matrix, as they provide friction to resist against the effects of self-
desiccation of the concrete (Mangat and Azari 1984). This inference generally agrees well with
those reported in the studies conducted on UHPFRCs or FRCs in which the presence of discrete,
rigid metallic fibres in the concrete matrix is shown to reduce drying- and autogenous-
shrinkage (Lei and Cao 2011; Mangat and Azari 1984; Meng and Khayat 2018; Ullah 2017).
The effects of the various fibre parameters on the shrinkage phenomenon are discussed in the

following sections.

2.2.3.3.2. Effect of fibre volume fraction

The effect of fibre volume fraction on shrinkage can be studied by comparing the shrinkage
measurements at a given concrete curing age of the companion concrete series produced using
the same type of fibre but with different fibre volume fractions (as illustrated in Fig. 2-2-7 (a)
to (f)). Generally, an increase in the fibre volume fraction significantly reduce magnitudes of
both &sh-a and esh-1, and it is worth mentioning that with additional 1.5% of steel fibres, the

values of ¢sh-1 in 180 days were reduced by 23.2% - 56.5% compared to the reference mixture,
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as presented in Fig. 2-2-7 (a),(c), and (e). Furthermore, the total shrinkage strain values ¢sh-1
were slightly reduced with an increase in fibre volume fraction from 1.5% to 2%; for instance,
comparisons between specimens H1-0.015-T and H1-0.02-T presented a 14.8% of reduction
in total shrinkage, as shown in Fig. 2-2-7 (a). A further increase of 0.5% of fibre volume
fraction from 2% to 2.5% causes the values of esh-a and esn-1 of all specimens to drop by
approximately 300 and 200 micro strains, respectively. It is also observed that the inclusions
of 2.5% of steel fibres by volume in the UHPC matrix resulted in an approximately 67%
reduction in total shrinkage and over 70% reduction in autogenous shrinkage compared to that

of the reference mixture, as shown in Fig. 2-2-7(a) and (b).
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Figure. 2-2-7 Effect of fibre volume fraction on: a) total shrinkage-H1 series; b) autogenous
shrinkage-H1 series; c) total shrinkage-H2 series; d) autogenous shrinkage-H2 series; e) total

shrinkage-H3 series; f) autogenous shrinkage-H3 series.

It can also be deduced from Fig. 2-2-6 that generally, an increase in fibre volume slightly
reduces drying shrinkage. This can be explained by the fact that the steel fibres in the UHPC
matrix act as a skeleton for the concrete matrix along with the fine aggregate to provide
increased dimensional stability. Moreover, the reduction in all categories of shrinkage with
increased fibre content can also be attributed to the higher elastic modulus of the fibres, as well

as the higher strength-to-size ratio of the fibres (Ullah 2017).

2.2.3.3.3. Effect of fibre shape

Figures 2-2-8 (a) and (b) shows the effect of fibre shape on the total and autogenous shrinkage
of the UHPFRCs. It is worth mentioning that the comparisons were made for the shrinkage
properties of the concrete produced using the fibres with the same aspect ratio (i.e. S and H2
both have an aspect ratio of 65), with the same volume fraction (i.e. Vi= 2.0%), and with

different shapes (i.e. straight, hooked end or blended straight and hooked end). These
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comparisons shown in the figures 2-2-8 (a) and (b) suggest that the hooked fibres were more
effective than the straight fibres to reduce both the total- and autogenous- shrinkage of the
UHPFRCs. For instance, the incorporations of S series of fibres reduced the total shrinkage by
around 23% and the autogenous shrinkage by 35%, while the addition of H2 hooked end fibres
resulted in a corresponding of 47% reduction in total shrinkage and 55% reduction in
autogenous shrinkage. Although the straight micro-fibres may be more evenly distributed than
the hooked end fibres in the matrix, the larger reduction in shrinkage with the addition of a

hooked end is attributed to the enhanced bond between the fibres and the matrix (see Fig. 2-2-

5).
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Figure. 2-2-8 Effect of fibre shape on: a) total shrinkage; b) autogenous shrinkage.

It can also be seen from Figures. 2-2-6 (e) to (h) that the effect of fibre shape on the drying
shrinkage component exhibited at a similar trend to the total and autogenous shrinkages, where
hooked end fibres performed better than the straight- and the blended fibres in reducing the

drying shrinkage strain of the concrete. Compared with specimens with only a single type of
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fibre, the blending of fibres resulted in a moderate reduction (up to 49%) in the autogenous

shrinkages and a 39% of reduction in drying shrinkage of the UHPFRCs.

2.2.3.3.4. Effect of fibre aspect ratio

Figures 2-2-9 (a) to () present the effect of fibre aspect ratio on the shrinkage characterizations
at different fibre volume fractions (i.e. Vi = 1.5, 2, or 2.5%). It is evident from the figure that
for the same fibre dosage, the use of H3 type of fibre, which has the highest aspect ratio among
all the three types of hooked end fibres, resulted in a lower total- and autogenous- shrinkage of
the UHPFRCs. In addition, it is shown in Fig. 2-2-6 that the drying shrinkage component of
the UHPFRCs was also influenced by the fibre aspect ratio, where in general, at a given fibre
volume and for a given age, the calculated drying shrinkage strain of the UHPFRCs decreased
with an increase in the fibre aspect ratio. As confirmed by the fibre pull-out test results in
section, this is attributed to a higher interfacial bond force for fibres with a higher aspect ratio
(Qi et al. 2018). Note that H1 and H2 types of fibres have the same length but different
diameters; H1 and H3 type of fibres have identical diameters but different lengths. Hence,
based on the reported data above, it is suggested that the fibre length (lf) mainly predominate
the reductions in total shrinkage (e,sh-1), whereas the diameter of fibres is less significant in
restraining the shrinkages. This can be attributed to the build-up of stress due to the bond
between the fibres and matrix that occurred mostly along the length of fibres. Note that within
the current range of the aspect ratios of the selected fibres (i.e. 45 to 80), the aspect ratio of the
fibre is not as influential as the volume fraction or the shape of fibre presents on the shrinkage

properties of the UHPFRC:s.
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Figure. 2-2-9 Effect of fibre aspect ratio on: a) total shrinkage (Vr =1.5%); b) autogenous
shrinkage (Vi =1.5%); c) total shrinkage (Vr=2.0%); d) autogenous shrinkage (Vi =2.0%);

e) total shrinkage (Vr=2.5%); c) autogenous shrinkage (Vr =2.5%).
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2.2.3.4. Mechanical properties of the UHPFRCs

Figures. 2-2-10 (a) and (b) graphically show the compressive and splitting tensile strengths of
the UHPFRC:s for a given specific testing age and these mechanical properties are also reported
in Table 2-2-1. As can be seen from Fig. 2-2-10 (a), the incorporations of steel fibres into the
UHPC matrix generally resulted in insignificant changes in their compressive strength for all
concrete ages. This observation is in a good agreement with the findings reported in the
previous studies on FRCs (Bhargava et al. 2006; Nataraja et al. 1999). There was also a slight
reduction in compressive strength between the curing age of 28 and 180 days of the reference
series without fibres. As explained in the previous studies on UHPCs and UHPFRCs (Sobuz et
al. 2016; Xie et al. 2018), this reduction in mechanical strength was caused by the shrinkage
induced cracks in the specimens. For the UHPFRC series with steel fibres, their compressive
strength increased slightly between the concrete curing age of 28 and 180 days and no reduction
in their compressive strength were occurred owing to the inclusion of fibres, which prevents

the formations of the shrinkage, induced micro-cracks.
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Figure. 2-2-10 Mechanical properties of the UHPFRCs: a) compressive strength; b) splitting

tensile strength.
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For the splitting tensile strength of the concretes measured at 28 days, it can be seen from Fig.
2-2-10 (b) that the inclusion of discrete steel fibres in the UHPC matrix significantly improves
the tensile properties of the concrete because the fibres provide an internal confining effect by
bridging the tensile cracks (Visintin and Oehlers 2018; Visintin et al. 2018). It can be seen from
Fig. 2-2-10 (b) that regardless of the geometry of the fibres, the UHPFRC with 1.5 % of fibres
(by volume fraction) exhibited a higher splitting tensile strength when compared to at the
corresponding UHPFRC with a higher volume fraction (i.e. 2% or 2.5%) and the UHPFRCs
with 2 and 2.5% had nearly identical fs: value. This may be due to the fact that at the fibre
volume fraction of 1.5%, the fibres could be distributed more evenly in the matrix, and hence
an effective enhancement the splitting tensile strength. It can also be seen from Table 2-2-1
and Fig. 2-2-10 (b), that for a given fibre volume fraction, the UHPFRC series with a higher
fibre reinforcing index (which indicates a higher internal confining effect offered by the steel

fibres) generally exhibited a slightly higher fst.

2.2.4. CONCLUSIONS AND REMARKS
The following major conclusions can be drawn based on the results of the present study to

investigate the effect of steel fibre on the shrinkage properties of the UHPFRCs:

1. At the initial static friction stage, the pull-out test results of a single fibre from a UHPC
matrix suggests that the fibre with hooked ends and a higher aspect ratio leads to higher

pull-out force for a given slip.

2. Incorporation of discrete steel fibres into a UHPC matrix can significantly reduce the
total- and autogenous- shrinkage, this is mainly due to the bond stress between the fibres

and matrix resisting the self-desiccation of the matrix.
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3. An increase in fibre volume fraction leads to a reduction both the total and autogenous

shrinkage magnitudes.

4. For a given aspect ratio, steel fibres with hooked ends are more efficient than the straight
micro-fibres in reducing the total and autogenous shrinkage values of the UHPFRCs. The
use of blended hooked end and straight fibres leads to only a marginal reduction in the

shrinkage.

5. The use of fibres with a higher aspect ratio in a UHPFRC mix can reduce the total- and
autogenous shrinkage of the UHPFRCs. However, the aspect ratio of the fibre is not as
influential as the volume fraction and the shape of fibre on the long-term shrinkage

properties of the UHPFRCs.

6. The inclusion of fibre in a UHPC matrix significantly improves its splitting tensile
strength, whereas only a minor increase in the compressive strength of the concrete is
attained. In addition, the optimal fibre volume fraction improves the tensile strength of the

concrete is 1.5%.
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CHAPTER 3. Investigations on Ultrahigh Performance Fibre Reinforced

Concrete Columns subjected to concentrically and eccentrically axial loads

Introduction

This chapter presents a series of analytical and numerical work performed to investigate the
structural responses and failure modes of both short and slender UHPFRC columns. This
chapter is presented as a compilation of a published manuscript of short UHPFRC columns and

a conventional thesis chapter on slender UHPFRC columns.

In the first paper entitled “Numerical and Finite-Element Analysis of Short Ultra-high-
Performance Fiber-Reinforced Concrete Columns”, an analytical approach was developed
based on the moment-rotation (M/#) approach incorporating the partial-interaction (PI)
mechanism using material properties of both concrete and reinforcements as inputs. The
models successfully simulated the structural responses such as load-axial deflection (P-daxiar)
and load-middle height deflection (P-omid) relationships of the short UHPFRC columns when

they are either subjected to concentric or eccentric axial loads.

In the sub-chapter entitled “Experimental and numerical investigation of the slenderness effects
regarding ultrahigh performance fibre reinforced concrete column under concentric and
eccentric loads”, finite element (FE) models were developed by incorporating a novel concrete
damage plasticity (CDP) model. The numerical models were then further applied to conduct
an extensive parametric study for investigating the influences of slenderness on the structural

responses of the slender UHPFRC columns.
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3.1. Numerical and Finite-Element Analysis of Short Ultrahigh-Performance Fiber-
Reinforced Concrete Columns
Fang, C.t, Mohamed Ali, M.S.%, Sheikh, A.H.}, Singh, M.}
1School of Civil, Environmental and Mining Engineering, The University of Adelaide, SA

5005, Australia

ABSTRACT:

This paper describes the development of numerical and finite element (FE) models in
investigating the behaviors of short ultra-high performance fiber reinforced concrete (UHPFRC)
columns under concentric or eccentric loading conditions. A generic mechanic-based partial
interaction (PI) approach that is applicable to both flexural and axial members manufactured
by conventional fiber reinforced concrete has been suitably modified to analyze the structural
response of the short UHPFRC columns. Moreover, finite element (FE) modelling was also
conducted to study the behaviors of the UHPFRC members subjected to different loading
conditions. Both models aim to generate load-axial deflection (P-daxial) or load-middle height
deflection (P-Jmid) relationships for concentrically or eccentrically loaded columns, as well as
a load-middle span deflection (P-Jmid) relationship for a beam subjected to three-point bending.
Simulated results display an excellent agreement with test results, and it can accurately predict
the structural response of the UHPFRC columns. To aid in the development of a design
guideline for the short UHPFRC columns, a load-moment (P-M) interaction envelope
generated by the numerical model is proposed and it shows a good correlation to the

experimental results.

Keywords: Ultra-high performance fiber reinforced concrete (UHPFRC); Short column;

Partial interaction analysis (PI); Finite element analysis (FEA);
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3.1.1. INTRODUCTION

Ultra-high performance fiber reinforced concrete (UHPFRC) is a novel construction material,
which is produced using a fine granular mixture, and exhibits enhanced mechanical strength,
durability, ductile tensile behaviors and high damage resistance due to of the confining effect
offered by the inner steel fibers in the homogenous cementitious based matrix (Hosinieh et al.
2015; Yoo and Banthia 2016; Yoo and Yoon 2016; Visintin et al. 2018a). Because of its
superior material characteristics, the use of UHPFRC can significantly reduce the structural
member size, shorten the construction period, and lower their life cycle costs (Yoo and Yoon
2016). The recent research on UHPFRC mostly focuses on investigating the behaviors of
structural members manufactured using UHPFRC, such as beams (Baby et al. 2014; Singh et
al. 2017; Dagenais and Massicotte 2017; Sturm et al. 2018) and columns (Steven and
Empelmann 2014; Hosinieh et al. 2015; Singh et al. 2015; Shin et al. 2017; Shin et al. 2018),
and these studies indicate that using UHPFRC as construction material can significantly

enhance the shear, axial load carrying, and flexural moment capacities of the structures.

To date, a number of studies have been carried out to investigate the structural performance of
UHPFRC structural members, for instance columns under the uniaxial compression protocol
(Steven and Empelmann 2014; Hosinieh et al. 2015; Shin et al. 2017; Shin et al. 2018), and
their experimental results showed that the structures produced using UHPFRC exhibited higher
load carrying capacity and improved ductility, in which no catastrophic collapses of the entire
structure were observed. Pure axial loading tests on short UHPFRC columns with square cross-
sections were conducted by Hosinieh et al. (2015), and Shin et al. (2017) and their test results
indicated that the increasing volumetric ratio or reducing spacing of the transverse
reinforcement for a given configuration results in a pronounced increases in the axial load

carrying capacities and ductility index of the UHPFRC short columns. They also observed that
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for a given value of transverse reinforcement spacing, the configurations of reinforcement
affected both post-peak strength decay and the toughness of the short UHPFRC columns, where
the column with a high steel reinforcement ratio withstood a larger axial load at post-peak stage
compared to that of the column with a low steel reinforcement ratio, which allows a high energy
absorption and robustness. A series of uniaxial compression tests on UHPFRC columns with
circular cross-sections and reinforced by spiral reinforcements were conducted by Shin et al.
(2018), and experimental results demonstrated that over 80% of axial load capacity was
maintained with the presence of the transverse reinforcements (e.g. 3-5.1%) until the axial
strain attained to 0.02. Steven and Empelmann (2014) conducted experimental investigations
to study the behavior of rectangular UHPFRC columns subjected to concentric or eccentric
loads with eccentricities ranging from 5 mm to 75 mm, and hence derived an empirical
expression to predict the load carrying capacity of UHPFRC columns. Based on the above
literature review, it recognized that most of the existing studies have investigated the behavior
of concentrically loaded UHPFRC columns experimentally, with few reported analytical
procedure with strong physical senses to fully describe the underlying mechanism. To fill this
research gap, this study primarily aims to develop a rational procedure to analyze the short
UHPFRC column to generate individual load-displacement relationship and the load-moment
interaction envelope, and hence to initiate the design guidelines of the UHPFRC columns and

this further promotes the utilization of UHPFRC for construction.

To achieve this objective, firstly, a step-by-step procedure is developed by suitably modifying
the classical structural mechanical-based model, namely, the moment-rotation (M/6) approach,
that has been successfully applied to simulate the axial behavior of conventional reinforced
concrete columns (Visintin et al. 2013) and flexural behaviors of FRP-plate reinforced beams

(Mohamed et al. 2008) and fiber-reinforced concrete beams (Visintin and Oehlers 2018;
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Visintin et al. 2018b). In this study, this generic approach is further extended to simulate
UHPFRC short columns by incorporating the effects of steel fibers in the UHPFRC (i.e. tensile
strain hardening). Furthermore, aiming to more accurately predict the performance of the
eccentrically loaded short UHPFRC columns, the active confinement effects induced by the
transverse reinforcements cannot be neglected and need to be properly considered in the
analytical approaches. Existing confinement models (Razvi and Saatcioglu 1999) pertaining to
high strength concrete (HSC) with steel stirrups were verified based on the specific actively-
confined test results of UHPFRC and hence adopted in the proposed numerical model to
simulate the stress-strain relationship of the UHPFRC confined by stirrups. In addition to the
mechanic-based model, a detailed finite element (FE) analysis is also undertaken to incorporate
a purposely developed concrete damage plasticity (CDP) model into a commercially available
FE software ABAQUS to simulate the behaviors observed experimentally in UHPFRC column
tests. Both models are then compared and validated against experimental results published in
previous studies (Steven and Empelmann 2014; Singh et al. 2015), wherein these columns were

subjected to the concentric or eccentric loads.

3.1.2. DEVELOPING NUMERICAL MODELS USING PARTIAL-INTERACTION (PI)

ANALYSIS

The structural response of a short UHPFRC column under eccentric loading condition can be

referred to the following stages:

(1) Stage 1-pre-cracking stage. A conventional sectional analysis that assumes a full-
interaction between reinforcements and adjacent UHPFRC was adopted to generate the (M-
0) relationship of the section.

(2) Stage 2- post-cracking stage. An increase in flexural bending (M) initiates and gradually

enlarges tensile cracks at the surface of the columns. Here full-interaction based analysis is
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not able to capture this localized behavior, whereas a partial interaction (PI) analysis
considering the tension stiffening mechanism well accommodate the relationships between
slips (4) and forces (Prb) in tensile reinforcement into the displacement-based moment
rotation (M/6) approach to obtain the (M-0) relationship of the column section at the post-
cracking stage.

(3) Stage 3-formation of plastic hinge. Post-cracking stage is then followed by the formation
of plastic hinge with the occurrence of the concrete softening (i.e. due to the concrete
crushing under compression) and the development of compression wedge also accompanies
with gradually yielding of tensile reinforcements. To obtain (M-6) relationship of the
columns in this phase, a size-dependent approach was adopted to quantify the concrete-to-
concrete sliding mechanism occurred at the sliding interfaces.

The details of the formation of plastic hinge, segmental approach, and partial interaction (PI)

mechanisms, including tension stiffening and concrete softening were described in the

following sections.

3.1.2.1. Fundamental mechanism of the column plastic hinge

A displacement-based partial-interaction moment-rotation (M/6) approach for simulating the
structural behaviors of the eccentrically loaded UHPFRC short column after the pre-cracking
stage is illustrated in Fig.3-1-1. This technique successfully reproduced the load-lateral
deflection (P-omid) relationships of conventional RC columns subjected to eccentric load
(Visintin et al. 2013) from serviceability to the structural failure, and has been further extended
to fiber-reinforced concrete (FRC) flexural member with considering the crack bridging effects
(Visintin and Oehlers 2018; Sturm et al. 2018; Xie et al. 2018). Figure 3-1-1 (a) depicts the
conceptual model of Pl tension stiffening mechanism on the short UHPFRC column at the post-

cracking stage. Initially, an increase in flexural bending moment (M) induced by eccentric axial
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load (P) resulted in the formation of the initial crack at the section AA that located at the middle
height of the column. Right after the concrete tensile cracking, a slip (4) between tensile rebar
and surrounding concrete prism with a width of (dprism) also affected the force in tensile rebar
(Prb) at the initial crack section (AA). Specifically, to model the tension stiffening mechanism
and hence to accommodate its effect on M-6 relationship of the section, a shooting method is
applied whose details are described in the later section. Furthermore, the widening of the tensile
cracks with increasing moment leads to a subsequent increase in the discrete rotation () of the
short column and consequently affects the moment-rotation (M-6) relationships of the
UHPFRC columns after pre-cracking stage. With increasing in bending moment (M) along the
short column, a primary crack (at section CC in Fig. 3-1-1) occurred adjacent to the initial
crack, where the distance between the primary crack and initial crack is defined as a crack
spacing (Spr), as also shown in Fig. 3-1-1 (a). A secondary crack (at section BB on Fig. 3-1-1),
which is ideally located at the middle between initial and primary cracks, is subsequently
formed with further increasing applied load. Hence, in the analysis provided in the remainder
of the paper, column region AA-DD is identified as a partial interaction zone and the region

above the section DD is defined as the full interaction (FI) zone.

With a large discrete rotation (6) attained, concrete softening initiates at the compressive region
of the section owing to the reason that strain in the compression zone exceeds the corresponding
strain at the peak compression stress of the UHPFRC, in which this softening region can be
idealized as the compressive wedge ( L,,) as presented in Fig. 3-1-1 (b). The mechanics-based
hinge analysis (Visintin et al. 2013) including the PI tension stiffening mechanism and Pl
concrete softening mechanism accurately quantified the discrete rotation of the column at the

plastic hinge stage and hence obtained the load-lateral deflection relationship at the plastic
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hinge region of the columns. To simulate the behavior of an eccentrically loaded short column
using the mechanics-based hinge analysis, the following assumptions were made:

1. The Euler-Bernoulli principle of plane sections remaining plane was applied for the sectional
analysis in all loading stages the columns (Visintin et al. 2013).

2. It assumes a constant moment (i.e. M = P X e) acting along the column and;

3. Premature buckling caused by the secondary moment effect is neglected
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* Crack formation following a
sequence of initial crack (A-
A), primary crack (C-C),
and secondary crack (B-B).

. |Analysis of single crack
segment A-A and C-C
(without crack at section B-
B) refer to Fig. 3-1-3 (a).

® Analysis of multiple crack
segments A-A and C-C
(with crack at section B-B)
refer to Fig. 3-1-3 (b).
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Figure 3-1-1. Schematic diagram of UHPFRC short column under an eccentric load: (a) post-
cracking stage; (b) plastic hinge formation

3.1.2.2. Cross-sectional analysis at partial interaction (PI) region

The displacement-based moment rotation (M/6) approach is a direct application of Euler-
Bernoulli theorem of plane section accommodating with the stress-strain relationships for both
UHPFRC and reinforcements to determine the internal moment within the cross-section of the
column. Generally, the failure of an eccentrically loaded column can be categorized into two
modes depending on the magnitude of the eccentricity: (1) failed by concrete compressive
softening when the column loaded at zero or a small eccentricity, and (2) failed by flexural
bending when the column loaded at a large eccentricity. Fig. 3-1-2 (a) and (b) graphically
shows the mechanisms governing the two failure modes of the eccentrically loaded UHPFRC
short columns, respectively. For a short column loaded at a small eccentricity showed in Fig.
3-1-2 (a), the strain profile indicates that the neutral axis of column locates outside of the
column cross-section and entire cross-section is fully under compression. For this case, the
softening of the UHPFRC causes the relative slippage along the concrete-to-concrete interface
and determines the friction force of UHPFRC. The total rotation (#) of the column is affected
by the concrete softening after the formation of the compression wedge. It is note that the shear
friction mechanism is size-dependent and can be accurately modelled using the size-dependent

approach developed by Chen et.al (2014).

The second strain profile of column hinge shown in Fig. 3-1-2 (b) presents the mechanisms
governing the failure of UHPFRC columns loaded with a relatively large eccentricity (e), and
the performance of the column is predominated by the flexural bending moment (M) induced
by the eccentric loads rather than the applied load (P). By inputting the material properties into

the PI based sectional analysis, the location of the neutral axis can be easily found and hence
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the M-6 relationship of the section be obtained at all loading stages. Note that in the Pl based
analysis the effect of tension stiffening mechanism should be considered, and this can be simply
achieved by using the force (Prb) based on the relative slip (4) between reinforcement and

adjacent concrete.
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Figure 3-1-2. Cross-section profiles for: (a) the column loaded at a small eccentricity; (b) the

column loaded at a large eccentricity
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3.1.2.3. Partial interaction (P1) tension stiffening mechanism

Tension stiffening mechanism presented in Fig. 3-1-3 is an essential component for quantifying
the actual performance of the eccentrically loaded columns at the plastic hinge region. A
shooting method for tension stiffening numerical analysis to attain a force-slip (Pro-4)
relationship and the detailed modelling procedure are schematically shown in Fig. 3-1-4 and
Fig. 3-1-5, respectively. As presented in Fig. 3-1-3 (a), the area of a tensile reinforcement is
Avar, and the cross-section of the surrounding concrete is idealized as a square prism with the
cross-sectional area of Ac. With the formation of the initial tensile crack at section AA, both
residual tensile force in fibers (Prib) and force in tensile rebar (Prb) resist against the widening
of the initial crack. The slip distribution shown in Fig. 3-1-3 (a) indicates that the maximum
slip (4) occurred at the initial crack section AA and gradually decreases along the PI region
until it reaches zero, and hence it results in a transfer of stress from the reinforcement to
concrete through the bond. Furthermore, the full interaction boundary conditions are defined
when both distribution of (4) and (d4/dx) tend to zero at the same location, which in turns to
determine the crack spacing (Spr) and force-slip (Pro-4) relationship. The partial-interaction
tension-stiffening numerical mechanism for multiple cracks as reported in the previous studies
(Mohamed et al. 2008; Shukri et al. 2016; Visintin and Oehlers 2018) is illustrated in Fig. 3-1-
3 (b). For modelling the case of multiple cracks using the shooting method, its boundary
condition is defined as that the distribution of (4) reaches to zero at the location of (Spr/2) from
the initial crack. This hence redefines the Pro-4 response at the hinge section for generating the

M-6 relationships of the columns.
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Figure 3-1-3. Partial interaction tension-stiffening mechanisms: (a) tension stiffening with a

single crack; (b) tension stiffening with multiple cracks.

As presented in Fig. 3-1-4, the concrete prism is divided into multiple segments with a very
short element length (Le) to determine the variation in reinforcement slip and the distribution
of strain in the reinforcement and the concrete. Followed that, impose a slip (41) as the initial
value for the slip (4) with the maximum value of (Wcr/2) which is the half of the maximum
crack length (Visintin and Oehlers 2018). The corresponding force in UHPFRC due to fiber
bridging effect is identified as (Prib), which is derived from the relationship between tensile
stress (ot) and the half crack width (Wcr/2). As presented in both Fig. 3-1-4 and Fig. 3-1-5, the

force of the tensile reinforcement at the crack face (Pr) is initially guessed as the average of
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the low boundary (Pri) and high boundary (Pru), and corresponding strain in the reinforcement
(ep1) and concrete (ec1) can be obtained, as presented in Fig. 3-1-5. Hence, the slip strain of the
first concrete segment (d4/dx)1 which is the algebraic difference of the strain magnitudes
between the reinforcement and concrete (eb1 - ec1) IS determined. The corresponding differential
slip (041) between concrete and reinforcement in the segment 1 is obtained by integrating the
slip strain (d4/dx)1 along the segmental length (Le). The bond force in the first element (B1) can
be calculated from the known bond slip (z-4) properties and the contact perimeter (Lper) of the
rebar. This procedure is repeated for element 2 with the tensile force in reinforcement
determined as (Prb - B1) and the force in concrete determined as (Pc + B1). The slip of the tensile
reinforcement at the second segment (42) is obtained by subtracting 041 from the initial slip
(41), and corresponding bond force (B2) in element 2 can therefore be determined, as shown in
Fig. 3-1-4. A flow chart is given in Fig. 3-1-5 to show the details of applying this shooting
method to obtain the Pr-41 relationship and the additional information of describing this
shooting method can be found in (Visintin and Oehlers 2018).This analysis can then be repeated
successively for subsequent elements to yield the Pr, needed to produce a given slip (41) until
the full-interaction boundary conditions are satisfied, where both slip (4) and slip strain (d/dx)
values in the segment tend to zero. Consequently, this defines the minimum distance from the
initial crack face to the primary cracks may form, namely initial crack spacing (Spr). Similarly,
the same shooting method was applied to conduct the PI tension stiffening analysis for the case
of the multiple cracking, and one boundary condition, which the slip (4) equals to zero at the

location of (Spr/2) from the initial crack, is required.
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3.1.2.4. Partial interaction (PI) concrete softening

When the compressive strain in conventional concrete exceeds the strain corresponding to the
peak stress, concrete starts crushing and a sliding wedge starts to form in the Pl compression
region. It is known that compressive stress-strain (o-¢) relationship for plain concrete

comprised by two branches, including an ascending branch up to the peak strength that depends

119



entirely on the material deformations and a descending branch that is associated with P1 sliding
along the concrete to the concrete interface of the softening wedge (Zhang et al. 2014). A
generic size-dependent o-¢ relationship based on the results of standard cylinder tests as
proposed in Chen et al. (2014) which encompassed the ascending branch dependent on the
length of the specimens and the descending branch dominated by the shear friction mechanism
along the sliding wedge. This approach which has been successfully applied to conventional
concrete (Chen et al. 2014) and has been further extended to steel fiber concrete (FRC) by
Visintin and Oehlers (2018) accommodating the wedge restrained by fibers in a flexural
analysis, is therefore applied in the segmental analysis of current study to derive the stress in
the PI sliding wedge.

200
Edet = (gtest - gmat) — 1€ (1)
def

where emat IS the material strain corresponding to the strain at peak stress; etest i the total strain
based on standard compression test using a 200 mm cylinder; Laef is the deformation length
which is also a half of the cracking space (Spr/2) determined from the partial interaction (PI)

tension stiffening mechanism in mm.

3.1.2.5. Load Deflection relationship

Having FI, Pl tension stiffening and Pl concrete softening mechanisms integrated, sectional
internal moment corresponding to varying & can be calculated, and hence the completed M-6
relationship of individual short UHPFRC column can be determined. Excluding the secondary
moment effect due to buckling in simulating the load-middle height deflection (P-dmid)
relationship of the deflected column depicted in Fig. 3-1-6 (a), the distributions of the flexural
moment and curvature along the half column are presented in Fig. 3-1-6 (b) and (c),

respectively. To note that, moment distribution along the half of the column is constant without
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considering the second moment effects, whereas the distribution of curvature is non-linear at
the hinge region due to the extra rotation induced by the concrete softening (Visintin et al.
2013). Subsequently, the distribution of rotation along the column shown in Fig. 3-1-6 (d) is
obtained by integrating the curvature (y) from the middle height of the column (L/2) to the top
of the column. Similarly, having obtained the M-6 relationship of the short column it is a matter
of integrating the distribution of rotation from the middle height of the column to the top of the

column to determine the lateral deflection Jmia as shown in Fig. 3-1-6 (e).
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Figure 3-1-6. Schematic diagram for deriving lateral deflection of the short UHPFRC
column: (a) deflected short UHPFRC column, (b) moment distribution for the column; (c)
curvature distribution for the column; (d) rotation distribution for the column; (e) lateral

deflection distribution for the column

3.1.3. FINITE ELEMENT (FE) MODELLING

Detailed 3D finite element models are developed to predict the behaviors of concentrically and
eccentrically loaded short UHPFRC columns. The finite element (FE) models are first applied
for the simulation of column specimens tested in this study and the experimental results are

utilized to validate the numerical results predicted by the FE models. This has demonstrated a
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very good performance of the numerical model. With this confidence, the FE model is adopted
to produce additional results for different eccentricities. It is to be noted that a beam under three
point bending is also modelled as such a specimen is tested to get the pure bending capacity of
the specimen (with no axial load), which needed for completing the load-moment interaction
diagram. In order to have a reliable modelling of these structures, a well-regarded commercially
available finite element code ABAQUS is used in this study. The concrete is modelled with 3D
hexahedral solid elements having 8 nodes (C3D8R) where the element formulation is based on
the reduced integration technique. The steel reinforcements are modelled with truss elements
in 3D space with 2 nodes (T3D2). The steel reinforcements (truss elements) are embedded
within the concrete (solid elements) that imposed a perfect bonding between these two
materials. However, a slip between them is expected in reality, which is incorporated indirectly
through the tension stiffening feature of the concrete damage plasticity (CDP) model, which is
the most advanced material model provided by ABAQUS for simulating normal strength
concrete. Thus, this model may not provide reliable results if it is applied directly without any
adjustment to UHPFRC as experienced by the authors (Singh et al. 2016; Singh et al. 2017).
Based on that, the problem is addressed by adjusting some parameters such as biaxial ratio and
dilation angle. The essential technical details of the model (CDP) are provided in the following
section. For the steel reinforcements, the elasto-plastic material model with steel hardening and

softening is employed.

Fig. 3-1-7 shows the FE model of one of the four column specimens and a beam specimen.
Steel caps consisting of a rectangular flat plate (length: 500 mm, breadth: 350 mm, thickness:
65 mm) and a square ring (length: 165 mm, thickness: 45 mm) used at the two ends of a column
are modelled with 3D elements (C3D8R) using elasto-plastic material model, as shown in Fig.

3-1-7 (a) and (b). This is similarly followed for the two additional steel plates (length: 250 mm,
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breadth: 100 mm, thickness: 50 mm) used at the two ends of the columns for the application of
loading. It is to be noted that the breadth of the loading plate (100 mm) is aligned with the
length of the steel cap (500 mm). All translational displacements of the nodes laying on the
250 mm long central line at the top surface of the upper loading plate are restrained, as shown
in Fig. 3-1-7(b). This is similarly applied to the lower loading plate at its lower surface except
the vertical displacement to allow vertical upward movement. The vertical displacement of
these nodes having a single value is imposed and increased gradually with a steady rate (0.15
mm/min) using a reference point along with the multi-point coupling constrain to load the
column in the form of displacement control. The above procedure is applicable for the
concentrically loaded case while the positions of these restraining and loading lines are simply
moved from the central line for the eccentrically loaded scenarios. The contact between the
steel cap and the column is ensured by using the surface to surface contact (Standard) algorithm
provided by ABAQUS where a hard contact is provided for the normal displacement and
sliding contact for the tangential displacements with a friction coefficient of 0.1. A tie contact

is used to connect the loading plate with the steel cap.

Three loading plates used for the beam are having same size of the loading plate used for the
columns where the length of these plates (250 mm) is oriented along the breadth of the beam.
The same surface to surface contact (Standard) is used between the beam and loading plates.
The displacements of the 250 mm long central line nodes at the bottom surface of the two
supporting plate are fully restrained. The vertically downward displacement of the central
loading plate having a single value is imposed and increased gradually with a steady rate (0.15
mm/min) using a reference point along with the multi-point coupling constrain to load the beam.

A convergence study for the mesh size is conducted to assure a stable converged solution and

123



it is found that an element size of 15 mm is adequate which is consistently used in all cases, as

shown in Fig. 3-1-7 (a) to (c).

Loading Plate

\ Translational nodes

Steel rings Loading Plate

Steel Plate —
165 mm
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(©

Figure 3-1-7. FE simulations: (a) UHPFRC concentrically and eccentrically loaded short

column; (b) Details for steel cap, steel loading plate, and reference point; (c) UHPFRC beam

with three points bending setup
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3.1.3.1. Concrete damage plasticity (CDP) model

In this study, the inelastic responses of concrete material in Concrete damage plasticity (CDP)
model is represented by a plasticity-based continuum damage model that encompassed the
elasto-plastic responses under tension and compression, and this model is in conjunction with
an inputted scalar/isotropic damage parameter. Two equivalent plastic strains obtained from
the elasto-plastic responses are associated with failure mechanism under compression and
tension, and hence govern the envelope of the yield surface (Lubliner et al. 1989). To this end,
the uniaxial (o-¢) responses of concrete in compression or tension are required to either
represent the formation of micro-cracks in tension or characterize the plastic response in
compression. In order to have a non-associated flow rule, a plastic potential is used to
accommodate with the yield function, and five additional parameters are required to determine

the yield function and plastic potential:

F (03P + (2" )( o) =7 {- ) - (67) <0 @
G =/(éo, tanp) +q — ptan &)
a=—w % . 0<q<05 @)
2O-bo_aco
ﬁ(é"'>=§°(%:.)(1—a)—<1+a) (5)
0'1(8
_3(l_kc)
T ©

where « and y are material dependent constants, @ is the effective von Mises equivalent stress,

p is the hydrostatic pressure based on effective stresses, &, is the maximum principal

effective stress; o (& pI), o (Z;p') are functions of equivalent plastic strain& P representing
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effective cohesive stresses under compressive and tensile stresses. G is the flow potential
follows a Drucker Prager hyperbolic function; & is a potential eccentricity parameter for
describing the rate of the function approaches the asymptote; o,, is the uniaxial tensile stress;
@ is the dilation angle obtained from the measurement from the p-q plane under high confining
pressure; To characterize the shape of the yield surface, two critical parameters are required:

(1) o, | o, ratio of the initial biaxial compressive strength and the initial uniaxial compressive
strength, and (2) a parameter K. is the ratio between the distances from the hydrostatic axis to

tensile and compressive meridians. In this study, the value of o,/ 0o, is taken as 1.05 for
UHPFRC instead of 1.16 that is usually taken for normal strength concrete (Singh et al. 2017).
Similarly, the value of the dilation angle ¢ is taken as 35° (Singh et al. 2016) for UHPFRC

instead of 30° which is normally applied for conventional concrete.

As presented in Fig. 3-1-8, completed uniaxial o-¢ curves of conventional concrete generated

from cylinder compression and direct tensile tests, and both inelastic strain (£!") and cracking

strain (&) are determined by subtracting the elastic components (&5, and &) from the total

oc
strain (&, and ¢,), respectively.

el =g, - =¢,—0,1E, @)
e =g —&=¢—-0,/E, (8)

where E, is the undamaged elastic modulus of concrete. With this, the aforementioned

equivalent plastic strains (¢ and &¢ ) determining the failure mechanism of the yield function
can be derived as follow:

P )
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;tp' _ d o (10)

t (1_dt)E_0

Damage parameters (d and d,) are utilized to characterize the level of degradation in the
material stiffness, ranging from 0 to 1 for describing an undamaged and fully damaged states,
respectively. The damage parameters are determined utilizing the concepts Birtel et al. (2006)

and Mahmud et al (2013) of as follows:

O
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Figure 3-1-8. Defining: (a) compressive behavior; (b) tension stiffening

3.1.4. COMPARISON BETWEEN THEORETICAL MODEL & TEST RESULTS

3.1.4.1. Introduction of experimental program

As shown in Fig. 3-1-9 (a), there are 4 reinforced UHPFRC columns with a square cross-section
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of 150 mm x 150 mm and 900 mm in height, and all columns are reinforced by 4 longitudinal
steel reinforcements with a diameter of 16mm and a yield stress of 500 MPa. A clean concrete
cover of 20mm measured from the edge of reinforcements to the edge of columns was applied
to all cross sections. Transverse reinforcements with a diameter of 6mm were placed in the
columns with a constant stirrup spacing of 85 mm. One column was subjected to pure axial
load and three other columns were subjected to eccentric loads with eccentricities of 35, 50, or
80 mm, respectively. Besides that, a UHPFRC member was casted as a beam with the same
cross-section and stirrup arrangement as those of the companion columns but a longer span of
1350 mm, as shown in Fig. 3-1-9 (b). This UHPFRC beam was tested under a simply-support
condition and further subjected to three-point flexural bending induced by the concentrated
point load at the mid-span of the beam. All UHPFRC columns were tested using a universal
testing machine (Amsler, Schaffhouse, Switzerland) with a maximum capacity of 5000 kN,
and the UHPFRC beam was tested by using Avery universal testing machine with a capacity
of 1000 kN. For both concentrically and eccentrically loaded columns, the local contraction
and elongation of the column were measured by linear variable differential transducers
(i.e.LVDT-1 and LVDT-3), respectively, and the global displacements of the short columns
were captured by LVDT-2 and LVDT-4. Additionally, the lateral displacements at the middle
region including the middle height of the column and 200 mm above and below the mid height
were measured by LVDTs 5-7. As the experimental setup of beam is exhibited in Fig. 3-1-9
(b), LVDTs 1-3 were used to measure the deflection at the middle span of the beam, and
LVDTs 4 and 5 were used to measure the tensile crack opening at tensile surface of the beam.
For LVDT 6 and 7, they were placed close to the upper surface of the beam and used to measure

the contractions due to the hinge rotation.
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Figure 3-1-9. Instrumentation setup and member geometry details: (a) concentric and

eccentric loaded column; (b) three-point flexural bending tests performed on UHPFRC beam
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3.1.4.2. Fundamental material properties

3.1.4.2.1. Unconfined and confined compressive stress-strain relationships of UHPFRC

Material constitutive relationship can be represented using material model presented in this
section and is used to input into both the numerical approaches. The compressive stress-strain
relationship of UHPFRC can be reproduced using the model developed by Singh et al. (2017)
to corporate with the numerical modelling. As can be seen in Fig. 3-1-10 (a), there is a high
agreement between the experimental result and the modelling result. For improving the
accuracy of the model, the confining effects on the core concrete inside the stirrups were
considered and an actively confinement model for high strength concrete established by Razvi
and Saatcioglu (1999) validated using the UHPFRC experimental results was directly applied
to represent its stress-strain relationship. In testing the behavior of UHPFRC under triaxial
load, compression tests were conducted on UHPFRC cylinders with a diameter of 62.5 mm
and a height of 120 mm. A uniform lateral confinement stress of (fi= 4.5 MPa) was acting on
all cylinders by using Hoek cell to reproduce the confinement pressure induced by the
transverse reinforcements. Fig. 3-1-10 (b) shows the comparisons between experimental and
model results and indicate that a good prediction of the traxial behavior of the UHPFRC using
the model. Summary of parameters of the confined UHPFRC calculated by using Razvi and

Saatcioglu (1999) model is presented in Table 3-1-1.
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Figure 3-1-10. Material properties of UHPFRC: (a) compressive stress-strain responses for

unconfined UHPFRC; (b) compressive stress-strain response for confined UHPFRC with

lateral confine pressure of 4.5 MPa; (c) tensile characterizations of UHPFRC; (d) tensile

stress and crack opening response; (e) tensile stress-strain response for steel reinforcement;

(f) proposed bond-slip model between UHPFRC and reinforcement

Table 3-1-1. Summary of parameters of confined UHPFRC calculated using Razvi’s model

Parameter Value
Given material properties
feo (M pa) 140.3
s (mm) 85.0
be (mm) 98.0
ds (mm) 6.0
q 2.0
a 90.0
s (mm) 82.0
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Coefficients and lateral confined pressure

k2 0.176
pe 0.007
fs (Mpa) 663.4
fi (Mpa) 4.504
fie (Mpa) 0.0793
k1 6.970
fec (Mpa) 145.8
Ductility of confined Concrete and descending branch
€1 0.0041
€01 0.0039
ks 0.2852
£085 0.0052
Ka 1.3268
£85 0.0073
K 0.0394

3.1.4.2.2. Tensile characterizations of UHPFRC

Tensile characterization of UHPFRC, including its stress-strain relationship prior cracking,
strain hardening and post-peak stress-crack opening relationship are defined using Eq. (13),
which are established based on the idealized modelling approach with three different phases as
proposed by Wille et al. (2014) and simplified based on experimental tested results reported in

Singh et al. (2015), as presented in Fig. 3-1-10 (c) and (d):

Ectgct (O < gct < gcc
Gt = ftl + Et/(gct —6‘”) (gcc < gct < gsoft) (13)
o e f1Mel?) (W,, /2<1.75mm)

where o, is the tensile stress in MPa; ¢, is the total tensile strain; E is the elastic modulus of

ct

UHPFRC in 44000 Mpa; &, is the strain prior strain hardening (&, = 110x107%); f,,is the
maximum tensile stress of UHPFRC within elastic range ( f,, = 4.84 MPa); E,, is the modulus

for the tensile strain hardening stage ( E,, = 373.67 MPa); ¢_ is the strain corresponding to the

soft
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peak stress of 5.79 MPa prior the crack opening stage ( s, =2640 x 10°); «,and f, are

constant coefficients of descending curve («,=5.794, f,=-1.098).

3.1.4.2.3. Local Bond-slip (z/0) relationship

The experimentally generated material characteristic of steel reinforcements used for the local
slip-bond test and subsequently a simplified stress-strain relationship used for the both
numerical models are presented in Fig. 3-1-10 (e). Local bond-slip (z-4) relationship is required
as a fundamental input for the shooting method when calculating the cracked spacing and
model the tension stiffening behavior in concrete prism, and experimental local bond slip (z-4)
relationship can be obtained from the direct pullout tests conducted by University of Adelaide.
For the direct pullout tests, the steel rebar which has the same diameter and material properties
as the longitudinal reinforcements used in the UHPFRC columns was embedded in a block of
UHPFRC concrete with an embedment depth of 240 mm. The displacements of the reinforcing
bar at the top and bottom of the specimen were recorded along with the corresponding force by
the Avery machine. As presented in Fig. 3-1-10 (f), a polyline local -4 relationship defined

using the general expressions in Egs. (14) and (15):

Toox = az\/fT (14)

A
T max (Z)ﬂz (0 <AL A])
1
4,454
o, = k]A-I-b/ EAI <A<A2; (15)
2 — - =3
K,A+D, (4,45 4,)
k;4+b,

where 7,5 is the peak bond stress in MPa, and d, (in mm) is the corresponding local slip of the

peak bond stress.«, and S, are empirical coefficients fitting the experimental result, «, =
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0.91 and f, = 0.2 for UHPC with a steel fiber content of 2.25%.k,,k,,k; andb,,b,,b; are the
slopes and y-intersections, respectively, for describing linear descending bond-slip (z-4)

relationship after peak load, in whichk,=-0.97, k,=-0.01, k,=-0.15, andb,= 13.47, b,=7.56,
h,=11.50. 4,,4, ,4;, 4, are slips within different stages of the bond-slip (z/J) relationship,

where 4,=2.4mm, 4, =6.16 mm, 4;=30.00 mm, 4,=62.65 mm.

3.1.5. VALIDATION OF NUMERICAL MODEL AND FINITE ELEMENT

MODELLING SIMULATION

3.1.5.1. Load-deflection relationships

Load-axial deflection (P-daxiat) relationships of the concentrically loaded columns obtained
from experiments, numerical and FE models are presented in Fig. 3-1-11 (a), and load-mid
height deflection (P-dmia) relationships of eccentrically loaded columns generated from both
experiments and models are shown in Fig. 3-1-11 (b)-(g). For the beam subjected to three-point
bending, the load-mid span deflection (P-omid) relationships can be observed in Fig. 3-1-11(h).
It is worth highlighting that, the numerical model and FE model well-predict the (P-daxia) and
(P-0mid) relationships of the UHPFRC short columns subjected to with eccentricity of 0 mm,
35 mm, 50 mm and 85 mm. Figure 3-1-11 (b), (d) and (g) present the numerical model and FE
model predicted (P-dmid) relationships of UHPC column subjected to load eccentricities of 20
mm, 45 mm, and 100 mm, in which these eccentricities were not studied experimentally but
their effects on P-dmid relationships of UHPFCR short columns were numerically investigated
and help to complete the load-moment interaction envelop presented later in this study. For
UHPFRC beam shown in Fig. 3-1-11 (h), the proposed PI based model provides an appropriate
prediction for the load-mid span deflection (P-omid) relationship, and it slightly underestimates

the load for the simply supported beam at the post-peak stage. This could be attributed to the
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edge effect of friction and bond stress between steel fibers and concrete along the concrete
wedge sliding planes in the reality, where the friction provided residual force along the concrete
softening zone and fiber prevent the crack propagation and hence restrain the rotation and
middle-span displacement at the hinge region. Experimental, numerical, and finite element
modelling results pertaining to the peak load and corresponding deflections including daxial, and
omid are summarized in Table 3-1-2, and it is worth noting that the errors of predictions
regarding the peak load (Pp) are less than 9%. The results presented in Fig. 3-1-11 and Table
3-1-2 show the well correlations between PI based numerical model and FE simulation, which
indicates the applicability and accuracy of the proposed numerical, and FE models for
predicting the P-dmid relationships of short UHPFRC columns. In order to show the generic
nature of the proposed mechanics based model and the FEM model, additional experimental
results from a different affliction were adopted as benchmarks for them, in which the

experimental program was reported in details in Steven and Empelmann (2014) and the

corresponding results are illustrated in Fig. 3-1-12.
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Figure 3-1-10. Comparisons among experimental results, analytical and numerical models
for UHPFRC columns loaded with different eccentricities: (a) concentrate; (b) eccentricity =
20 mm; (c) eccentricity = 35 mm; (d) eccentricity = 45 mm; (e) eccentricity = 50 mm; (f)

eccentricity = 85 mm; (g) eccentricity = 100mm; (h) UHPFRC beam
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Table 3-1-2. Comparisons among of experimental, numerical, and numerical simulation

results
Eccentricity Experimental Numerical FEM
(mm) Pp(KN)  dp (mm) Pp (kN) dp (Mm) Pp(kN)  dp (mm)
0 3490.86 3.16 3489.66 3.53 3541.48 3.59
20 - - 2378.36 3.04 2369.43 3.02
35 1890.16 3.43 1793.87 3.75 1735.83 4.05
45 - - 1476.10 4.56 1409.58 5.18
50 1212.72 4.87 1292.52 4.86 1241.23 4.93
85 593.91 1.77 605.50 8.00 627.82 7.55
100 - - 493.10 9.32 489.73 10.8
Pure bending 108.57 18.32 110.51 18.54 106.99 17.00
6000 , 8000 -
Aﬂ —Experimental results 7000 —Experimental results
5000 : ---Numerical model i~ - ---Numerical model
Z 4000 [[ v - FE simulation Z 6000 j - FE simulation
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Figure 3-1-12. Comparisons among experimental results, analytical and numerical models for
UHPFRC columns conducted by Steven and Empelmann (2014): (a) column S3; (b) column

SE?2

3.1.5.2. Verification of proposed load-moment (P-M) interaction diagram

Integrating results of the numerical models for short UHPFRC columns loaded with
eccentricities from 0 to 100 mm and the UHPFRC beam, a complete load-moment (P-M)
interaction envelope was plotted in conjunction with actual the experimental results, as

presented in Fig. 3-1-13. The comparisons shown in the figure suggest a good agreement
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between experimental and theoretical results as the experimental results of the columns loaded
with eccentricities of 0 and 85 mm and the pure bending case closely match with the curve
developed numerically. Whilst the model well-simulates the axial load of the columns loaded
with eccentricities of 35 mm and 50 mm, it slightly underestimates and overestimates the
flexural moments, respectively, as shown in Fig. 3-1-13. A potential explanation of the
differences between the numerical and experimental results is the fiber distributions and
density in the column specimens were slightly different to those of the material tested
specimens, and this also influence the load carrying capacities (Pp) of the short columns due to
the fiber bridging effects, and hence enlarge in the difference at the moment (M) when using
Pr to multiply the constant eccentricities. Further comparisons of the bending moment of short
columns reveal that the eccentricity of 45 mm led to the largest moment acting on the short
UHPFRC columns, and it can be deduced that the loading eccentricity for the columns cause

the balance failure of the column ranges from 35 mm to 45 mm.
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Figure 3-1-13. Load-Moment interaction diagram for UHPFRC short columns
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3.1.6. FAILURE MODES

The failure modes of all column specimens are presented in Fig. 3-1-14 (a)-(g). Having
obtained the compressive damage parameters calculated by using Egs. (11) and (12) and
inputted to the CDP model, the compressive damage pattern for UHPFRC column under
concentric load is determined by the FE model, as shown in Fig. 3-1-14 (a). A maximum
compressive damage level of 98.33% has been observed in the middle region of the column,
and this observation indicates that the UHPFRC column under concentric load failed
predominated by the concrete spalling at the surface induced by the concrete softening of the
UHPFRC. Similar failure patterns of UHPFRC columns subjected to concentric loads have
been reported in the previous studies (Hosinieh et al. 2015; Shin et al. 2017). With compressive
and tensile damage parameters inputted in the FE models, compressive and tensile damage
patterns for eccentrically loaded columns are exhibited in Fig. 3-1-14 (b)-(g). As shown in Fig.
3-1-14 (b), (d), and (f), significant concrete softening under compression were observed in the
compressive damage patterns of eccentrically loaded columns with eccentricities of 35, 50, 85
mm. Additionally, comparisons of compressive damage patterns and maximum damage levels
reveal that the compressive damage level decreased with an increase in loading eccentricity,
for instance, the wedge length for columns (e=35, 50, 85 mm) are approximately 360 mm, 315
mm, and 165 mm, respectively. Tensile damage patterns for eccentrically loaded columns are
presented in Fig. 3-1-14 (c), (e), and (g), and small flexural tensile cracks can be observed in
Fig. 3-1-14 (c) on the tensile face of the column which is loaded with an eccentricity of 35 mm.
With increases in the eccentricity, more prominent tensile flexural cracks can be observed at
the middle height of the columns with loading eccentricities of 50 and 85 mm. The above
phenomenon suggests that the flexural failure governs the overall failure of UHPFRC short

column over the compressive failure when the load eccentricity increases.
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Figure 3-1-14. FEM simulation results of compressive and tensile damage pattern: (a)
compressive damage pattern for (e=35 mm); (b) compressive damage pattern for (e=35 mm);
(c) tensile damage pattern for (e=35 mm); (d) compressive damage pattern for (e=50 mm);
(e) tensile damage pattern for (e=50 mm) (f) compressive damage pattern for (=85 mm); (g)

tensile damage pattern for (=85 mm)
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3.1.7. CONCLUSIONS

In this study, a PI based numerical model as well as FE models were developed to simulate the

behaviors of short UHPFRC columns subjected to concentric and eccentric loads, and a simply

supported beam, and the following conclusions can be made:

Both PI based and FEM models can be applied confidently to simulate P-daxia, and P-dmid
relationships for both short UHPFRC columns and UHPFRC beams, respectively.

To analyze the UHPFRC columns using these models, only the fundamental material
properties of concrete and reinforcements are required to predict the P-Omid-height
relationships of eccentrically loaded columns without resorting to costly and time-
consuming structural tests on UHPFRC columns.

The proposed P-M interaction envelopes generated in this study accurately predict the
behaviors of short column loaded with various eccentricities, and this highlights the
reliability of the numerical models in simulating the behaviors of eccentrically loaded
UHPFRC columns. Therefore, it can serve as the basis for further research and design of
the UHPFRC columns.

FE simulations successfully reproduced the damage patterns of UHPFRC members under
different loading conditions. Comparisons of these simulated damage patterns indicate that
the compressive damage level of short UHPFRC columns decreases with an increase in the

eccentricity of the axial load.

3.1.8. LIST OF NOTATIONS

The following symbols are used in this paper:

Avar = area of one longitudinal reinforcement;

Ac = area of the surrounding prism at the partial interaction (PI) region;
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B1 = bond force in the first element;

B2 = bond force in the second element;

b1 = empirical coefficient for bond slip relationship at the stage 2
b2 = empirical coefficient for bond slip relationship at the stage 3
bs = empirical coefficient for bond slip relationship at the stage 4

Bn = bond force in the n" element;

d. = compressive damage parameter, defined in Eq.11

d, = tensile damage parameter, defined in Eq.12;

d, /d, = slip strain between the tensile reinforcement and surrounding concrete;

(d, /d,),=slip strain between the tensile reinforcement and surrounding concrete in the first

element;

(d,/d,), = slip strain between the tensile reinforcement and surrounding concrete in the

second element;

(d, /d,), = slip strain between the tensile reinforcement and surrounding concrete in the n'"

element;

Eo = the undamaged elastic modulus of concrete which is also the Ec;
Ec = young’s modulus of UHPFRC;

Ect = elastic modulus of UHPFRC = Eg;

Efio = young’s modulus of steel fibre;
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Enh = modulus of steel hardening;

Eu = modulus of tensile hardening of UHPFRC;

Er = young’s modulus of the steel reinforcement;

¢ = ultimate compressive strength of UHPFRC obtained from standard cylinder tests;
fct = ultimate tensile strength of UHPFRC

fu = maximum tensile stress of UHPFRC before tensile hardening;

fu = maximum strength of the steel reinforcement;

fy = yield stress of steel reinforcements;

G = the flow potential;

ki = slope for bond slip relationship at the second stage;

k2 = slope for bond slip relationship at the third stage;

ks = slope for bond slip relationship at the fourth stage;

Laer = deformation length which is also a half of the crack spacing (Spr);
Le = element length for each segment;

Lper = contact perimeter of tensile reinforcement;

Lw = width of compression wedge;

Pc = force in surrounding concrete;

Pcc = sectional compressive force from UHPFRC;

Pct = sectional tensile force from UHPFRC,;

Prib = force owing to fibre bridging effect in UHPFRC after crack;
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Prb = sectional force in reinforcements placed at the left;

Pri = lower boundary of initial guess for the force in tensile reinforcement;
Prt = sectional force in reinforcements placed at the right;

Pru = upper boundary of initial guess for the force in tensile reinforcement;
Pr_max = maximum force of the steel reinforcement;

Pr_y = tensile force of the steel reinforcement reaches yield stress;

p = the hydrostatic pressure based on effective stresses;
q = the effective von Mises equivalent stress;

Spr = crack spacing between primary cack and initial crack;

Wer/2 = crack width at the initial crack;

o = a material dependent constant in Eq. (4);

o1 = constant coefficient of descending curve of concrete under tension;

a2 = empirical coefficient fitting the experimental result of bond test;

1 = constant coefficient of descending curve of concrete under tension;

2 = empirical coefficient fitting the experimental result of bond test;

y = a material dependent constant in Eq. (6);

A = relative slip between the tensile reinforcement and surrounding concrete;

A1 = relative slip between tensile reinforcement and surrounding concrete in the first element;

A2 = relative slip between tensile reinforcement and surrounding concrete in the second

element;
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4n = relative slip between tensile reinforcement and surrounding concrete in the n'™" element;

o1 = differential slip between the tensile reinforcement and surrounding concrete in the first

element;

042 = differential slip between the tensile reinforcement and surrounding concrete in the

second element;

d4n = differential slip between the tensile reinforcement and surrounding concrete in the n"

element;
eb1 = strain of the tensile reinforcement in the first element;
eb2 = strain of the tensile reinforcement in the second element;

ebn = strain of the tensile reinforcement in the n element:

&, = total compressive strain in concrete;

g5t = elastic compressive strain corresponding to the yield stress of the concrete;
& = inelastic strain;

ec1 = strain of the concrete in the first element;

ec2 = strain of the concrete in the second element;

ecc = the strain prior strain hardening;

een = strain of the concrete in the n™ element;

ect = corresponding tensile strain of UHPFRC at the ultimate tensile strength;

edef = Strain in deformed region;

emat = material strain corresponding to the strain at the peak stress;
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epk = strain corresponding to peak stress of UHPFRC;
er1 = strain in reinforcements placed at the left;
er2 = strain in reinforcements placed at the right;

& = the strain corresponding to the peak stress;

¢, = total tensile strain in concrete;

g2 = cracking strain;

g7 = elastic tensile strain corresponding to the yield stress of the concrete;

etest = total strain based on standard cylinder test using a height of 200 mm cylinder;
gy = yield strain of steel;

gM= equivalent plastic strain;

el = plastic strains in compression;

pl . . . .
Er = plastlc strains in tension;

& = a potential eccentricity parameter for describing the rate of the function approaches the

asymptote;

occ = compressive stress in UHPFRC;

oct = tensile stress in UHPFRC,;

or1 = stress in reinforcements placed at the left;
or2 = stress in reinforcements placed at the right;
o,, = the uniaxial tensile stress;
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— pl . . . . .
oc(¢ )= effective cohesive stresses under compressive corresponding to each equivalent

plastic strain;

— pl . . . . - -
oi(e ) = effective cohesive stresses tensile compressive corresponding to each equivalent

plastic strain;
& ... = the maximum principal effective stress;

71 = bond stress in the first element;
72 = bond stress in the second element;
n = bond stress in the n element:

o = the dilation angle obtained from the measurement from the p-q plane under high

confining pressure;
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3.2. Experimental and numerical investigation of the slenderness effects regarding
ultrahigh performance fibre reinforced concrete column under concentric and eccentric

loads

3.2.1. INTRODUCTION

Nowadays, with the highly intensified human civilizations and technology, more and more
revolutionary landmark skyscrapers are being increasingly constructed. However, constructing
these buildings by using a normal strength concrete associate with low strength and brittle
nature raises concerns regarding durability and stability of the structures subjected to
environmental and extreme loading scenarios such as seismic, impact or blast loads. For this
purpose, ultra-high performance fibre reinforced concrete (UHPFRC) featured with
exceptional compressive strength, ductile tensile behaviour, outstanding ductility and
toughness was created along with the advancements in materials science to address the
shortcomings of the normal strength concrete and hence to cater the demand of these high-rise
buildings [1-4]. To date, the most recent research on UHPFRC mainly focus the shrinkage and
optimization of the UHPFRC mixture [5-8], structural behaviours of UHPFRC flexural [9-17]
and axial members [18-23], and blast resistance of UHPFRC structural members [24-27]. As
demonstrated by these studies, using UHPFRC to manufacture structural members improves
their flexural and shear capacities [9-15], energy absorption capacity [15-20], and impact
resistance [24-27] compared to structural members manufactured with conventional concrete,
and hence this reveals the enormous potential and importance of UHPFRC in the future

applications.

To ensure a high robustness and durability of the high-rise structures, the exceptional

compressive concrete strength and ductility of UHPFRC makes this material as a more
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appropriate alternative of the conventional concrete for the column designs. To date, structural
tests were conducted by Shin et al. [18, 19] and Hosinieh et al. [20] to investigate the structural
response of UHPFRC short columns under concentric loads. It was found that the reductions
in the spacing of transverse reinforcements lead to significant improvements in the squash load
capacity, and a more ductile descending branch was observed in the load-axial displacement
relationship compared to that of the reference specimens. With a given spacing of stirrup,
additional cross-ties for the transverse reinforcements would enhance the total toughness of the
short column, and no significant improvement in the squash load capacity can be observed.
Furthermore, the structural responses of UHPFRC columns subjected to a combination of axial
load and flexural bending were experimentally investigated by Steven and Empelmann [21]
and Hung et al [22]. A further numerical study was then conducted by Fang et al. [28] to
examine applications of a partial interaction model in simulating the structural response of the
UHPFRC columns, and hence a load-moment interaction relationship was proposed to serve

as a basis for developing design guidelines.

In order to achieve a high cost efficiency in the structural design without compromising its
structural performance, using UHPFRC in the column design allows a reduced cross-section
of the column and a high squash load capacity. However, with a given length of the column,
reductions in the dimensions of the cross-section potentially increase the slenderness of the
column, and this might lead to global buckling that compromise the robustness of the column.
To date, it is recognized that there is a significant lack of investigation in structural response
of slender UHPFRC columns conducted experimentally, and no numerical modelling was
conducted to investigate their structural behaviour. Hence, in order to address this shortcoming,
an experimental investigation regarding structural response of the slender UHPFRC columns

under axial loads with a varying eccentricity was conducted by Douglas et al. [29]. A numerical
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investigation was conducted based on the finite element analysis (FEA) technique in
conjunction with a concrete damage plasticity (CDP) model for simulating the corresponding
structural responses and damage patterns of all UHPFRC members. Subsequently, a parametric
study was then conducted to investigate the effects of the slenderness ratio regarding to the

load and moment capacities as well as the ductility indices of the column.

3.2.2. EXPERIMENTAL PROGRAM

3.2.2.1. UHPFRC mixture and mixing process

Information of ingredients for manufacturing UHPFRC mixture and their corresponding ratios
by weight are depicted in Table 3-2-1. Dry ingredients included sulphate resistant cement, silica
fume (with an averaged particle size of 50um), river washed sand (with an averaged particle
size of 400 um) were mixed thoroughly in a pan mixer for 5 minutes, and both water and high
range water reducer (HRWR) were subsequently added into the dry components for further
mixing to obtain a good concrete flowability. Additional 2.25% by volume of Hooked-end steel
fibres (with a diameter of 0.55 mm, a fibre length of 35 mm) having a tensile strength of 1345
MPa were added in to the available mixture to ensure a ductile tensile stress-strain response of
UHPFRC, and the mixing process was continued for few minutes to evenly distribute the steel
fibres in the mixture.

Table 3-2-1. Mixture proportion of UHPFRC

rseusligt];r:te Silica vvcz;sr?: q Water High range water reducer Steel fibre
Fume (HRWR) (Vi =2.25%)

cement sand

1 0.266 1 0.17 0.0565 0.175
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3.2.2.2. Material tests for UHPFRC and steel reinforcements

To obtain a full stress-strain response of UHPFRC under uniaxial compression, uniaxial
compression tests were conducted on cylinders (a 100 mm in diameter and 200 mm in height),
and the compression was acted on the cylinders with a constant rate of 0.05 mm/minutes.
Moreover, to determine the responses of UHPFRC under direct tension, unnotched dog-bone
specimens with a cross section of 120 mmx120 mm at the middle height were tested under
tension with a constant loading rate of 0.05 mm/min. By performing these material tests, the
young’s modulus (Ec), compressive strength (fc), and direct tensile strength (f;) have been
determined as 145.4 MPa, 5.8 MPa, and 44 GPa, respectively, and the corresponding strains
(ec and &) at the peak strengths are 3962 and 4477 micro strain. Corresponding stress-strain
tress-strain (oc — &c, ot — et) responses of UHPFRC under compression and tension were

generated, as demonstrated in Fig. 3-2-1 (a) and (b).

The stress-strain (o-¢) response of steel reinforcements were generated experimentally by
conducting direct tensile tests on the rebar with a diameter of 16 mm. As shown in the Fig. 3-
2-1 (c), there are three stages of stress-strain (o-¢) response: (1) elastic (with an elastic modulus
Es =176 GPa); (2) steel hardening; (3) steel softening, and the yield stress (oy), the ultimate
stress (ou) and the softening stress (osoft) in these stages were determined as 500 MPa, 694 MPa
and 471 MPa, respectively with corresponding strain values (ey, euand esoft) of 2840, 68054 and
91101 micro strain, respectively. Overall, these material properties were required as
fundamental inputs to conduct the finite element (FE) analysis described later for simulating
the structural responses of slender UHPFRC columns under axial loads and a UHPFRC beam

under four point bending.
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Figure 3-2-1. Material properties of: (a) compressive stress-strain response for unconfined
UHPFRC; (b) tensile characterizations of UHPFRC; (c) steel reinforcement under direct

tension

3.2.2.3. Structural member tests
It is to be stated that these tests described in this section were originally performed by Douglas
et al. [29] and a detail summary is provided here to appreciate the simulation results from the

FEA conducted by the author as a part of his PhD work.
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3.2.2.3.1. Specimen detail and designation

Structural member tests, corresponding instrumentation and test setups are depicted
schematically in Figs. 3-2-2 and 3-2-3. As presented in Fig. 3-2-2 (a), tested UHPFRC
members are characterised with a square cross-section with both width and depth in 150 mm,
and all UHPFRC members were reinforced with four longitudinal rebars with a diameter of 16
mm and transverse reinforcements (with dimensions of 110 mm x 110 mm) placed at a
constant spacing of 85 mm. Designations of all UHPFRC members are detailed as follow: the
letter “SL” indicates “Slender”, and following numbers denote the eccentricity of the axial load
applied on the UHPFRC columns, while the designation “beam” was applied to denote the
UHPFRC beam subjected to four-point bending. Taking the designation “SL-0" and “SL-50”
as examples, “SL-0” indicates that the slender UHPFRC column was subjected to concentric
load, and “SL-50" denotes that the slender UHPFRC column was axially loaded with an

eccentricity of 50 mm.

3.2.2.3.2. Instrumentation and test setup

Instrumentation and test setup are schematically detailed in Fig. 3-2-2 (b) - (e) and the
corresponding photos of experimental program are also depicted in Fig. 3-2-3. Four slender
UHPFRC columns with a total height of 1600 mm were tested in the universal testing machine
(Amsler) under axial loading applied upward at eccentricities of 0, 35, 50, and 85 mm, as
presented in Fig. 3-2-2 (b). Top and bottom ends of all slender UHPFRC columns were
installed with two steel caps which was fabricated from steel rings and steel plates for providing
appropriate eccentricities for the loads, and then the loading pivots were placed to the top and
bottom surfaces of the steel plates for providing a pin to pin boundary condition, as presented

in Fig. 3-2-2(b). For both the columns and the beam, initially, a load-controlled loading method
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with a constant loading rate of 50 kN/minute was applied to load the column, and a
displacement-controlled loading method with a rate of 0.15 mm/minute was then employed
when the applied load reached to the maximum. To monitor the axial deformations of the
slender UHPFRC columns during the tests, LVDTs 1-4 with a gauge length of 800 mm were
placed vertically along the centreline of each column face, as detailed in the Figs. 3-2-2 (b) and
3-2-3 (a). Furthermore, the lateral deformations of the column at the middle height were
measured by LVDTs 5-7 with a gauge length of 100 mm, and they were placed horizontally
with a spacing of 300 mm and face to one of the concrete surfaces having compressive stress
concentration, as illustrated in Figs. 3-2-2 (c) and 3-2-3 (b). To measure the localized strains at
the middle height of the columns, four 30 mm strain gauges were placed vertically at middle-
height of the column, and four 10 mm strain gauges were placed perpendicularly below the 30
mm strain gauges. Meanwhile, additional four strain gauges (with a gauge length of 10 mm)
were attached to the surface of the steel reinforcements at the middle height region of the

column to measure the localized strain of reinforcements, as presented in Fig. 3-2-2 (d).

In addition to the column tests, a UHPFRC beam with a span of 2850 mm was tested under
four-point bending using a 1000 kN capacity Avery machine, as shown in Figs. 3-2-2 (e) and
3-2-3 (¢). To measure the displacement of the beam in the constant bending moment region,
LVDTs# 1-3 with a gauge length of 200 mm were placed at the bottom of the beam with a
spacing of 200 mm. The average mid-span displacement was determined through the
measurements, and the corresponding applied load (P) and flexural bending moment (M) were
determined through load cell readings. Furthermore, LVDTs# 4-7 with a gauge length of 500
mm were placed at two opposite sides longitudinally in order to measure the contractions at

the top of the beam and elongation at the bottom of the beam, respectively, and hence to
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determine the rotations of the beam during the testing, as presented in Figs. 3-2-2 (e) and 3-2-

3 (c).
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Figure 3-2-2. Test specimens’ details and instrumentation set up: (a) cross-section of the
beam and columns; (b) concentrically and eccentrically loaded columns; (c) four point-

bending tests for the beam.
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(©)

Figure 3-2-3. LVDT setup for UHPFRC members: (a) longitudinal LVDTs measuring axial
deformations of slender columns; (b) horizontal LVDTs measuring lateral deformations of
slender columns; (c) longitudinal and vertical LVDTs measuring rotations and vertical

deformations of UHPFRC beam.

3.2.3. EXPERIMENTAL TEST RESULTS AND OBSERVATION

3.2.3.1. Load-bearing, moment capacities, and ductility indices

In this study, the experimental results related to failure location, load bearing capacity (Pu),
moment capacity (Mu), ductility indices (Is, l10) and residual strength factor (Rs, 10), and axial
and lateral deflections (dap-exp, Oip-exp, aNd Jiu-exp) are reported in Table 3-2-2. The squash load
capacity of slender UHPFRC column was determined as Py = 3199.3 kN when column SL-0
completely failed due to concrete softening. Comparisons in load bearing capacity (Pu) of
slender columns between columns SL-0 and SL-35 indicate that an increase in eccentricity of

axial load from 0 mm to 35 mm results in a huge reduction (about 60% reduction) in Py, and
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further increases in the eccentricity (from 35 mm to 50 mm and from 50 mm to 85 mm) of the
axial load lead to 26% and 47% decrease in Pu. Corresponding deflection values (Jap-exp and
Oip-exp) at the load bearing capacity (Pu) are also indicated in Table 3-2-2, and it is worth noting
that the magnitudes of the deflection increase with an increase in the eccentricity of the axial
loading. Flexural moment capacities (Mu) of the slender UHPFRC columns listed in Table 3-
2-2 are calculated by considering the secondary moment effects induced by the lateral
deflection at the peak load (dip), and by comparing the values of the My in the table it can be
found that the column SL-50 has the highest moment capacity (Mu = 64.1 kN.m). Based on
this, it is suggested that the balanced condition for the tested slender UHPFRC columns
occurred when the eccentricity of the axial load was increased to 50 mm.

Table 3-2-2. Test results of all columns and beam

. Failure Pucw  Owos Opep  Oweo  Muep  fone
Specimen I(z(;?;(;n (kN) (mm)  (mm) mm)  (KN.m)  (us) Isexp  lioexp  Rs10-exp
SL-0 +360 to +650 3199.3 2.6 0.6 29.8 1.8 3690 2.6 2.6 0.0
SL-35 0 to +160 1233.9 3.9 14.5 73.9 61.0 4130 5.0 7.1 41.7
SL-50 -70 to +75 910.2 5.2 20.5 74.1 64.1 4060 4.8 7.7 58.0
SL-85 +5to +55 480.5 7.6 26.6 61.7 53.6 4040 5.0 7.9 59.2
SL-beam  -130to +140 54.7 - 76.7 129.3 32.8 4010 - - -

ER]

* “+” is above and “-” is below middle height of columns and middle span of the beam

Ductility indices (Is and l10) are critical indicators to evaluate deformability, energy absorption
capacity, and structural performance of the slender UHPFRC columns in design applications
and residual strength factor (Rsi0) was used as a further measurement for assessing the
specimens reserve strength. Detailed definition and Fig. 3-2-4 can be obtained from Foster and

Attard [30] as follows:

a,JZ:(‘C"av_'_Ke) 1)
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Figure 3-2-4. Energy Ductility in an eccentrically loaded column

A perfectly elastic-brittle material was attained when both Is and 110 = 1 and corresponding
Rs.10 =0, and a perfectly elastic-plastic material was achieved when Is =5 and l10 = 10 with the
corresponding Rs,10 = 100 [30]. In practice, a range of 5 to 6.5 was recommended for the value
of the ductility index (lio) through previous investigations to achieve a desirable robust
behaviour of reinforced concrete columns, and a satisfactory lio > 8 was required to sustain a
low to moderate seismic load [30]. Generally, as presented in Table 3-2-2, eccentrically loaded
columns SL-35, SL-50 and SL-85 provide considerably high ductility index (li0 > 7), and the
values of I and Rs 10 increase with an increase in eccentricity of axial loading, for instance,
the 10 and Rs10 values of column (lio = 7.9, Rs10 = 59.2) SL-85 are heights compared to

companion specimens.
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3.2.3.2. Load-axial strain and lateral deflection relationships

Load-axial compressive strain (P-¢) and load-lateral deflection at the middle height (P-diaterar)
relationships of all slender columns are presented in Figs. 3-2-5 and 3-2-6, respectively.
Through observations from P-¢ responses demonstrated that the sustained load P of
concentrically loaded column experienced a huge drop when axial strain (¢) reached 0.0039
with the corresponding residual load maintained at 600 kN, and then the curve terminated when
axial strain reached a value of 0.005. It is worth noting that the slope of ascending branches of
the curves decrease with an increase in the eccentricity of the loading, and it is also worth
noting that the terminated axial strain of the columns increase with an increase in the
eccentricity; for example, the terminated axial strain of columns SL-35, SL-50, and SL-85 are

0.0114, 0.0154, 0.0165, respectively.

3500 —Concentric
3000 —Eccentricity:35mm
—Eccentricity=50mm
2500 —Eccentricity=85mm
< 2000
% 1500
o
S
—1 1000
500
0

0 0.005  0.01 0.015  0.02
Axial compression strain, ¢

Figure 3-2-5. Load versus axial compression strain of slender columns

Comparisons regarding the lateral deflection — load responses at the middle height among all
UHPFRC columns indicate that the column SL-0 has relatively lower lateral deflection at the
peak axial load compared to that of other eccentrically loaded columns, which have a gradual

increase in lateral deflection values with increasing axial loads. It is also worth noting that for
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columns SL-35, SL-50 and SL-85, the axial loads start to gradually decrease when the lateral
deflections of columns reached to 32 mm. Additionally, the load-middle span lateral deflection
(P-0iaterat) relationship of UHPFRC beam subjected to four-point bending is shown in Fig. 3-2-
7and a similar ascending trend as that of eccentrically load columns can be observed in Fig. 3-
2-7 with a peak load of 54.7 kN and a corresponding deflection of 76.7 mm, and then the curve

terminated with an applied load of 43.2 kN.

3500 —Concentric
—Eccentricity=35mm
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Figure 3-2-6. Load versus mid-height displacement of slender columns
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Figure 3-2-7. Load versus middle-span deflection of the beam
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3.2.3.3. Failure location and damage pattern

Failure location of all UHPFRC members are reported in Table 3-2-2, and the corresponding
failure modes are demonstrated clearly in Fig.3-2-8. As can be seen in both Table 3-2-2 and
Fig. 3-2-8 (a), column SL-0 failed in an explosive manner with concrete spalling off a large
area occurred from 360 mm above the middle height of the column up to 650 mm above the
middle height. The corresponding compressive strain recorded by the 30 mm strain gauge
placed at the middle height of the column is 3690 pus, which is lower than the peak strain of
3962 us obtained from the standard cylinder compression tests presented in Fig. 3-2-1 (a). It is
inferred that the strains at the top or bottom end of the column are normally larger than the
strain measured at the middle height of the column, and this phenomenon is mainly attributed

to the strain concentration induced by the high reaction forces at the ends of the column.

For slender UHPFRC columns subjected to eccentrically axial load (SL-35, SL-50, and SL-
85), their failure locations were close to the middle height of the column and typical plastic
hinges associate with concrete spalling and flexural tensile cracks formed at the middle height
of the column, as illustrated in Fig. 3-2-8 (b)-(d). According to the measurement (econc) from
the strain gauges located at the middle height of all eccentrically loaded columns, it is suggested
that the occurrence of concrete spalling is due to the concrete softening when the concrete
strains (econc) €xceeded the compressive peak strain (ec). To note that, comparisons in concrete
softening regions shown in Fig. 3-2-8 (b)-(d) indicate that the size of compression wedges
reduced with an increase in the eccentricity of the loading, and also the column loaded with a
large eccentricity tends to fail due to the flexural bending. For a simply supported UHPFRC
beam under four-point bending, two tensile flexural cracks were observed at the bottom of the
beam within the region between the constant moment region and accompanied by a slight

concrete spalling occurred at the top of the beam, as shown in Fig. 3-2-8(e).
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Concrete spalling

(e)
Figure 3-2-8. Failure modes of: (a) concentrically loaded column; (b) eccentrically loaded
column (e=35 mm); (c) eccentrically loaded column (e=50 mm); (d) eccentrically loaded

column (e=85 mm); (e) beam under four point bending

3.2.4. NUMERICAL (FINITE ELEMENT) MODELLING

Compressive and tensile stress-strain (o-¢) responses of the unconfined UHPFRC were
established in section 2.2, and these material properties are used to generate the compressive
c-¢ responses of confined UHPFRC by adopting the Razvi and Saaticioglu’s confinement
model for high-strength concrete [31]. Hence, the stress-strain (o-¢) responses of both
unconfined and confined UHPFRC are incorporated with the concrete damage plasticity (CDP)
model along with the o-¢ response of steel reinforcements to simulate the structural behaviours
of slender UHPFRC columns subjected to axial load with a varying eccentricity. Previous
studies were conducted to simulate mechanical behaviour of UHPFRC members [28, 32, 33]
and to investigate size effect of UHPFRC [34], and both these studies highlighted the

applicability and accuracy for using the CDP model. For this purpose, FE numerical modelling
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is undertaken in conjunction with the CDP model by using the commercial software package
ABAQUS to simulate the load - lateral deflection at the middle height (P-diateral) responses of
slender UHPFRC under different loading conditions, and corresponding simulated results are
also compared against experimental results. Subsequently, a parametric study was conducted
based on the validated numerical model to further investigate the effects of the slenderness of

the UHPFRC columns pertaining to their structural performances.

3.2.4.1. FE modelling

In terms of FE modelling, the concrete elements were modelled with 3D hexahedral solid
elements with 8 nodes (C3D8R) featured in each element, and meanwhile, unconfined (a square
hollow section) and confined UHPFRC (solid section) were created independently with the
same modelling element but different geometries, as presented in Fig. 3-2-9 (a). To note that a
tie constraint was characterised to achieve a perfect bonding for the interfaces between
unconfined and confined UHPFRC in order to duplicate the tested specimens in reality.
Furthermore, both transverse and longitudinal steel reinforcements were characterised as 3
dimensional truss element featured with 2 nodes (T3D2) as shown in Fig. 3-2-9 (b), and the
reinforcements were then embedded in assembled geometry of unconfined and confined
UHPFRC with a constraint of embedded region assigned to define the interactions between

reinforcements and concrete.
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Figure 3-2-9. Finite element (FE) modelling of: (a) cross-section of UHPFRC slender columns:

(b) longitudinal and transverse reinforcements

Figure 3-2-10 demonstrates the FE modelling of the initial experiment setup and subsequent
testing process. As presented in Figs. 3-2-10 (a) and (b), to duplicate the experimental setup
shown in Fig. 3-2-2 (b), a simplified steel cap composited by a square steel ring (length: 165
mm, thickness: 45 mm) and a flat steel plate (length: 500 mm, breadth: 350 mm, thickness: 65
mm) was modelled in ABAQUS with the same hexahedral solid elements (C3D8R) as used for
modelling concrete element. Meanwhile, loading plates featured with a length of 250 mm, a
width of 100 mm, and a thickness of 100 mm were placed on the both top and bottom steel
caps with a tie constraint defined for the contact interfaces between flat plate and loading plate,
as presented in Figs. 3-2-10 (a) and (b). A displacement load control was applied with the
presence of the reference point (RP) located at the geometrical centre of the loading plate as
shown in Fig. 3-2-10 (b), and a multiple points coupling constraint was defined between the
reference point (RP) and the surface of the loading plate to conduct concentric or eccentric

loads with a steady loading rate of 0.15 mm/min upwards in Z direction. A boundary condition
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which fully restrains transition and only allow rotation in Y axis was assigned along the
translational line of the top loading plate, and it was similarly adopted to the translational line

of the lower loading plate except for the transition in the z direction to allow vertical movement.

Loading plate IZ
X
Y Y
Steel rings I_' X

500 mm z

350 mm

Reference point
POINE (0)

Reference points

(©)

Figure 3-2-10. Finite element (FE) modelling for: (a)UHPFRC slender column and transverse

steel arrangement; (b) Steel plate and loading plate; (c) four point bending test for UHPFRC

beam.
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Same loading configuration was applied on the two loading plates which have the same size of
the loading plate used in the column setup for modelling of the UHPFRC beam subjected to
four-point flexural bending, as shown in Fig. 3-2-10 (c), and the steady loading rate was
assigned on the two reference points having an increasing displacement downward only in the
Y direction. Furthermore, another two supporting plates with the same dimensions of the
loading plates were placed underneath the UHPFRC beam, and only rotation in x-axis was
allowed along the centre translational line of the bottom face of the plates. In ABAQUS, a
surface-to-surface contact (standard) algorithm that include a hard contact related to normal
displacement and sliding contact associated to the tangential displacements and characterised
with a friction coefficient of 0.1 was adopted to all the contact interfaces between steel and
concrete. To cooperate the modelling, an elato-plastic material behaviour of steel was assigned
to steel caps, loading plates, and supporting plates, whereas the stress-strain relationship of
steel reinforcements was determined by the experimental results indicated in Fig. 3-2-2 (¢). To
appropriately perform an elastic-plastic material property of unconfined and confined
UHPFRC, a concrete damage plasticity (CDP) model provided in ABAQUS was adopted in
conjunction with given stress-strain relationships of UHPFRC presented in Fig. 3-2-2 (a)-(c)

to perform the FE simulation of UHPFRC members.

3.2.4.2. Theoretical background of CDP model

Concrete damage plasticity (CDP) model is a plasticity-based continuum damage constitutive
model that encompasses material elasticity, plasticity, and damage evolution, and it is adopted
to represent the plastic behaviour of concrete material subjected to different loading protocols.
Specifically, the elasticity of the material is represented by the elastic modulus (Ec) and
Poisson’s ratio (v) of the concrete, while the plasticity of concrete material is represented by

the strain hardening and softening response of concrete in compression and strain softening
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response of concrete in tension. A yield function (F) developed by Lubliner [35] is adopted
and incorporated with the plasticity of concrete material to using for determination of the
material yielding. Furthermore, Drucker-Prager hyperbolic function is used to represent a
plastic potential (G) for determination of the plastic flow. Subsequently, these material
characteristics are then incorporated with the yield function (F) and plastic potential (G)

presented as follows:

1 — — ~pl 2 o — [~ pl
(0300 B o) 1B )0 50 ®
G = \/(go-w tang)? +q — ptang (6)
Fro_q
g=—Jw - 0<a<05 (7
2x%—1
GCO
o
p=2 4_g)-(ra) ®)
O't(&‘t )
_3(1_kc)
T )

C

where o and y are constants for material, grepresents the Mises equivalent effective stress, p
: — ~ply = o~ . :
represents the hydrostatic pressure stress. o (8cp) , Ot (gtp) are functions of equivalent

plastic strains écp' and &, P! , and they represent effective compressive and tensile cohesion
stresses, respectively; g is an expression of effective cohesion stresses (o, o ) and constant
a; 3max is the maximum principal effective stress; ¢referred to as the eccentricity (value is
0.1) which predominates the rate where the function approaches to the asymptote, and the

curvature regarding to the flow potential increases with an increase in the value of ¢; 0y, is
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the uniaxial tensile strength which obtained from the tensile stress-strain response of UHPFRC;

Gbo

@ is the dilation angle measured in the p-q plane; stands for the ratio of the initial

co

equibiaxial compressive yield stress to initial uniaxial compressive yield stress; k_ is the ratio

of the second stress invariant on the tensile meridian to the second stress invariant on the

compressive meridian at an initial yield condition with a domain 0.5<k_<1.0. In present study,

Ubo

the value of is taken as 1.05 for UHPFRC instead of 1.16 used for conventional concrete,

GCO

as found from previous studies [28, 32 and 33]. The value of k_is commonly set as 2/3 for
concrete materials. By conducting from previous studies [28, 33], a value of the dilation angle
¢ for UHPFRC is determined as 39 °, which is slightly higher than the value of 30 ° for

conventional concrete due to an improved ductility of the material. Consequently, the envelope

of the yield function was characterised with parameters defined as above.

Specified equivalent plastic strains £”, which are z'andz", were detailed in the following
equations based on available elasto-plastic responses of concrete under uniaxial compression
or direct tension to help the determination of aforementioned failure mechanism of yield

function. To be more specific, by excluding the elastic strains (.2 and .2 ) from the total

measurement of elasto-plastic responses of concrete ( o and, ) obtained experimentally,

compressive inelastic strain (sl”) and tensile cracking strain (efk) were subsequently obtained,

as demonstrated from eq.10 - 13.

eh=g,—&8 =g, —0./E, (10)
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O S Y (12)
CT (1-d)E,
~pl ck dt on

A i & 1
Et 8t (1—dt) Eo ( 3)

Furthermore, scalar (compressive and tensile) damage parameters (dc , dt) are derived from

available elasto-plastic responses of concrete obtained experimentally, and they are critical for
the accurate prediction of load-displacement relationships and cracking patterns of RC column

under concentric or eccentric loads.

O
dc =1- L (14)
026"+ %
’ 0
d =1-2 (15)

3.2.5. COMPARISONS AND DISCUSSIONS

3.2.5.1. Comparisons of experimental and simulated results

Comparisons of experimental and FEA simulated results for all UHPFRC members are given
in Table 3-2-3, and the load-lateral deflection (P-diateral) relationships obtained experimentally
and numerically are exhibited in Fig. 3-2-11. It can be seen that the failure locations of all
UHPFRC members predicted by the FE model have a high correlation to the failure locations
observed in the experimental program shown in Table 3-2-2; for specimens SL-0 and SL-beam,
the failure locations were accurately predicted. Furthermore, the ratios between FE simulations
to experimental results pertaining to Pu, dip, diu, My, Is, 110, and Rs 10 are also summarised in the

Table 3-2-3. Based on the ratios reported in the Tables, it is worth noting that the mean of these
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ratios ranges from 0.95 t01.08 and the corresponding standard deviation found to be 0.02-0.16,

and thereby this further highlight the high correlations between FE simulations and

experimental results.

Table 3-2-3. Comparisons of experimental and FE simulation results for all UHPFRC

members
Specimen Failure location Pu—ﬂ 5|p—ﬂ Ourem Murem lsrem  lorem  Rsio rem
(mm) Proo  Open Ouer Miep  loep e Ry 10-exp
SL-0 +350 to +660 1.04 067 1.06 0.78 1.02 1.02 -
SL-35 -100 to +100 1.00 1.06 0.88 1.02 0.98 1.02 1.12
SL-50 -80 to +80 099 101 098 1.00 1.01 1.08 1.19
SL-85 -40 to +40 1.04 098 0.98 1.04 0.99 0.97 0.92
SL-beam -135t0 +135 1.00 1.01 1.01 1.00 - - -
Mean 1.01 095 0.98 0.97 1.00 1.02 1.08
Standard deviation 002 016 0.07 0.11 0.02 0.05 0.14

* “+” is above and “-“is below middle height of columns and middle span of the beam

Meanwhile, the load - lateral deflection (P - diaterar) relationships shown in Figs. 3-2-11 (a) to

(e) further emphasize the high accuracy of FE simulations comparing to experimental results

for both slender UHPFRC columns and the beam.
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Figure 3-2-11. Comparisons among experimental results and FE simulation for UHPFRC
columns loaded with different eccentricities: (a) concentrate; (b) eccentricity = 35 mm; (c)

eccentricity = 50 mm; (d) eccentricity = 85 mm; () UHPFRC beam

3.2.5.2. Comparisons of failure mode
With concrete damage parameters (dc : dt) defined and input in the CDP model, FE models

were able to reproduce the compressive and tensile damage patterns of UHPFRC members,
and further comparisons between experimental observations and simulated damage patterns
are shown in Fig. 3-2-12 and 3-2-13. As presented in Fig. 3-2-12 (a), the concrete spalling at

the top region of the column observed from the experiment was appropriately reproduced by
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the damage pattern obtained from FE simulations, and more specifically, severe damaged
regions with a maximum damage level of 98.1% highly match the concrete crushed regions
observed from the tests. Compressive damage patterns for eccentrically loaded columns SL-
35, SL-50, and SL-85 are demonstrated in Fig. 3-2-12 (b)-(d), where a wedge shape of region
featured with a high damaged level is commonly observed from all compressive damage
patterns. A typical compressive concrete wedge with a damage level of 97.5% shown in the
simulated damage pattern of column SL-35 has a high agreement with the elevation view of
the actual concrete crushed region presented in Fig. 3-2-12 (b), and similar patterns appear
through the comparisons in Fig. 3-2-12 (c) and (d). It is also worth mentioning that the damage
level of simulated damage pattern and its area of damage both reduced with an increase in the
eccentricity of loading, and this finding can be further clarified by the observations and
comparisons in actual crushed regions as illustrated in Fig. 3-2-12 (b)-(d). Furthermore, the
high accuracy and reliability of the FE modelling also reflected in the simulation of the
UHPFRC beam subjected to four-point flexural bending, for instance, a small region of
concrete spalling located at the top of the beam and adjacent to the loading plate as observed
in the experiment has been accurately simulated and presented in the compressive damage

pattern shown in Fig. 3-2-12 (e).
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Figure 3-2-12. Comparisons between failure mode and compressive FE cracking pattern: (a)
Concentrate column; (b) eccentricity = 35 mm; (c) eccentricity = 50 mm; (d) eccentricity =

85 mm; (e) beam

Similarly, an observation that a single flexural tensile crack occurred at the middle-height
region is commonly observed in all eccentrically loaded UHPFRC columns, and hence been
successfully captured by the FE model, as presented in Fig. 3-2-13 (a)-(c). In particular, for
specimen SL-85, a severe major tensile crack occurred at the middle height of the column with
few minor cracks distributed at the concrete surface, and this observation has been
appropriately simulated by the FE model and the corresponding tensile cracking pattern is
shown in Fig. 3-2-13 (c). Furthermore, two flexural tensile cracks initiated at the bottom of
the UHPFRC beam propagated upwards and stopped just underneath the loading plates, which
has been reproduced by the FE models and the corresponding tensile cracking pattern is shown

in Fig. 3-2-13 (d). In conclusion, FE model exhibited a high accuracy in predicting both the
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load-middle height deflection responses and the concrete damage (compressive and tensile)

patterns, which further highlight the applicability and reliability of the developed FE models.
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(d)
Figure 3-2-13. Comparisons between failure mode and FE tensile cracking pattern: (a)
eccentricity = 35 mm; (b) eccentricity = 50 mm; (c) eccentricity = 85 mm; (d) UHPFRC

beam;

3.2.5.3. Comparisons of load-moment interaction curves

By combining experimental results of slender UHPFRC columns subjected to eccentric loads
(eccentricity from 0 mm to 85 mm) and the beam, a completed load-moment (P-M) interaction
envelope was generated as shown in Fig. 3-2-14. Figure 3-2-14 also shows the load-moment

(P-M) interaction envelope obtained from FE simulations and this shows a close agreement
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with the test results. It is also worth mentioning that even the loading lines developed from the
FE model closely match with the loading lines attained experimentally. For the slender
UHPFRC column subjected to concentric load, FE model slightly overestimated (within 4.3%)
the load-bearing capacity of the column and this may due to the edge effects of randomly
distributed fibre as well as the inhomogeneous nature of the concrete matrix in a full-scale

structure that potentially compromised the compressive strength of the UHPFRC.

3500 4. €=0mm ~+-Experimental result
3000 N - FE simulation

2500
2000
- 1500
1000

500

P (kN)

Load

Moment, M (KN.m)

Figure 3-2-14. Load-Moment interaction diagram for UHPFRC slender columns

3.2.6. PARAMETRIC STUDY FOR SLENDERNESS EFFECT

An extended parametric study was conducted to investigate the effects of the slenderness of
the slender UHPFRC columns was conducted through FE modelling very good correlation as
discussed in section 3.2.5. To conduct the parametric study, the UHPFRC columns with the
same cross-section details and material properties of the tested specimens but the length of the

columns were increased to study the influence of slenderness on the structural responses.
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Specifically, additional four different lengths of UHPFRC columns were introduced in the
extended parametric study including 2025 mm, 2450 mm, 2875 mm, and 3300 mm, and
corresponding slenderness ratios ( A ) were calculated by complying with the AS 3600 with

eq.16-17 defined below:

i _Kly (16)
9
ry= L\ (17)

where k represents an effective length factor which depends on the boundary and lateral bracing
conditions of columns (k = 1 defined for pin to pin condition); lu stands for the length of column
without supports; and rq is defined as radius of gyration, which is also defined by the second
moment inertia | and cross-section area A of the column. The initial slenderness ratio ( A ) for
tested columns was 37, and then the values of slenderness ratio of columns investigated in the

parametric study increased to 47, 57, 67, and 77, respectively.

Table 3-2-4. Effects of slenderness ratio (1) of the slender UHPFRC columns
Slenderness

Eccentricity ratio Oomm 35mm 50mm 85mm
A=37 3199.3 1233.9 910.2 480.5
A=47 3212.5 1033 753.4 421.6
Pu (kN) A=57 31945 832.6 619.1 372.2
A=67 3137.8 662.2 509.7 323.5
A=T7 1696.6 532.9 421.6 279.1
A=37 0.6 14.5 20.5 26.6
A=47 0.4 24.8 314 34.6
oip (mm) A=57 0.3 32.4 40.2 50.5
A=67 0.1 42.7 50.6 63.1
A=TT 0.8 55.6 62.4 78.9
A=37 1.9 61 64.1 53.6
A=47 1.3 61.7 61.3 50.4
Mu (KN.m) A=57 1.0 56.1 55.9 50.4
A=67 0.3 51.5 51.3 47.9
A=TT 1.4 48.3 47.4 45.7
o A=37 2.6 7.1 7.7 7.9
A=47 2.5 6.7 7.6 7.1
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A=57 2.3 6.4 7.6 6.5
A=67 2.1 6.2 7.6 5.5
A=T7 2.1 6.2 6.4 5.4
A=37 0 41.7 58 59.2
A=47 0 47.8 60 41.3
Rs.10 A=57 0 33.8 56.4 324
A=67 0 18.3 49.8 9.4
A=T7 0 10 21.2 0

Numerical results obtained from extended parametric studies are summarized in Table 3-2-4.
Generally, comparisons in Table 3-2-4 indicate that the load bearing capacity (Pu) decrease
with an increase in slenderness ratio, and it is also worth mentioning that the Py value of
concentrically loaded column decrease significantly when the slenderness ratio ( A ) reached
to 77 with a nearly 50% of reduction compared to concentrically loaded columns with a
slenderness ratio of 67. Hence, it can be inferred that slenderness ratio (A = 77) is a threshold
value for a slender UHPFRC column potentially causing global buckling when it is subjected
to pure axial load, and the corresponding load bearing capacity is severely reduced. Moreover,
comparisons regarding Jip in Table 3-2-4 show that the corresponding magnitudes increase
with an increase in slenderness ratio for eccentrically loaded slender UHPFRC columns. In
contrast, the magnitude of Mu decrease with an increase in slenderness ratio for eccentrically
loaded columns, and the balanced condition for the slender UHPFRC column also influenced
by the increase in slenderness ratio; for instance, the balance condition for A = 37 is 50 mm,

when A >37 the balanced condition changed to an eccentricity corresponding to 35 mm.

With the results reported in Table 3-2-4, it can be found that the magnitude of l1o gradually
decrease with increases in the slenderness ratio, particularly, for eccentrically loaded column
with an eccentricity of 85 mm; this is nearly 32% of decrease in the values of 110 due to the
slenderness ratio increasing from 37 to 77. Note that, although the values of lio decrease

gradually with increases in slenderness ratio, the areas under the curves of P-¢ relationships of
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slender columns presented in Fig. 3-2-15 decrease significantly with increases in slenderness
ratio, and the magnitudes of areas are strongly correlated to the values of Rs 10 reported in the
Table 3-2-4. Hence, it is inferred that an increase in slenderness ratio significantly affects the

capability of the column to withstand the residual load.

Figures 3-2-16 (a) to (d) illustrate the —P-diateral relationships of slender columns with varying
slenderness ratios subjected to axial loads with different eccentricities. It is worth noting that
for eccentrically loaded columns presented in Fig. 3-2-16 (b) to (d), the slope of ascending
branch of the curves decreases with an increase in slenderness ratio, and the following
descending branch trends to behave like the response of the flexural members with a gradually

decreasing load and a relatively large lateral displacement.
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Figure 3-2-15. P-¢ relationships of slender columns subjected to axial loads with

eccentricities: (a) e=0 mm; (b) e=35 mm; (c) e=50 mm; (d) e=85 mm
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Figure 3-2-16. P-diateral relationships of slender columns subjected to axial loads with

eccentricities: (a) e=0 mm; (b) e=35 mm; (c) e=50 mm; (d) e=85 mm

Axial load-moment (P-M) interaction envelopes with various column slenderness ratios are
illustrated in Fig. 3-2-17, and the comparisons between the envelopes indicate that increasing
column slenderness results in reductions in both the values of eccentric axial loads and
corresponding moments. Furthermore, when the slenderness ratio increases up to 77, it is
suggested that the axial load is significantly reduced due to the column buckling in the
compressive failure range before reaching to the balanced condition. Therefore, in order to
maintain a good value for squash load (Nuo) for the type of slender UHPFRC columns tested in

this study, the upper value for slenderness ratio should be restricted to 67.
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Figure 3-2-17. Load-Moment interaction diagram with different column slenderness ratios

3.2.7. CONCLUSION

In this study, the slender UHPFRC columns were analysed using FE model developed by

incorporate a novel CDP model and the numerical results are then further extended to conduct

a parametric study for investigating the influences of slenderness on the structural responses of

the slender UHPFRC columns. The major conclusions from this study are:

e An increase in the eccentricity of the axial load from 0 mm to 35 mm results in a huge drop
in the value of the load bearing capacity (Pu), with increase with the corresponding values
of ductility indices (Is, l10) and residual strength factor (Rs, 10) which indicate an improve
ductility.

e In order to conduct the analysis regarding the structural response of the slender UHPFRC
columns and the UHPFRC beam, FE models accurately simulated the structural
behaviours, damage patterns, and load-moment (P-M) relationships with the established
material properties of both UHPFRC and steel reinforcements.

e By conducting a parametric study with the developed FE models, the influences of

slenderness ratio (A ) in regards to the structural performance are investigated. It can be

190



inferred that the magnitudes of Py, My, l10, and Rs 10 decrease with an increase in the values
of A ; particularly, the increases in the values of A significantly reduce the residual
strength and stability of the column.

e Based on the parametric study conducted numerically, it is worth mentioning that the
slenderness ratio (A = 77) is a threshold value for the design application of a slender
UHPFRC column as the high slenderness potentially causing global buckling when the
column is subjected to pure axial load.

e Comparisons of load-moment (P-M) generated from the parametric study indicate that the
areas under the envelope for the design purpose of the slender UHPFRC columns reduce
significantly when the slenderness ratio reached to 77, and this can be inferred that the
maximum value for slenderness ratio should be restricted to 67 for this type of UHPFRC

columns tested at the University of Adelaide.
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CHAPTER 4. Experimental and numerical investigations on concrete filled
carbon FRP tube (CFRP-CFFT) columns manufactured with ultra-high-

performance fibre reinforced concrete

Introduction

This chapter contains the paper entitled “Experimental and numerical investigations on
concrete filled carbon FRP tube (CFRP-CFFT) columns manufactured with ultra-high-
performance fibre reinforced concrete”. It presents both experimental and numerical
investigations for studying the structural responses of concrete filled carbon FRP tube (CFRP-
CFFT) UHPFRC columns subjected to concentric and eccentric axial loads. Subsequently,
finite element (FE) analysis was also conducted to simulate the behaviours of these columns

along with generating the corresponding damage patterns of UHPFRC filled CFRP tubes.
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Experimental and numerical investigations on concrete filled carbon FRP tube (CFRP-
CFFT) columns manufactured with ultra-high-performance fibre reinforced concrete
Fang, C.}, Mohamed Ali, M.S.%, Sheikh, A.H.
1School of Civil, Environmental and Mining Engineering, The University of Adelaide, SA

5005, Australia

ABSTRACT:

This study aims to investigate the structural responses of five concrete filled carbon FRP tube
(CFRP-CFFT) columns manufactured with ultra-high-performance fibre reinforced concrete
(UHPFRC) under concentric or eccentric loading protocols with eccentricities ranging from
0.067D (depth) to 0.57D (depth). One CFRP-CFFT UHPFRC beam with the same cross-
section configuration used for columns was subjected to four-point flexural bending.
Furthermore, finite element (FE) analysis incorporating concrete damage plasticity (CDP)
model was also conducted to simulate the behaviours of CFRP-CFFT UHPFRC members; the
corresponding load-axial displacement and load-lateral deflection relationships were
numerically generated to compare with the experimental results. FE simulations exhibit a high
correlation compared to experimental results, which further highlights the applicability of FE
modelling in predicting the structural response of the CFRP-CFTT UHPFRC members. A load-
moment (P-M) interaction envelope was generated from the FE modelling to facilitate the
development of a design guideline of CFRP-CFFT UHPFRC columns subjected to axial load

with a varying eccentricity.

Keywords: Concrete filled carbon FRP tube (CFRP-CFFT); Column; Concentric and eccentric

loads; Finite-element analysis (FEA); Ultra-high performance fibre reinforced (UHPFRC)
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4.1. INTRODUCTION

High-performance based designs are increasingly being adopted to replace deteriorating
infrastructures in order to cater for the increased urbanization and the limited availability of
land in many cities. Limitations in mechanical strengths and material durability of conventional
concrete limit its applications to fulfil requirements of the high-performance based design such
as the needs for concrete with a high strength to weight ratio, higher seismic resistance,
corrosion resistance from the chlorine penetration, and these shortcomings can be addressed
with the development of Ultra-high performance fibre reinforced concrete (UHPFRC). With
the rapid advancement in concrete material technology, UHPFRC, a specially formulated
cement-based composite generally characterized with superior mechanical properties (with
compressive strength greater than 150 MPa and ductile tensile strength characteristics),
exceptional ductility, high durability and corrosion resistance and hence it possesses enormous
potential in the high-performance based designs. Recent research on UHPFRC deals largely
with the effects of fibre orientation on its tensile or flexural behaviour [1-5], applications of
retrofitting reinforced concrete (RC) structural members [6-11], performance of UHPFRC
member subjected to blasts or impact loads [12-16] and flexural behaviours of UHPFRC beams
[6, 7, 8, 11,14]. These studies demonstrated that using UHPFRC with an optimal fibre content
and type for constructing structural members would prevent concrete spalling and achieve
significant enhancement in structural performances such as shear capacity [3, 5, 7-11], flexural
moment capacity [6-9, 11, 12], and high impact resistance [12-16] compared to that of

structures made with conventional concrete.

Due to its superior material characteristics, UHPFRC is also more suitable for designing
heavily loaded columns of high-rise structures compared to conventional construction
materials [17]. Recently, a number of studies were undertaken to explore the structural
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behaviour of UHPFRC columns under axial loading conditions [17-23]. A life-cycle cost study
regarding the application of UHPFRC columns in high-rise buildings was conducted by
Empelmann et al. [17], and this involve comparing both energy demand and total costs among
high strength concrete column, UHPFRC column, and composite column; this study showed
that UHPFRC is highly economical for manufacturing axially loaded members. Additionally,
an empirical model to predict the load bearing capacity for concentrically loaded UHPFRC
column was proposed, and the model was further improved in a later study conducted by Steven
and Empelmann [18]. Other research efforts have been focussed on exploring the axial loading
behaviour on short UHPFRC columns by differing the transverse reinforcement pattern, stirrup
spacing, and fibre volume fraction [19-21]. Examinations of structural performance for
UHPFRC columns studied by Hosinieh et al. [19] indicated that reducing the spacing of
transverse reinforcement led to significant enhancements in the peak strength, post-peak
ductility, and toughness index of the UHPFRC columns, while increasing the confinement by
changing the tie configuration only improved the total toughness index of the columns. Similar
observations were also reported in the studies conducted by Shin et al. [20, 21], wherein the
inclusion of steel fibres was found to be efficient in controlling the spalling of concrete cover
and in improving the core concrete strength and post-peak ductility of UHPFRC columns with

a high confinement.

Columns in practice normally subjected to combined axial compression and flexural bending
moment at the same time. To study the structural behaviours of UHPFRC columns under both
axial compression and flexural bending moment, Steven and Empelmann [18] conducted seven
columns subjected to axial loads with an eccentricity ranged from 5 mm to 75 mm, and the
corresponding load-moment interaction relationship and robustness index were investigated.

Furthermore, Aarup et al. [22] experimentally studied the structural performances of 57 slender
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UHPFRC columns under concentric or eccentric axial loads by varying a range of parameters
(slenderness, shape, size, reinforcement, and fibre content). Additionally, they also derived
formulas by suitably modifying classical methods for RC and they were able to predict the load
bearing capacities for the columns under different loading protocols. Hung et al. [23]
investigated the behaviour of slender UHPFRC columns under eccentric loading condition, and
importantly, it has been found that the moment magnifier approach stipulated by ACI-318
(2014) yields reasonable predictions for the moment capacity of the tested slender UHPFRC

columns.

Replacing normal strength concrete (NSC) by the UHPFRC in the construction of the high-
performance based designs of columns allows a significant reduction in both dimensions of
structural members, construction period, and life-cycle costs [24]. Nevertheless, concerns have
been raised regarding the stability and robustness of the UHPFRC columns with the occurrence
of early concrete spalling that potentially compromise the load bearing capacity and rigidity of
these columns. Therefore, there is a need to address this challenge of using UHPFRC for
building column with it externally confined by fibre reinforced polymer (FRP) which is well
recognized with its superior strength that can be fabricated as concrete-filled FRP tubes (CFRP-
CFFTs) to provide an easy solution for preventing early concrete spalling failure and
subsequently to enhance the load bearing capacity and ductility of the columns [25]. However,
it is recognized that there is a significant lack of investigation in structural response of CFRP-
CFFTs UHPFRC columns conducted experimentally, and limited numerical modelling to

predict their structural behaviour.
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To fill this research gap, therefore, an experimental study was conducted in this research for
exploring the structural performances of CFRP-CFFT UHPFRC columns under axial loads
with differing the eccentricities of loading. Moreover, a CFRP-CFFT UHPFRC beam was also
tested under four-point flexural bending to investigate its flexural bending capacity and hence
to generate an axial load-moment (P-M) interaction relationship. In addition to these tests, a
detailed of finite element (FE) analysis was carried out to develop a numerical modelling
method in conjunction with concrete damage plasticity (CDP) model and Hashin’s damage
models for FRP provided by a commercially available FE software ABAQUS to reproduce the
structural responses as well as concrete failure modes for all CFRP-CFFT UHPFRC members.
Subsequently, the results obtained from the FE models are then compared and validated against

the test results.

4.2. EXPERIMENTAL PROGRAM

Experimental program was carried out in two phases; firstly, the tests to evaluate material
properties and then the tests to evaluate structural behaviours of columns and the beam.
Specifically, material tests were conducted to obtain stress-strain responses of unconfined
UHPFRC under uniaxial compression or direct tension, and mechanical properties of the FRP
fabric used for manufacturing the FRP tube and this was characterized by conducting direct
tensile tests on FRP coupons. To obtain the stress-strain relationship of UHPFRC under lateral
confinement pressure induced by the transverse reinforcements, a uniaxial compression test
was conducted on UHPFRC cylinders subjected to uniform lateral confinement pressure.
Hence, these obtained material properties were used as the fundamental inputs for the finite
element (FE) analysis to simulate the behaviours of UHPFRC members. The major objectives
for conducting structural member tests on UHPFRC members were to study the structural

responses of CFRP-CFFT UHPFRC columns loaded either concentrically or eccentrically and
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to generate a load-moment (P-M) interaction envelope for developing design guidelines for

CFRP-CFFT UHPFRC columns.

4.2.1. UHPFRC mixture and mixing procedure

To manufacture UHPFRC, sulphate resistant cement (SRC) and silica fume (SF) were used as
the binder and clean washed river sand was used as the only aggregate. The other ingredients
used are water and high range water reducer (HRWR) admixture. The corresponding mix ratios
by weight are sand: SRC: SF: water: HRWR = 1: 0.79: 0.21: 0.120: 0.061. As depicted in Fig.
4-1(a), a total volume of 1% steel fibre consisting of 75% of micro straight fibres and 25% of
Hooked-end fibres with the weight proportions of 0.026 and 0.0776 were added to the mixture
to attain a ductile tensile behaviour, and the corresponding material properties of both micro
straight fibres and Hook-end fibres are presented in Table 4-1. Initially, all the dry ingredients
were mixed thoroughly in a pan mixer for 5 minutes. After that, water and high range water
reducer (HRWR) were added and the wet mixture was mixed further to achieve a good
flowability and then steel fibres were added and the mixing was continued for a few more

minutes to ensure a uniform distribution of the fibres.

Table 4-1. Steel fibre properties

Diameter, Length, Aspectratio, 1 choHe Young's modulus

Fibre type strength, of steel fibres,
di(mm)  Lf(mm) L+ /ds f (Mpa) Ex (Mpa)

Micro fibre: Straight 0.2 13 65 2850 210000

Hook end Dramix 3D-65/35 BG 0.55 35 65 1345 210000
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(b)
Figure 4-1. Manufacture materials of CFRP-CFFT UHPFRC members: (a) micro steel fibre

and macro steel fibre; (b) CFRP fabric

4.2.2. FRP tubes fabrication

To fabricate the concrete-filled FRP tubes (CFRP-CFFTs) for CFRP-CFFT UHPFRC
structural members, a high strength carbon fibre fabric featured with a predominantly

unidirectional pattern as shown in Fig. 4-1 (b) was used. Although such a fabric has excellent
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tensile strength along the fabric direction, it has negligible tensile resistance along the direction

perpendicular to the fibre direction.

4.2.3. Material tests
Specimen configuration and testing setup regarding material tests are detailed in Fig. 4-2, and

the corresponding test results are shown in Fig. 4-3. The details are as follows:

4.2.3.1. Uniaxial compression and direct tensile tests on UHPFRC

As stipulated by AS 1012 (2014), three cylinders with a 100 mm in diameter and 200 mm in
height were casted and tested under uniaxial compression with a loading rate of 0.05
mm/minutes for determining of compressive stress-strain response. One 30 mm long strain
gauge was vertically placed at the middle region of the cylinder to obtain the young’s modulus
(Ec), peak strain (ec) of UHPFRC, and one 10 mm strain gauge was perpendicularly placed to
the 30 mm strain gauge to measure the corresponding Poisson’s ratio (v) of UHPFRC. Two
LVDTs were placed at corners of the Universal test machine (Seidner) to generate the complete
compressive stress-strain (oc - &c) response, as shown in Fig. 4-2 (a). To determine the direct
tensile behaviours of UHPFRC, an unnotched dog-bone specimen shown in Fig. 4-2 (b) with
dimensions of 120 mmx120 mm at the middle height of the specimen were tested by applying
the loading at the rate of 0.05 mm/min. One LVDTs with a gauge length of 300 mm was placed
at the middle region of the dog-bone for determining the tensile stress-strain (ot - &ct) response
from elastic to post-cracking stage, and a typical tensile cracking failure was observed in the
middle region of the dog-bone specimens, as shown in Fig. 4-2 (b). From these tests, the
compressive strength (fc), tensile strength (ft), and Young modulus (Ec) of UHPFRC are
estimated to be 145.2 MPa, 5.9 MPa, and 32.3 GPa, respectively, and the corresponding

compressive and tensile strains (ec and &t ) at the peak strengths are 4847 and 939 micro strain,

207



respectively. Furthermore, the corresponding stress-strain (oc - ec and oct - &ct) responses of

UHPFRC under compression and tension are illustrated in Fig. 4-3(a) and (b).

4.2.3.2. Flat FRP coupon test

In-plane tensile material properties of the carbon FRP (CFRP) tube was obtained by conducting
tests on three flat CFRP coupons. By adhering to ASTM D3039/D3039M (2017) [26], each
coupon was prepared and fabricated by three layers of CFRP sheets that was impregnated with
the epoxy-based saturant. As shown in Fig. 4-2 (c), the CFRP coupons have dimensions of 300
mm in length, 15 mm in width, and an average thickness of 1.32 mm. These coupons were
placed in stainless steel mould in longitudinal direction and cured for about 24 hours, and then
two aluminium tabs with dimensions of 15 mmx80 mm was bonded to the FRP coupon at both
ends. After an additional 7 days of curing at the ambient temperature, a strain gauge with a
gauge length of 20 mm was placed at the middle region of the coupon for measuring the
corresponding stress-strain relationship. In accordance with ASTM standard D3039/D3039M
(2017), the fabricated CFRP coupons were tested under direct tension in the machine, as shown
in Fig. 4-2 (c), and corresponding linear-elastic stress-strain (orrp.t -€Frp,t) response shown in
Fig. 3 (c) was obtained to establish the ultimate tensile strength (fw), ultimate tensile strain (ew),
elastic modulus (Esf), and hoop fibre rupture strain (enr), as listed in Table 4-2. Note that the
tested ultimate tensile strength and strain were within the range of the manufacturer-supplied

properties of the carbon fibres provided in the same table.
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Table 4-2. Properties of carbon fibres used as FRP tube

Provided by manufacturer Obtained from coupon tests
Nominal Ultimate Ultimate . . .
fibre tensile Elastic Modulus, tensile U_Itlmate_ Elastic Hoop f|br<_a
. tensile strain,  Modulus,  rupture strain,
thickness, strength, Efrp (Mpa) strength, e (%) Er (Mpa) e (%)
tp (MM/ply)  firp (Mpa) fuu (Mpa) v P r
0.167 1720-3690  152000-580000 2142.08 1.01 211494.95 0.71

4.2.3.3. Uniaxial compression tests on actively confined UHPFRC

In order to explore the compressive stress-strain (o-¢) response of UHPFRC with lateral
confinement pressure induced by stirrups, three identical cylinders with a diameter of 63.5 mm
and a height of 120 mm were placed in the Hoek cell and tested in the Instron machine
complying with AS 2193 (2017), as presented in Fig. 4-2 (d). According to the confinement
model for high strength concrete (HSC) proposed by Razvi and Saatcioglu [27], the lateral
confinement stress (o2 =03 =5.80 MPa) provided by transverse reinforcement was estimated as
5.80 MPa, and this uniformly distributed lateral pressure was applied through the hydraulic oil
filled in the Hoek cell. Furthermore, the axial displacement (daxiat) and load (P) response of the
confined cylinder was experimentally extracted from the tests, as presented in Fig. 4-3 (d), and
the daxial - P response was then used in the FE model to define the material property of core

concrete inside the steel stirrups.
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Figure 4-2. Material tests: (a) uniaxial cylinder compressive tests and compressive failure mode;

(b) uniaxial tensile tests and cracking pattern under direct tension; (c) direct tensile tests for
CFRP coupons; (d) uniaxial cylinder compressive tests on UHPFRC with active confinement

provided by Hoek cell
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4.2.4. Structural member tests

4.2.4.1. Specimen detail

All CFRP-CFFT UHPFRC members were constructed with the same batch of the UHPFRC
mix to ensure the consistency of experiments, and an additional 1 % by volume of steel fibres
were added to the concrete mix to comply with the stipulations of ASTM A820 (2016) [28].
Details of structural member tests in conjunction with the corresponding instrumentation and
test setups are shown schematically in Figs. 4-4 and 4-5. All UHPFRC members were featured
with a square cross-section with a dimension of 150 mm and corner radius of 20 mm, as
exhibited in Fig. 4-4 (a). Furthermore, both the columns and the beam were reinforced by four
longitudinal steel rebars with a diameter of 12 mm and 8 mm transverse reinforcements with a
dimension of 110 mm, and transverse reinforcements were placed at a spacing of 85 mm with
a clear cover of 20 mm, as shown in Fig. 4-4 (a). To manufacture the CFRP-CFFT tubes for
UHPFRC members, a varied layering process was employed: 2 layers of longitudinal CFRP
strips followed by 2 circumferential FRP layers on the top (90°/90°/0°/0°), and overlap
layers with a length of 142 mm were used at the two corners of the column to prevent debonding
in the hoop direction, as presented in Fig. 4-4 (a). This FRP layering method proposed by Malik
and Foster [29] aims to activate the internal longitudinal FRP fibre to sustain the tensile stress
induced by the flexural bending, and hence to prevent the buckling of the column and to
mitigate stress concentration of the circumferential CFRP layers. Specimen designations of the
CFRP-CFFT UHPFRC members are detailed in Table 4-3: the first letter “C” denotes
“Confined” and the second letter “C” stands for “Column”. The following numbers indicate
the eccentricity of the axial load acting on the column, but a notation “beam” was used to

describe the CFRP-CFFT UHPFRC beam under four-point bending. For example, “CC-35”
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denotes that the confined CFRP-CFFT UHPFRC column was axially loaded with an

eccentricity of 35 mm.

4.2.4.2. Instrumentation

All five CFRP-CFFT UHPFRC columns with a total height of 1000 mm were tested in the
Amsler machine under axial loading with varying eccentricities of 0, 10, 35, 50 and 85 mm, as
demonstrated in Fig. 4-4 (b). To provide appropriate eccentricities for the applied axial loads,
steel caps were used at the top and bottom of the CFRP-CFFT columns with loading pivots
attached to the top and the bottom of the steel plate, respectively, as shown in Fig. 4-4 (b). To
capture the lateral deformations of the columns at the eastern side of the column, LVDTs 1-3
with a gauge length of 100 mm were placed horizontally pointing to the compressive face of
the column with a constant spacing of 200 mm (presented in Figs. 4-4 (c) and 4-5 (a)), and
meanwhile, LVDT-4 was installed at the middle height of the column at the opposite side to
measure corresponding lateral displacement (presented in Figs. 4-4 (c¢) and 4-5 (b)).
Furthermore, the global axial displacements of the columns were measured by LVDTs 5 and 6
that were placed at the northern and southern sides of the columns, respectively, as depicted in
Figs. 4-4 (c) and 4-5 (c). To monitor the strain variations of the external CFRP tube in both
vertical and horizontal directions, three 30 mm strain gauges (SG1-3) and two 10 mm strain

gauges (SG4-5) were placed on the CFRP, as illustrated in Figs. 4-4 (d) and 4-5 (d).

A CFRP-CFFT UHPFRC beam with a clear span of 1750 mm was also tested by subjecting it
to four-point bending through a 1000 kN capacity Avery machine with two equal concentrated
loads (spaced with 200 mm) applied on the top of the beam. To capture the vertical

displacements at the middle span, LVDTs 1-3 with a gauge length of 200 mm were placed at
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the bottom of the beam with a constant spacing of 200 mm, as shown in Figs. 4-4 (e) and 4-6.
Moreover, five strain gauges (SG1-5) with a gauge length of 30 mm were placed horizontally
across the depth of the beam and distributed with a spacing of 25 mm for measuring the strain
profile of CFRP tube crossing the entire middle span. To capture the hoop strain of the beam,
strain gauge 6 (SG6) with a gauge length of 10 mm was placed vertically and perpendicularly

to the lateral centreline of the beam, as exhibited in Figs. 4-4 (e) and 4-6.

Longitudinal Layer 1 Circumferential
o Layer 1
Longitudinal Layer 2

Circumferential
Layer 2

Overlap Length =142 mm

Steel reinforcement 1-4 diameter (¢) = 12 mm

Steel stirrups diameter (¢) = 8 mm at 85mm
C/C throughout

Corner Radius (R) =20 mm
(@)
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Figure 4-4. Test specimens’ details and instrumentation set up: (a) cross-section of the CFFTs-
UHPFRC beam and columns and configuration of CFRP layers; (b) concentrically and
eccentrically loaded CFFTs-UHPFRC columns; (c) Configuration of LVDTs 1-4; (d)

experimental setup of strain gauges 1-5; (e) four point-bending tests for the CFFTs-UHPFRC

beam.

LVDTs 1-3
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(c) (d)
Figure 4-5. Structural test setup for CFFTs-UHPFRC columns: (a) LVDTs 1-3 measuring

lateral deflection at compression face; (b) LVDTs 4 measuring lateral deflection of the middle
height of the column at tension face; (c) LVDTs 5, 6 measuring global axial deformation of the

column; (d) strain gauges (SG) 1-5 measuring the localized strain on CFRP

4.2.4.3. Testing procedure

All CFRP-CFFT UHPFRC columns were tested by using Amsler testing machine having a
maximum capacity of 5000 kN, and the columns were initially tested under a load-controlled
protocol with a constant loading rate of 50 kN/minute until the applied axial load reached the
maximum, and then a displacement controlled loading protocol with a steady rate of 0.15
mm/min was adopted to load the column. An Avery universal testing machine with a capacity
of 1000 kN was used to test the CFRP-CFFT UHPFRC beam, and the load was acting through

two loading pivots simultaneously, as shown in Figs. 4-4 (e) and 4-6. Similarly, the beam was
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initially tested under a load-controlled protocol with a loading rate of 50 kN/minutes until the
load reached the maximum, and the beam was then tested under a displacement-controlled

protocol with a steady rate of 0.15 mm/min.

Figure 4-6. Structural test setup for CFFTs-UHPFRC beam

4.3. COLUMN TEST RESULTS AND OBSERVATIONS

4.3.1. Load bearing and flexural moment capacities and corresponding deflections

Structural performance of CFRP-CFFT UHPFRC columns including the location of failure,
strain of FRP, load bearing capacity (Pu), moment capacity (Mu), and corresponding deflections
(Orateral-peak, Oaxial-peak, aNd Jaxial-ult) are summarised in Table 4-3. Column CC-0 was used to
determine the squash load capacity and it completely failed when the maximum axial load Pu
= 3710.8 kN. Through the comparisons between columns CC-0 and CC-10, it is worth
highlighting that a slight increase in the loading eccentricity from 0 to 10 mm did not reduce
drastically the load bearing capacity (Pu), but the flexural moment capacity (Mu) of the column

increasing from OKN.m to 38.49 kN.m further emphasize the high robustness and ductility of
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the CFRP-CFFT UHPFRC columns eccentrically loaded with an eccentricity lower than 10
mm. With the eccentricity increased from 10 mm to 35 mm, more than 35% of reduction in Py
was observed from the comparisons between columns CC-10 and CC-35, and a further increase
in the eccentricity of the load (from 35 mm to 50 mm) results in a 42% of decrease in the values
of Pu. Hence, it can be inferred that for CFRP-CFFT UHPFRC columns subjected to eccentric
loads, the load-bearing capacity for the columns is sensitive to a further increase in the
eccentricity above 35 mm. Corresponding lateral deflections (di-p) and axial deflections (da-p)
at the peak are listed in the Table 4-3 and the relationship between lateral (Jiaterar) Or axial (daxiat)
deflections and applied load (P). It is worth noting that the lateral deflection of column (Jiateral-
peak) at the peak increases with an increase in the eccentricity of axial loading. By comparing
the magnitudes of the flexural bending moment capacities (Mu) in Table 4-3, it can be found
that the column CC-35 has the highest moment capacity (Mu = 96.78 kN.m) among all tested
CFFT-UHPFRC columns. Hence, it can be inferred that the balanced condition for the tested

CFRP-CFFT UHPFRC columns occurred when the eccentricity of the axial load reached to 35

mm.
Table 4-3. Test results of all columns and beam
Specimen Eccentricity  Failure location EFRP Pu-exp Olp-exp  Oap-exp  Oau-exp Mu-exp
e (mm) (mm) (1s) (kN)  (mm) (mm) (mm) (kN.m)
CC-0 0 +75 to +350 8770 3710.8 0.2 6.4 6.4 0
CC-10 10 +100 to +350 9514 3694.2 0.4 7.6 8.2 38.5
CC-35 35 +110 to +300 9933 2407.5 5.2 5.1 12.5 96.8
CC-50 50 -80 to +85 10133 1398.0 8.1 4.2 15.8 81.3
CC-85 85 -65 to +50 10174 774.2 13.5 6.1 11.3 76.3
CC-beam - -125to +120 10068 101.7 21.0 - - 35.6

* “+” is above and “-” is below middle height of columns and middle span of the beam
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4.3.2. Failure Mode and location

Typical failure modes of CFRP-CFFT UHPFRC members observed during the experiments
are presented in Fig. 4-7. It was observed that columns CC-0 and CC-10 failed in an explosive
manner associated with FRP fibre rupture at one corner of the column along with a minor
concrete spalling and the crack propagated rapidly and vertically along the corner with cracking
noises, as shown in Fig. 4-7 (a). Furthermore, the failure location of CC-0 ranged from 75 mm
above the middle height of the column up to the location 350 mm above the middle height of
the column, and a similar failure location was reported for column CC-10, as listed in Table 4-
3. Compared to columns CC-0 and CC-10, a similar cracking pattern of carbon FRP tube was
observed during the test of specimen CC-35, but the damages of the carbon FRP tube and
formation of a plastic hinge which composited by a compression spalling and a flexural tensile
crack were occurred slowly, and the corresponding failure location appeared from the location
110mm above the middle height of the column and extended to the place 300mm above the
middle height of the column. For CFRP-CFFT UHPFRC columns loaded with eccentricities of
50 mm and 85 mm, a severe tensile crack appeared at the middle height of the column and the
external bonded FRP tube was initially ruptured at the tensile face of the middle height of the
column and the crack gradually opened and propagate fully ruptured in the circumferential
direction until fully ruptured, as presented in Fig. 4-7 (b). In Table 4-3, the failure location of
the column CC-50 ranges from 80 mm below the middle height of the column up to 85 mm
above the middle height, and the failure location of the column CC-85 is slightly smaller than
that of the column CC-50 (-65 mm to +50 mm). For the simply supported CFRP-CFFT
UHPFRC beam under four-point bending, a flexural tensile crack appeared from the bottom of
the beam and accompanied by a serve FRP rupture propagating from the bottom of the beam

all the way up to the top of the beam, as illustrated in Fig. 4-7 (c).
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Figure 4-7. Failure modes of: (a) CFFTs-UHPFRC columns (e=0 mm, 10 mm, 35 mm); (b)

CFFTs-UHPFRC columns (e=50 mm, 85 mm); (¢) CFFTs-UHPFRC beam
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4.4. FINITE-ELEMENT (FE) MODELLING

Fundamental material properties of unconfined and confined UHPFRC, steel reinforcements,
and CFRP under different stress states were determined using the recommended material tests
(Section 2.3), which are utilised in the finite element (FE) modelling to simulate the behaviours
of CFRP-CFFT UHPFRC beam and columns. Previous studies demonstrated encoring features
of finite element modelling in terms of its capabilities for accurately simulating UHPFRC
members [30-32] to predict their corresponding structural behaviours. To simulate the damage
and its evolution of CFRP, an elastic-brittle material with anisotropic behaviour, the inelastic
material model based on Hashin’s damage criteria has been employed in this study. The
concrete damage plasticity (CDP) model has been used for the inelastic material behaviour of
UHPFRC. For this purpose, the steel reinforcements have been modelled with elasto-plastic
material model with hardening and softening behaviours as reported by Fang et al. [30]. In this
study, FE modelling has been undertaken in conjunction with the above material models
utilising a reliable FE code (ABAQUS) to simulate the responses of CFRP-CFFT UHPFRC
members under different loading conditions. This is to extract the variations of axial load vs
axial deflection (P-daxiar), axial load vs lateral deflection at mid-height/span (P-diatera), and

failure mechanisms of FRP as well as UHPFRC.

4.4.1. FE modelling the CFRP-CFFT UHPFRC primary members

The three-dimensional (3D) hexahedral solid elements with eight nodes (C3D8R) based on the
reduced integration technique has been used to model the UHPFRC beams/columns where the
portion outside the transverse reinforcements (stirrup) having a hollow cross-section and the
central solid part have been created separately and they are combined together (using tie
constrains between them) as shown in Fig. 4-8 (a). The intention of this is to assign material

properties of unconfined UHPFRC to the outside region while assign those of actively confined
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UHPFRC to the central part. The laminated composite shell element having quadrilateral
curved shape with four corner nodes (S4R) has been used to model the CFRP tube as shown in
Fig. 4-8(b) that has been externally bonded on the UHPFRC members using tie constrains (the
concrete surface has been defined as a master surface and the inner surface of the FRP tube has
been defined as a slave surface). In all cases, four layers of CFRP plies with a fibre orientation
of 90%90°/0°0° (90° indicates fibre orientation along the member axis) have been used.
Furthermore, both transverse (stirrup) and longitudinal steel reinforcements have been
modelled with 3D truss elements having 2 end nodes (T3D2) as shown in Fig. 4-8 (c) and 4-8
(d). These truss elements have subsequently been embedded within the solid elements
modelling UHPFRC where a perfect bonding between the reinforcements and the UHPFRC is
established by the embedded feature. Hence, all essential elements have been assembled

together to obtain the CFRP-CFFT UHPFRC members as exhibited in Fig. 4-8 (e).
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(e)
Figure 4-8. Finite element (FE) modelling of: (a) UHPFRC cross-section; (b) CFRP tube; (c)

embedded transverse steel reinforcement; (d) embedded longitudinal steel reinforcement; (e)

assembled cross-section of CFFTs-UHPFRC members

4.4.2. Modelling of the CFRP-CFFT UHPFRC columns

Figure 4-9 shows the FE modelling of a column along with other components for its testing
and some details of the loading process. The actual geometry of steel caps consisting of a square
ring and a flat plate used in real experimental setup shown in Fig. 4-4 (b) is simplified slightly
in the FE model (square ring: length/height = 120 mm, thickness = 45 mm; flat plate: length =
500 mm, breadth = 350 mm, thickness = 65 mm) as shown in Fig. 4-9(a). In addition, steel
loading plates (length = 250 mm, width = 100 mm, and thickness = 50 mm) have been used at
the end of two steel caps as shown in Fig. 4-9 (b) to apply the axial loads. The steel caps and
loading plates have been modelled in ABAQUS using hexahedral solid elements (C3D8R) and
elasto-plastic material model but the martial behaved elastically in all cases. The standard
surface-to-surface contact algorithm consisting of hard contact for the normal behaviour and

penalty friction contact with coefficient of friction = 0.1 for the tangential behaviour has been
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adopted to define the interaction between steel caps and column ends. Tie constrains have been

used between steel caps and loading plates.

In order to simulate the post-peak response of these members successfully, the displacement
control algorithm has been adopted to load/deform these members. For this purpose, a reference
point (RP) located at the geometrical centre of the lower loading plate external surface but little
bit away from that as shown in the Fig. 4-9 (b) has been created. A multipoint coupling
constraint has been defined between the RP and the external surface of the loading plate to
apply axial load with an eccentricity by steadily increasing the vertical displacement
component of the RP (displacement components along X and Y axis at the translational line
are restrained but rotations are free) at a constant rate of 0.15 mm/min vertically upwards. It is
to be noted that the upper loading surface has been restrained at the translational line (all
displacement components) along Y (Fig. 4-9 (b)) of its external surface. The loading plates at
the two ends should be perfectly aligned to have same eccentricity at both ends. In order to get
different values of eccentricity, the loading plates are shifting symmetrically but they were
firmly connected with the steel caps using bolts in real case. Before analysing of CFRP-CFFT
UHPFRC members with different eccentricities, a convergence study has been conducted to
get an optimum mesh size, which indicated elements having 20 mm size are adequate for
concrete, steel reinforcements, and steel caps while this is 10 mm for the CFRP tube. This has

been adopted in the present study as shown in Fig. 4-9 (c).

4.4.3. Modelling of the CFRP-CFFT UHPFRC beam
The FE modelling of the beam subjected to four-point flexural bending along with the details
of loading configurations are illustrated in Fig. 4-9 (d). Two supporting plates placed

underneath of the bottom surface of the beam have the same dimensions as the loading plate
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shown in Fig. 4-9 (b), in which the width of steel plates (100 mm) is aligned to the span of the
beam. Two loading plates with a 50 mm in width, a 50 mm in depth, and a 250 mm in length
were placed above the top surface of the beam, as presented in Fig. 4-9 (d). The same
displacement control algorithm applied to the columns has been applied here to load the beam
by creating a RP located at the middle span of the beam but slightly above the upper surface of
the loading plates. A multipoint coupling constraint has been defined between the RP and the
upper surface of the loading plate to apply flexural bending by steadily increasing the vertical
displacement component of the RP (displacement in X and Z directions are fully restrained) at
a constant rate of 0.15 mm/min vertically downwards. Furthermore, a boundary condition with
all translational displacement restrained and free rotation about the X-axis was assigned to the
transitional line of the lower face of the supporting plates. The same surface-to-surface contact
(standard) interaction properties used in the modelling of the columns was also adopted to the
contact interfaces between the supporting plates to the beam as well as the loading plates to the

beam.
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Figure 4-9. Finite element (FE) modelling of: (a) CFFTs-UHPFRC column; (b) configurations

and dimensions of steel and loading plates; (c) meshed CFFTs-UHPFRC column; (d) CFFTs-

UHPFRC beam and embedded steel reinforcements

4.4.4. Concrete failure model

Concrete damage plasticity (CDP) model [33] is a plasticity-based continuum damage
mechanisms model that couples the elasto-plastic response of concrete with its damage
behaviour under multi-axial stress state to investigate the behaviour of concrete structures
under various loading conditions. The elastic behaviour is simply represented by the
undamaged elastic modulus of concrete (Eo) and Poisson’s ratio (v) assuming concrete as an
isotropic material. The plasticity of material is considered using the irrecoverable plastic
deformation in the strain hardening and softening branches in compression while strain-
softening branch in tension. A non-associated plasticity model is used where a yield function
proposed by Lubliner [33] with some modifications by Lee and Fenves [34] is employed to
check the material yielding and a plastic potential in the form of Drucker-Prager hyperbolic
function incorporating dilation angle is used to determine the plastic flow. Scalar damage
parameters (separate variables for tension and compression) are used for the degradation of
material stiffness where the evolution of damage parameter is based on stress for tension and
inelastic strain for compression. Specifically, the yield function (F) and the plastic potential

(G) as stated above is taken in the following form.
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where T is the von Mises/equivalent stress (based on effective stress as indicated by the bar

A

above q) , 7 is the hydrostatic pressure, and T max s the maximum principal stress. The other

— ~ pl — ~pl
terms in above equations are: ©° (ec) and o) are equivalent compressive and tensile

. . . . ~ pl ~ pl
stresses in terms of corresponding accumulated plastic strains z.” and & (these stresses are
actually obtained from experimentally measured uniaxial stress-strain curves by substituting

the accumulated plastic strains of a multi-axial stress state scenario as the uniaxial plastic

strains); & is the eccentricity that defines the rate at which the curve approaches to the
asymptote; o,, is the initial uniaxial tensile strength, obtained from the characterised tensile
behaviours; ¢ is the dilation angle measured in the p-q plane; o,, is the initial yield stress
obtained from bi-axial compression test with equal stress in both directions; and o, is the
initial yield stress obtained from uniaxial compression test; and ke is the ratio of second stress

invariant on the tensile and compressive meridians at an initial yield condition. The value of

K, varies from 0.5 to 1.0 and this is taken as 2/3 while the value of & is taken as 0.1 in this
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study. The bi-axial stress ratio (o,,/o,,) is commonly taken as 1.16 for normal concrete but

based on some previous studies [30-32], the value of this parameter is taken as 1.05 for
UHPFRC in the present study. Similarly, based on the observations in some studies [30, 32],
the value of dilation angle for UHPFRC is taken as 39° in this study while a commonly used

value of this parameter is 30° for normal concrete.

Fig. 4-10 shows typical uniaxial stress-strain (o-¢) curves of UHPFRC obtained from
compression tests of UHPFRC cylinders and direct tensile tests of UHPFRC dog bone

specimens. In the presence of damage, the strains (¢, ,¢,) are decomposed in terms of elastic

strains (&, £ ), inelastic (compression) or cracking (tension) strains (&', &™), and plastic

. | ~pl | ~pl
strains (& =¢c , & =&t ) as follows.

‘c"(i:n =& _82:: =&, —0; / E(} (6)

gtCk =& _8;1 =& — 0y / E() (7)

g% O ®)
(1_dc) E0

;tp' =gt - d o (9)
(1_dt) Eo

Both damage parameters (d,, d,) will have a value ranging from 0 to 1 to specify an

undamaged and fully damaged scenarios, respectively. Our previous study [35] indicated that
a good prediction of these damage parameters from the uniaxial stress-strain curves can be

achieved with the following equations, which are also used in the present study.

(10)
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Figure 4-10. Concrete damage plasticity model: (a) compressive stress-strain; (b) tensile stress-
strain

4.4.5. FRP failure model

In the FE modelling of the structural members, the progressive failure analysis of fibre-
reinforced composites used for CFRP tubes, the Hashin’s failure criteria [36, 37] are used to
indicate the initiation of damage. Specifically, this failure theory consists of four failure
functions (initiation of damage), which are based on four independent failure modes namely,
fibre failure in tension; fibre failure in compression; matrix failure in tension; matrix failure in

compression.

Fi = (25 + a2y -1<0 , ou20

(12)

chz(aé)z—lso, o1 <0 (13)
(‘722)2 +(“2 )2-1<0, 022 >0 (14)

233



— . _ B
Fn :(ZO-SZZL)Z +{(2YST )2 —1}%+ %)2 -1<0,022 <0 (15)

- - = . T C . . .
where o1, o2, 712 are effective stresses components; X', X~ are longitudinal (along fibre

direction) tensile and compressive strengths; ' , Y€ are transverse (perpendicular to fibre

direction) tensile and compressive strengths; and st : ST are longitudinal and transverse shear
strengths. These the strength parameters used in this study are provided in Table 4-4. The
parameter & used in Eq. (12) is to include the effect of shear stress on fibre failure initiation
in tension. The value of the parameter is taken as 1.0 in the present study as used by Hashin

[36].
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Table 4-4. Summary of mechanical properties for FRP-Composites

Elastic Hashin’s Damage Model
Elastic Poisson's —
: Shear modulus (Gpa)  Longitudinal ~Longitudinal ~Transverse  Transverse  Longitudinal — Transverse
modulus (Gpa) ratio ) ) . )
Tensile Compressive  Tensile ~ Compressive Shear Shear
. e G s G Strength, Strength, Strength, Strength, Strength, Strength,
| 2 Viz 12 13 2z XT(MPa) X¢ (Mpa) Y (Mpa) Y (Mpa) S, (Mpa) S, (Mpa)
21149 7.93 0.35 5.3 5.3 4 2142.08 1414 37 169 134 120
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The four damage variables corresponding to the four above mentioned failure modes are

replaced in terms of three damage parameters (fibre damage, matrix damage and shear damage)

by the composite failure model and it helps to express the effective stress tensor o in terms of

true stress o using the damage operator M consisting of the three resulting damage parameters

as follows.

oc=Mc (16)
- o o )
(1-d;)

M=| 0 L 0 (17)

- (1-d,)
0 0 !

L (l_ds)_
d! (if oy >

T e
d¢ (if o1 < 0)

dm::{dmﬁff?zZO) 19)
d¢ (if 022 < 0)

d, =1-(1-d})@-d{)(a-d;)@-d;) (20)

where d,, d , and d, are damage parameters, internal variables, corresponding to fibre,

matrix, and shear failure modes, respectively, and d}, d¢, d; , and d: are the damage

parameters corresponding to the four independent failure modes, respectively.
With these damage parameters, the constitutive equation of fibre reinforced composite

materials after damage initiation can be expressed as follows.

c=C,¢ (21)
1-d)E  (@-d)A-d)v,E, O
Co=—|@-d)A-d VE,  @-d)E, 0 (22)
D
0 0 (1-d,)GD
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D=1-(1-d,)@-d,)v,V,, (23)

where C, is the damaged elasticity/stiffness matrix; & the strain vector; E, is the elastic
modulus in the fibre direction, E,is the elastic modulus in the transverse direction; G is the
shear modulus; v,,and v,,are Poisson’s ratios. All these material properties of CFRP are also
included in Table 4-4. It is worth mentioning that the values of E,,v,, and X are obtained

from the coupon tests undertaken in the present study while the other properties are determined

from the study conducted by Hoang [38].

The modelling of material response after damage initiation is based on stress-displacement

relationship utilising fracture energy (G°) in order avoid mesh sensitivity in the analysis. A
bi-linear stress-displacement relationship (elastic with linear softening model) along with the
evolution of damage parameter as shown in Fig. 4-11 is used that is applicable for the four

failure modes as mentioned earlier. The displacement at the final failure when the damage

H H H f c 0
parameter will be 1.0 (Fig. 4-11) can be determined from the fracture energy (5, = 2G"/ o)
where agq is the strength of the specific failure mode. During the analysis, the strains produced
at an integration point within a load step are used to express equivalent displacement &,, at

that point, which is used to determine the damage parameter from Fig. 4-11 as follows.

S (8., — 02
_ eq( e? e;)q) (56(; Sé‘eqéé‘e;) (24)
5eq (56q _5eq)

where 5; is the equivalent displacement when the damage will initiate (Eqg. (12)-(15)). The

equivalent displacement &, for the four failure modes are estimated as follows.

Fibre in tension: &,, = Lﬂ/(gllf +ag, (25)

Fibre in compression: &,, = L° (=¢;) (26)
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Matrix in tension: &,, = L° (522>2 +&, (27)

Matrix in compression: &,, = L° <—6‘22>2 +&l (28)

Where L° is the characteristic length that is dependent on the size and type of the element.
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Figure 4-11. Equivalent stress-equivalent displacement response and linear damage evolution

4.5. VALIDATIONS OF FE MODEL

4.5.1. Comparisons of experimental and simulated results

The load-axial displacement (P- daxiat) and load - middle height/span lateral displacement (P-
Olateral) relationships that were obtained experimentally and numerically are illustrated in Figs.
4-12 and 4-13, respectively, and these figures indicate generally a high agreement between FE
simulation and test results. This can also be specifically corroborated by the comparisons
between results obtained from FE simulations and the corresponding test results that the ratios
between FE simulation to test results for Py, dip, dap, and My are found to be 0.99 to 1.06 with
a standard deviation (SD) ranges from 0.006-0.055; hence this indicates a very strong

correlation between FE simulation and test results. It can be seen that the failure locations of
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CFRP-CFFT UHPFRC members predicted by the FE model closely agrees with the

corresponding failure locations obtained in the tests (Refer to Tables 4-3 and 4-5).
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Figure 4-12. Load (P) and axial displacement (daxial) relationships obtained from experiments
results and FE simulations for CFFTs-UHPFRC columns loaded with different eccentricities:
(a) concentrate; (b) eccentricity = 10 mm; (c) eccentricity = 35 mm; (d) eccentricity = 50 mm;

(e) eccentricity = 85 mm
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Figure 4-13. Load (P) and lateral deflection at mid-height/span (Jiaterar) relationships obtained
from experiments results and FE simulations for CFFTs-UHPFRC members loaded with
different eccentricities: (a) eccentricity = 35 mm; (b) eccentricity = 50 mm; (c) eccentricity =

85 mm; (d) beam
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Table 4-5. Comparisons of experimental and FE simulation results for all CFTT-UHPFRC

members
Specimen F_allure Pu-rem / Pu-ex Olp-FEM / Olp- Oap-FEM [ Oap- Mu-Fem / Mu-
Iocatlon (mm) P P p-exp ap ap-exp u u-exp

CC-0 +75 to +350 1.00 1.00 1.01 1.00
CC-10 +100 to +340 0.99 0.93 0.92 0.99
CC-35 +180 to +360 0.98 1.04 1.01 0.99
CC-50 -70to +70 0.98 1.05 1.05 0.99
CC-85 -55 to +50 0.99 1.03 1.06 0.99
CC-beam -120 to +120 0.98 0.98 - 0.98
Mean 0.99 1.01 1.01 0.99
Standard deviation 0.008 0.045 0.055 0.006

* “+” is above and “-“is below middle height of columns and middle span of the beam

4.5.2. Comparisons of damage pattern regarding CFRP tube

In this study, the rupture failure of CFRP tube mainly contributed to the tension, and the

corresponding damage patterns of CFRP are represented by the damage parameters of d} , d,

(Refer to Eq.(18)-(19)). Furthermore, the information of these two damage parameters are also
provided by ABAQUS with the contours of DAMAGEFT - fibre tensile damage;
DAMAGEMT - matrix tensile damage, as presented in Fig. 4-14 to represent the damage
patterns of the CFRP tubes. Comparisons between the experimental observation and FE
simulated damage indicate that a qualitative agreement between the experimental and FE
simulated damage patterns can be seen. Note that the damages in DAMAGEFT and
DAMAGEMT are identical for column CC-10. The damage pattern DAMAGEMT shown in
Fig. 4-14 (a) successfully simulated the rupture of CFRP in vertical direction as observed in
the tests. It is also worth highlighting that the both fibre and matrix damage patterns at the
plastic hinge areas of column CC-50 and the beam were accurately simulated and exhibited in
Fig. 4-14 (c) and (d), for instance, the fibre damage (DAMAGEFT) initiated from the corner
of the column CC-50 at inner 2 longitudinal layers of CFRP and propagated circumferentially

across the middle height of the column, and the matrix damage (DAMAGEMT) of outer 2
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circumferential layers of CFRP occurred subsequently due to the opening of the tensile flexural

cracking.
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Figure 4-14. Comparisons between localized failure pattern and FE simulated damage patterns (DAMAGEFT and DAMAGEMT) of CFRP tube:
(a) eccentricity = 10 mm; (b) eccentricity = 35 mm; (c) eccentricity = 50 mm; (d) beam
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4.5.3. Comparisons of failure mode regarding UHPFRC
The concrete damage parameters were defined using values of d, and d, (refer to Eq. 9 and

10), and these were input into the CDP model. FE model exhibited a high accuracy in predicting
both the load-middle height deflection responses and the concrete damage (compressive and
tensile) patterns as shown in Figs.4-15 and 4-16, which further highlight the applicability and
reliability of the developed FE models. For example, compressive damage patterns for
eccentrically loaded columns CC-35 and CC-50 are demonstrated in Fig. 4-15 (b)-(c), where a
wedge shape of region featured with a high damage level is clearly observed from all
compressive damage patterns. A typical compressive concrete wedge with a damage level of
82.5% shown in the simulated damage pattern of column CC-35 and this agrees well with the
actual concrete crushed region shown in Fig. 4-15 (b). Similar observations appear through
the comparisons in Fig. 4-16 (c) with a damage level of 94.3%. For CFRP-CFFT UHPFRC
columns loaded with an eccentricity of 35 mm, a single flexural tensile crack occurred close to
the location of top steel cap has been successfully simulated by the FE model as presented in
Fig. 4-16 (a) with a severe damage level of 98%. Furthermore, for both columns CC-50 and
CC-85, a severe major tensile crack occurred at the middle height of the column, and this
observation has been appropriately simulated by the FE model and the corresponding tensile

cracking pattern is shown in Fig.4-16 (b).
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Figure 4-15. Comparisons between failure modes and compressive FE damage patterns: (a)

eccentricity = 10 mm; (b) eccentricity = 35 mm; (c) eccentricity = 50 mm
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Figure 4-16. Comparisons between failure modes and tensile FE damage patterns: (a)

eccentricity = 35 mm; (b) eccentricity = 50 mm

4.5.4. Comparisons of load-moment interaction curves

By combining the results obtained from the FE simulation for CFRP-CFFT UHPFRC columns
loaded with eccentricities from 0 to 85 mm and the CFTT-UHPFRC beam subjected to four
point bending, a complete load-moment (P-M) interaction envelope was generated in
conjunction with the experimental results, as indicated in Fig. 4-17. The load-moment (P-M)
interaction curve generated by FE simulation agrees very well with the corresponding curve
obtained experimentally. Note that the ratios of Pu-rem / Pu-exp and Mu-Fem / Mu-exp IS almost

equal to 1 with very low standard deviations (SD) of 0.008 and 0.006, respectively.
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Figure 4-17. Load-Moment interaction diagram for CFRP-CFFT UHPFRC columns

4.6. CONCLUSIONS

This paper presents the results of an experimental and numerical study aimed to investigate the

structural mechanism of five CFRP-CFFT UHPFRC columns subjected to concentric and

eccentric axial loads together with a simply supported CFRP-CFFT UHPFRC beam subjected

to four-point bending. Based on the discussions and results presented in this study, the

following major conclusions can be drawn:

e A slight increase in eccentricity of loading from 0 mm to 10 mm only leads to a minor
reduction in the magnitude of the Pu but induces a considerable enhancement in the values
of My, and a further increase in the eccentricity of loading above 35 mm would significantly

affect both magnitudes of Py and Mu.
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e Based on comparisons in load-moment (Pu - Mu) interaction relationship in present study,
it is suggested that the balanced failure of the CFRP-CFFT UHPFRC columns commences
when the eccentricity of loading is increased to 35 mm.

e To analyse the structural performance of the CFRP-CFFT UHPFRC members, FE models
were successfully developed using only the fundamental material properties of the
constituents of the beam and the columns and these models exhibit a good correlation with
test results.

e Developed FE models were able to simulate accurately the structural response (P - Jaxial
and P - Oiaterar) Of the tested CFRP-CFFT UHPFRC columns and the beam in this study,
and the corresponding damage patterns of CFRP tubes and concrete were also successfully
simulated. It is worth noting that the proposed load-moment (P-M) interaction envelope
has a high correlation with the corresponding curve obtained experimentally, and it forms

a foundation for the future design of the CFRP-CFFT UHPFRC columns.
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CHAPTER 5. Conclusions and Future Work

5.1. INTRODUCTION

The detailed scientific findings from this body of thesis work and suggestions for promoting
future investigations are summarised in this chapter. In this thesis work, the research primarily
focused on issues pertaining to UHPC and UHPFRC from the level of material characteristics

and then extended to the level of structural responses and the details are as follows:

(1) The first major area of research was to study the relevant critical factors that dominate both
the dry and autogenous shrinkage characteristics of the UHPC and hence to propose
effective techniques to reduce the shrinkage strain and the corresponding impacts.
Subsequently, characteristic tests were conducted to address the major underlying
mechanisms corresponding to the experimental observations.

(2) The second major area of research was to investigate the effects of the different
characteristics of fibre such as fibre volume fraction, the fibre aspect ratio, and the type of
steel fibre on the total and autogenous shrinkage mechanisms.

(3) The third major area of research was to develop structural mechanics based analytical
procedures to accurately simulate the structural responses of short UHPFRC columns
subjected to either concentric or eccentric axial loads. Additionally, finite element (FE)
analysis was also conducted to simulate both the structural responses and corresponding
damage patterns of the short columns.

(4) The fourth major research area was to investigate the structural behaviour of slender
UHPFRC columns by conducting a series of structural testing on slender UHPFRC
columns subjected to either concentric or eccentric axial loads. Subsequently, FE analysis
was conducted to simulate both the structural responses and corresponding damage patterns;
the FE modelling was also extended to conduct a parametric study for investigating the
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influences of slenderness ratio in regards to the corresponding structural responses such as

the load bearing capacity, moment capacity, ductility index, and residual strength factor.

(5) Lastly, detailed investigations were performed to experimentally study the structural

performances of CFRP-CFFT UHPFRC columns loaded concentrically and eccentrically.
Furthermore, FE analysis was conducted in conjunction with the concrete damage plasticity
(CDP) model for concrete and Hashin’s damage model for CFRP to simulate the structural

responses and corresponding damage patterns for both UHPFRC and CFRP tubes.

5.2. INVESTIGATIONS IN SHRINKAGE CHARACTERISTICS OF UHPC

In this investigation, total shrinkage and autogenous shrinkage strains were measured and

compared. The main parameters investigated in this study are the binder to sand ratio ranged

from 0.8 to 1.266, volume content of shrinkage reducing agent (SRA), and percentage of

crushed ice dosages substituting the normal tap water. The major conclusions from this study

are as follows:

Autogenous shrinkage of the UHPC decreases with an increase in the binder to sand ratio
due to the restraint effects of remaining unreacted binders in UHPC which reduced the
autogenous shrinkage strain values.

An increase in the binder to sand ratio in the UHPC mix leads to a decrease in the porosity
of the concrete. For UHPC prepared using a lower binder to sand ratio, the abundance of
crystalline ettringite and C-H in the pores and cracks in the concrete minimized the drying
shrinkage of the concrete.

A binder to sand ratio of 1 is the optimal ratio for UHPC to achieve the minimum

autogenous and dry shrinkage strains without a reduction in the compressive strength.
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e Additional dosage of SRA is effective in reducing the autogenous shrinkages (up to 55%
at 90 days with 3% of SRA dosage), but the corresponding compressive strength also
reduced with an increase in the dosage of the SRA.

e The replacement of half of the normal mixing water by crushed ice in a UHPC mix can
reduce the autogenous shrinkage values of the UHPC up to 22% and has nearly no effect
on the drying shrinkage properties of the UHPCs. This technique is cost-effective and easier

to apply in any cast in-situ or pre-casting constructions.

5.3. INVESTIGATIONS OF THE EFFECTS OF STEEL FIBRES ON THE
SHRINKAGE OF UHPFRC

Having established an optimal UHPC mixture with a binder to sand ratio of 1, additional steel
fibres with dosages from1.5% to 2.5% were added to the mixture to investigate their influences
associated with the corresponding shrinkage strains. Effects of fibre aspect ratios of 45, 65, and
80, and the fibre types (hooked end fibre and straight fibre) were experimentally studied. Direct
pull-out tests were also conducted on specimens in which steel fibres were embedded in the
UHPC, and the corresponding results were interpreted to explain the underlying mechanism
governing the magnitudes of both autogenous and drying shrinkages. The following major

conclusions can be drawn based on the test results on the shrinkage properties of the UHPFRCs:

e Incorporation of discrete steel fibres into a UHPC matrix can significantly reduce the total-
and autogenous- shrinkage due to the restraint effects induced by the bond stress between
the fibres and matrix. The evaluations of measurements also revealed that an increase in
fibre volume fraction or fibre aspect ratio results in significant reduction of both total and

autogenous shrinkage magnitudes.

258



It was found that adding steel fibres with hooked ends into the UHPC matrix is more
efficient than adding the straight micro-fibres into the UHPC matrix for the purpose of
reducing the total and autogenous shrinkage values.

In reducing the shrinkage strains, the aspect ratio of the fibre is not as influential as the
volume fraction and the shape of fibre on the long-term shrinkage properties of the

UHPFRCs.

5.4. NUMERICAL AND FE MODELLING OF SHORT UHPFRC COLUMNS

In this study, a numerical model was developed based on the moment-rotation (M/6) approach

incorporating the partial-interaction (PI) mechanism using concrete and reinforcement material

properties in these model successfully simulated the structural responses such as load-axial

deflection (P-daxiai) or load-middle height deflection (P-Jmid) relationships of the short

UHPFRC columns when they are either subjected to concentric or eccentric loads, and the

following conclusions can be made:

With the fundamental material properties of concrete and steel reinforcements obtained the
P-dmia relationships of eccentrically loaded columns without resorting to costly and time-
consuming structural tests on UHPFRC columns.

The proposed axial load-moment (P-M) interaction envelopes generated in this study
accurately predict the behaviors of short column loaded with various eccentricities, and this
highlights the reliability of the numerical models in simulating the behaviors of
eccentrically loaded UHPFRC columns. Therefore, it can serve as the basis for further
research and design of the UHPFRC columns.

FE simulations successfully reproduced the damage patterns of UHPFRC members under

different loading conditions. Comparisons of these simulated damage patterns indicate that
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the compressive damage level of short UHPFRC columns decreases with an increase in the

eccentricity of the axial load.

5.5. EXPERIMENTAL AND NUMERICAL INVESTIGATIONS SLENDER UHPFRC

COLUMNS AND THE CORRESPONDING EFFECTS OF SLENDERNESS

In this study, the slender UHPFRC columns were analysed using FE model developed by

incorporate a novel CDP model and the numerical results are then further extended to conduct

a parametric study for investigating the influences of slenderness on the structural responses of

the slender UHPFRC columns. The major conclusions from this study are:

An increase in the eccentricity of the axial load from 0 mm to 35 mm results in a huge drop
in the value of the load bearing capacity (Pu), with increase with the corresponding values
of ductility indices (Is, l10) and residual strength factor (Rs, 10) which indicate an improve
ductility.

In order to conduct the analysis regarding the structural response of the slender UHPFRC
columns and the UHPFRC beam, FE models accurately simulated the structural behaviours,
damage patterns, and load-moment (P-M) relationships with the established material
properties of both UHPFRC and steel reinforcements.

By conducting a parametric study with the developed FE models, the influences of
slenderness ratio (A ) in regards to the structural performance were investigated. It can be
inferred that the magnitudes of Pu, My, l10, and Rs 10 decrease with an increase in the values
of A ; particularly, the increases in the values of A significantly reduce the residual
strength and stability of the column.

From the simulated results, it can be inferred that the magnitudes of load bearing capacity,

moment capacity, ductility index and residual strength ratio decrease with an increase in
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the values of slenderness ratio, and a threshold value of the slenderness ratio was found to

be to prevent the occurrences of the global buckling in UHPFRC slender columns.

5.6. EXPERIMENTAL AND NUMERICAL INVESTIGATIONS ON CFRP-CFFT

UHPFRC COLUMNS

In this study, the both experimental and numerical investigation were carried out to understand

the structural mechanism of five CFRP-CFFT UHPFRC columns subjected to concentric and

eccentric axial loads together with a simply supported CFRP-CFFT UHPFRC beam subjected
to four-point bending. Based on the discussions and results presented in this study, the
following major conclusions can be drawn:

e A slight increase in eccentricity of loading from 0 mm to 10 mm only leads to a minor
reduction in the magnitude of the Pu but induces a considerable enhancement in the values
of My, and a further increase in the eccentricity of loading above 35 mm would significantly
affect both magnitudes of Py and Mu.

e Based on comparisons in load-moment (Pu - Mu) interaction relationship, it was suggested
that the balanced failure of the CFRP-CFFT UHPFRC columns commences when the
eccentricity of loading is increased to 35 mm.

e To analyse the structural performance of the CFRP-CFFT UHPFRC members, FE models
were successfully developed using only the fundamental material properties of the
constituents of the beam and the columns and these models exhibited a good correlation

with test results.
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5.7. SCOPE FOR FUTURE WORK
Having both the shrinkage characteristics in the material of UHPC and structural responses of
UHPFRC axial members investigated further extensions of the investigation on UHPC and

UHPFRC should be undertaken:

1. To fully understand the material properties of UHPC or UHPFRC in a time dependent

behaviour, influences of both compressive and tensile creep can be investigated.

2. It is also worth developing a numerical model for quantifying the influences of the
compressive and tensile creep with regards to the corresponding compressive and tensile

strength based on a well-organised database.

3. Having proposed numerical models that successfully simulated the structural response of
short UHPFRC columns, it can be further extended to simulate the structural behaviours of

slender columns.

4. Itis worth to extend both experimental and numerical investigations on UHPFRC columns
which were subjected to lateral cyclic loads, as limited studies are available on the seismic
response of UHPFRC columns and the design codes require enrich databases for their

recommendations.

5. Beam-column joint assembly play a crucial role both during the design and construction
stages of a high-rise building. They are considered to be critical regions with complex stress
states and hence the concrete material properties plays a key role in maintaining the stability
of the structure. Considerable high strength and exceptional ductility of UHPFRC make it
an attractive option for replacing normal concrete to resist cyclic and seismic loads and this

area needs further research.
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5.8. SUMMARY

The major contribution of this thesis is towards the investigations of the shrinkage
characteristics and associated factors that affect the magnitudes of both drying and autogenous
shrinkage strains. This facilitates the optimization of the UHPC and UHPFRC recipes and
hence to widen the application of UHPC in the modern constructions. Moreover, the
development of the analytical approaches and FE modelling contribute towards developing

guidelines for the design of UHPFRC columns.
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APPENDIX 1. Published paper

Copy of Paper 1: Characterizations of Autogenous and drying shrinkage of ultra-high

performance concrete (UHPC): An experimental study (As published).

Copy of paper 3: Numerical and Finite-Element Analysis of Short Ultrahigh-

Performance Fiber-Reinforced Concrete Columns (As published).
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ARTICLE INFO ABSTRACT

Due to the high content of binder and low water to cement ratio, ultra-high performance concrete (UHPC),
exhibits higher levels of autogenous shrinkage compared to ordinary concrete. This shrinkage has been shown to
lead to a reduction in strength over time as a result of the formation of thermal and shrinkage cracks. Aiming to
mitigate the negative impacts associated with shrinkage, the efficacy of three different techniques to reduce the
impact of shrinkage are investigated, namely: reducing the binder content; incorporating high levels of shrinkage
reducing admixture; and using crushed ice to partially replace mixing water. The effects of these techniques are
experimentally investigated and the underlying mechanisms of the actions are characterized. It is found that
autogenous shrinkage predominates the overall shrinkage of UHPC and that the three techniques can effectively
reduce shrinkage without significantly compromising its mechanical strength. The results also suggest, that from
the perspective of reducing shrinkage: the optimal binder-to-sand ratio is in the range of 1-1.1; the optimal
dosage rate of shrinkage reducing admixture is 1%; and replacing of mixing water by crushed ice up to 50% by
weight has also induced a significant reduction in shrinkage.
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1. Introduction

Ultra-high performance concrete (UHPC) is characterized by very
high compressive strength and superior durability [1-5]. These char-
acteristics are typically achieved using mix designs with high quantities
of binder (cement and silica fume) and low water to cement ratios (in
the order of 0.2 or less). As a result, partially hydrated binder is often
present within the mortar resulting in an increase in autogenous
shrinkage [6,7] up to an order of magnitude greater than that of con-
ventional concrete [8-13]. Hence total shrinkage strains in UHPC (in-
cluding both the autogenous- and drying-shrinkage) are expected to be
higher than conventional concrete. This is significant as high early age
shrinkage strains may result in early age cracking [4,9,14-16]; and if
containing fibers, a reduction in strength over time due to the restraint
provided by fibers [9,11,17,18].

The importance of quantifying shrinkage strains has led to a number
of recent studies aimed at understanding the underlying mechanisms
governing autogenous shrinkage of UHPC and its impact on perfor-
mance. For example, experimental programs conducted by Yoo et al.
[15,19,20] and Sahmaran et al. [16,21,22] systematically examined the
effects of mixing proportion, curing condition, geometry and specimen
restraint on autogenous shrinkage of UHPC specimens. Research has
also identified several means for reducing both the magnitude of
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shrinkage strains, as well as the time over which they develop. For
example, Ro3ler et al. [23] have shown that by curing at a temperature
of 20 °C, a reduction of 85% in autogenous shrinkage strains is possible
compared to those obtained under at 90 °C heat curing. Alternatively
[24,25] have shown that it is possible to reduce drying shrinkage via
the inclusion of moisture retaining superabsorbent polymers into the
mix. These release water over time, replacing that lost due to hydration
and drying, resulting in a reduction of shrinkage strains of up to 75%.
The effects of shrinkage reducing admixtures on the autogenous
shrinkage of UHPC have been investigated by Refs. [11,26,27].

In this paper a standard UHPC mix which has been widely in-
vestigated at both the material [14,28,29] and member levels [1,30,31]
is taken as a baseline, and simple means for improving its dimensional
stability is investigated. Approaches considered in this study include:

e The use of iced water in the mix design to lower concrete tem-
perature and hence reduce the potential for autogenous shrinkage
and temperature induced deformations [32].

e Varying mix design proportions to identify the beneficial restraining
influence of (fine) aggregate, and the presence of unhydrated bin-
ders that may act as a filler providing additional dimensional sta-
bility.

e Varying mix design proportions to identify the reduction in
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Table 1
Mix proportion of the UHPCs.

Cement and Concrete Composites 91 (2018) 156-173

Mix Cement (wr) Silica fume Sand (wr) water (wr) Crushed ice SRA! (wr) SP? (wr) w/b b/s Paste weight Mixing water weight
(wr) (wr) fraction fraction
U-0.8 0.632 0.168 1.000 0.104 0.024 0.152 0.800 0.480 0.063
U-0.9 0.711 0.189 1.000 0.117 0.027 0.152 0.900 0.509 0.067
U-1.0/SRA-0/ 0.790 0.210 1.000 0.130 0.030 0.152 1.000 0.535 0.070
Ice-0
U-1.1 0.869 0.231 1.000 0.143 0.033 0.152 1.100 0.559 0.073
U-1.266 1.000 0.266 1.000 0.165 0.038 0.152 1.266 0.593 0.078
SRA-1 0.790 0.210 1.000 0.129 0.008 0.030 0.152 1.000 0.535 0.070
SRA-2 0.790 0.210 1.000 0.127 0.016 0.030 0.152 1.000 0.535 0.070
SRA-3 0.790 0.210 1.000 0.126 0.024 0.030 0.152 1.000 0.535 0.070
Ice-25/75 0.790 0.210 1.000 0.098 0.033 0.030 0.152 1.000 0.535 0.070
Ice-50/50 0.790 0.210 1.000 0.065 0.065 0.030 0.152 1.000 0.535 0.070

1, Containing 20% water.
2, Containing 70% water.

@

Fig. 1. Shrinkage test specimens: a) sealed prism for autogenous shrinkage measurement; b) unsealed prism for free total shrinkage measurements.

Table 2
Influence of binder-to-sand ratio on rheological properties of fresh UHPCs.

Specimen b/s ratio Slump (mm) Flow table (mm) J-ring (mm)
U-0.8 0.8 165 375 412
U-0.9 0.9 240 440 451
U-1.0 1 235 425 443
U-1.1 1.1 250 430 455
U-1.266 1.266 250 470 506
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Fig. 2. Effect of binder-to-sand ratio on autogenous shrinkage.

autogenous shrinkage due to a reduction in cementitious binder
content.

e The use of high dosages of conventional shrinkage reducing ad-
mixtures to physically reduce shrinkage by reducing the surface
tension in the concrete pore water.

For each approach investigated a range of material and
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Fig. 3. Effect of binder-to-sand ratio on free total shrinkage.

characterization tests are conducted to determine the relative effec-
tiveness of each approach, as well as the underlying mechanism of
action. It is envisaged that this work will assist in allowing concrete
technologists to decide on the most appropriate means for achieving the
desired reduction in shrinkage.

In the remainder of the paper the characteristics and constituents of
the UHPC materials investigated are first described. This is followed by
a description of the experimental method and tests conducted; finally,
the change in autogenous and drying shrinkage achieved by each ap-
proach is presented as well as a discussion of the mechanism of action.

2. Experimental program
2.1. Ingredients used for UHPC mix

Two types of cementitious binder were used, namely sulphate re-
sisting cement and silica fume. The sulphate resisting cement, which



T. Xie et al.

Cement and Concrete Composites 91 (2018) 156-173

1000 1000
= =
[+ <
£ 800 5 800
e e
g R st et R = S AU B
£ 600 f=m £ 600 ,,K-_""‘
= /’ = /
o— 7 = 4
£ 400 , £ 400 /
% / - —U-0.8-T o / —U-0.9-T
£ 200 £ 200
: - -U-08-A E --U-09-A
0 0
0 30 60 90 120 150 180 0 30 60 90 120 150 180
Curing time (day) Curing time (day)
(a) (b)
1000 1000
= =
] [
Z 800 S 800
S e g
Q Q p—
E 600 /,/—-""""""" E 600 —
= ’ = V8 I PR S R
‘= / ‘s /’,
£ 400 7 5 400 /[~
o / —U-1.0-T o / —U-1.1-T
£ 200 £ 200
' - - U-1.0-A £ - =U-11-A
20 20
0 30 60 90 120 150 180 0 30 60 90 120 150 180
Curing time (day) Curing time (day)
() (d)
1000
=
<
£ 800
2
Q
£ 600 T ol
£ /
g ISR P S, I
£ 400 foom =
% /r —U-1.266-T
S 200 |f-
£ - = U-1.266-A
20
0 30 60 90 120 150 180
Curing time (day)

contains 3-8% gypsum by weight, has a 28-day compressive strength of
60 MPa and a 28-day mortar shrinkage strain of 650 (microstrain) as
determined through the tests performed as per AS 2350. 11 [33] and AS
2350. 13 [34], respectively. The undensified silica has a bulk density of
635 kg/rn3 and has a silicon dioxide (SiO,) content over 89.6%. A
natural washed river sand with a maximum nominal grain size of
0.4mm was used as the fine aggregate for all UHPC mixes. A third

(e)

Fig. 4. Effect of binder-to-sand ratio on free drying component: a) U-0.8; b) U-0.9; ¢) U-1.0; d) U-1.1; (e) U-1.266.

generation high range water reducer with an added retarder was added
to each UHPC during the mixing. For the purpose of further minimizing
shrinkage, a shrinkage reducing admixture (SRA), which meets and
exceeds all requirements of Australian Standard 1478.1-2000 [35] as
special purpose admixture type (SN), was added to the UHPC mix with
different dosages. As an alternative to the use of an SRA, aiming to
prevent the generation of a large amount of heat and therefore
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Fig. 7. Effect of binder-to-sand ratio on variations of the internal temperature
with curing time.

thermally and chemically induced plastic shrinkage cracks, the use of
crushed ice to partially replace mixing water is also examined.

A total of ten batches of UHPC mortar were manufactured. The first
five batches of UHPCs designated as U- series were prepared using the
same water-to-binder (w/b) ratio but with different binder-to-sand (b/s)
ratios. A UHPC mix with a b/s ratio of 1.266 and w/b ratio of 0.152,
which was identified as optimal using the same raw materials in the
previous study [14], was used as the reference mix design. Note that the
water content from the chemical admixtures (i.e. 20% in SRA and 70%
in SP) has been included in the calculation of the water-to-binder ratio
for each mix. In the first stage of testing, the compressive strengths and
total shrinkage strains of five batches of UHPC with varying b/s ratio
were measured. The mix with the overall best performance was then
taken for the second stage of testing. This stage included: the addition
of SRA to three mixes in dosages of SRA-to-cement weight ratio of 1, 2
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of binder-to-sand ratio on compressive strength: (a) curing time from 0 to 90 day; (b) curing time from 90 to 180 day.

or 3% (designated as SRA series) or the addition of crushed ice (de-
signated as Ice series) was incorporated into the remaining two UHPC
mixes as a partial replacement of water by a weight ratio of 25 or 50%.
The proportions of all mixes are given in Table 1. For manufacturing
UHPCs, all the dry materials, including sand and binders were initially
mixed in an 80L capacity rotating pan mixer with fixed blades for
approximately 5min. Following the dry mixing, water, crushed ice,
superplasticizer and SRA, were subsequently added to the mixer and the
mixing was continued until the concrete started to flow.

2.2. Test concepts and methods

To assess the effectiveness of each approach in reducing shrinkage,
standard shrinkage tests were performed according to Australian
Standard 2350.13 [34] over a period of 180 days when subjected to
constant environmental conditions (25 °C and humidity < 50%).

To monitor the total shrinkage properties of UHPCs, square prism
specimens which were 75 mm wide, and 285 mm long (shown in Fig. 1
(a)) were regularly monitored to measure the change in length. To
provide an indication of the drying shrinkage relative to the total ob-
served shrinkage, autogenous shrinkage was determined from the
length change of the prisms in Fig. 1(b) which were carefully sealed
with water-proof aluminum tape to prevent the moisture loss to the
environment.

It is known that the evolution of autogenous shrinkage of ce-
mentitious composite is strongly related to the time when the paste
develops a ‘stable’ solid skeleton to transfer tensile stress, which is
defined as ‘time-zero’ for autogenous shrinkage measurement. In the
present study, the final setting time obtained from calorimetry curve
was adopted as the ‘time-zero’ where autogenous shrinkage initiated in
according to ASTM C1698-09 [36] and the studies reported previously
[37,38].

To further characterize the materials tested, and in order to identify
the mechanisms controlling the change in shrinkage, a series of further
material and characterization tests were undertaken as follows:

2.2.1. Compressive strength

The compressive strengths (f..) of the UHPCs at different concrete
ages were obtained through axial compression tests, performed on cy-
linders (100 mm diameter X 200 mm height) in accordance with
Australian Standard [39].

2.2.2. Flowability and passing ability

The rheological properties of each mix was assessed through a
slump flow test performed in accordance with ASTM standard C143/
C143M [40] and a flow-table test according to ASTM C1621 [41] in-
cluding the use of a J-ring to assess passing ability around reinforce-
ment.

2.2.3. Exothermic reaction at early curing ages
Heat generated as a result of the exothermic reaction associated
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Fig. 8. SEM images of the fracture surface of the UHPCs (1000 x magnification): a) U-0.8; b) U-0.9; c) U-1.0; d) U-1.1; e) U-1.266.

with cement hydration accelerates the autogenous shrinkage of the
concrete [42,43] and may result in the formation of micro-cracks
[44-46]. To examine the exothermic reaction of the UHPCs, a thermal
sensor was embedded at the center of a 100 mm cubic specimen. The
ambient room temperature and internal concrete temperature was also
continuously recorded monitored for a period of three days, after which
no significant change in temperature occurred.

2.2.4. Unit weight and porosity

The unit weight of the hardened UHPCs was obtained by weighing
concrete cylinders (100 mm diameter X 200 mm height) 90 days after
casting, such that the hydration reaction can be considered to be
complete. The porosity of each series of the UHPC was quantified by
measuring the volume of pore space voids in disc specimens of 150 mm
diameter and 50 mm thickness through tests performed in accordance
with ASTM C642-13 [47] using a hot water bath. Measurements of
porosity were taken because porosity of concrete is an essential
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indicator associated with not only the mechanical strength but also the
durability characteristics of the concrete.

2.2.5. Scanning electron microscopy (SEM) analysis and energy-dispersive
X-ray spectroscopy (EDS)

Scanning electron microscopy (SEM) characterization was per-
formed to evaluate the microstructure of the UHPC matrix and hence
assist in identifying the: unreacted binder component, homogeneity of
the matrix, and pores and cracks seen in the microstructure of the
matrix. Energy-dispersive X-ray spectroscopy (EDS) analysis was also
conducted to identify any change in the hydration products resulting
from the shrinkage reduction methods applied.

2.2.6. Thermal gravity (TG) analysis

Thermal gravity (TG) analysis was undertaken to estimate the de-
gree of hydration of the UHPC 90-days after casting. The analysis was
undertaken to assess both the non-evaporable water content and the
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calcium hydroxide (Ca(OH),) content. These approaches have been
commonly applied cementitious mortar, for example see Refs. [48-50].

TG analysis was conducted using METTLER TOLEDO TGA testing
machine, for each mix a sample weighing 2.5kg was oven-dried at
105 °C for 24 h to remove the evaporable water, and the sample was
then pulverized to a size of < 45 um. About 20 ug of this sample was
placed in a ceramic crucible and heated in the furnace from ambient
temperature to 900 °C in a nitrogen atmosphere at a rate of 10 °C/min
to determine the weight loss of matrix due to decomposition of the
hydration products.

2.2.6.1. Non-evaporable water content. The amount of hydration
products and the degree of hydration (D) of UHPC is obtained by
determining the non-evaporable water content (W,.) using loss-on-
ignition (LOI) method. Cementitious paste is commonly used for this
test as the non-evaporable water content is present due to the reactive
cementitious binders only, and the degree of hydration is strongly

(e)

Fig. 9. SEM images of the fracture surface of the UHPCs (10000 X magnification): a) U-0.8; b) U-0.9; c¢) U-1.0; d) U-1.1; e) U-1.266.
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correlated with the w/b ratio of the cementitious paste [51-53]. The
effects of coarse and fine aggregates on hydration are usually ignored
due to their inertness. It is worth noting that in this study cement
mortar was used instead of cement paste as the: pore diameter, paste-to
aggregate interfacial transition zone (ITZ), distribution of aggregate
and the mixing efficiency are all affected by the aggregate content, and
hence their effects on hydration cannot be neglected. The LOIs of the
UHPC mortar were estimated using the LOIs of cementitious powder
without moisture damage and considering the LOIs of the sand [48-50].

Previous studies by Lam et al. and Wong et al. [53,54] have shown
that absolute hydration of 1g anhydrous cement can produce approxi-
mately 0.23g of non-evaporable water and this non-evaporable water
content-to-cement ratio (Wp,.0/Co) of 0.23g/g was applied as the re-
ference value to determine the degree of hydration of the UHPCs in the
following calculations for Dy,.

To calculate Dy, the LOL,,, of the raw cementitious powder, silica
fume and sand are firstly calculated using:
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Fig. 10. Observed shrinkage induced micro-cracks in the micro-structure of the
UHPC.
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Fig. 11. TG analysis for U-0.8, -0.9, -1.0, -1.1, and -1.266 UHPC series.
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Fig. 12. Effect of binder-to-sand ratio on degree of hydration and C-H content.

Table 3

Effect of SRA content on rheological properties of fresh UHPCs.
Specimen b/s ratio SRA content Slump Flow table J-ring

(%) (mm) (mm) (mm)

SRA-0 1 0 235 425 443
SRA-1 1 1 280 512 529
SRA-2 1 2 Full 579 568
SRA-3 1 3 Full 560 585
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LOImW — (I/Vd—raw - u/i—raw)

I’V{—mw (1)
where Wg.,q, is the dry weight of the as-received raw material, and W;.
raw 18 the ignited weight of the as-received raw material after TG test.
These LOI,, values are required to correct the calculations of non-
evaporable water content (W,,) as follows:

Whe = [Wa—y — Wiey*(1 + Y, LOLay)] @

where Wy, is the dry weight of the UHPC mortar sample, W, is the
ignited weight of the UHPC mortar sample after TG test and ), LOlL,, is
the total ignited weight of the as-received raw materials, including sand
cement and silica fume. The effective residual cementitious binder
content (Cep) is calculated by

)] €)]

Finally, the degree of hydration of UHPC (D) is defined as the
function of W,,, effective residual cementitious binder content (Cey)
and the reference value of the non-evaporable water content-to-cement
ratio (Wye0/Co), as given in Eq. (4):

2. LOLaw

Cop = | Wi_y*|1 —
K [”( Wreo! Co

u/;le/ Cejf
u/neO/ CO

Dy (%) = x 100

(G

The loss of the non-evaporable water that is chemically bonded in
hydration products can be determined by calculating the difference in
weights between at 100 °C and 700 °C from TG. This temperature in-
terval is selected to avoid the interference due to the water evaporation
at 100 °C and de-carbonation of calcium carbonate (CaCO3) of the
composite when the temperature overs 700 °C [55].

2.2.6.2. Calcium hydroxide (Ca(OH),;) content. A fully hydrated
cementitious-silica fume material usually consists of dicalcium silicate
(C,S) and tricalcium silicates (C3S) [56-58]. The formations of these
calcium silicates (C,S) consume around 20-25% by weight of the water
in the mix and produce 20-25% by weight of the calcium hydroxide (Ca
(OH),). Therefore, the degree of hydration of the UHPC can also be
assessed by the Ca(OH), content in the concrete. The amount of Ca
(OH), products can be determined by calculating the drop in weight of
the sample within 400-450 °C during TG tests [55,59], which indicates
the decomposition of Ca(OH), in the hydration products.

In the remainder of the paper the effectiveness of each shrinkage
reduction approach including 1) reducing binder usage; 2) using SRA;
3) partially reducing mixing water with crushed ice will be presented
and the mechanism of their action explored using the characterization
tests above.

3. Effect of binder-to-sand ratio on the properties of the UHPCS
3.1. Flowability of concrete

Table 2 presents the results of slump flow and flow-table tests of the
UHPC specimens, from which it can be inferred that the flow- and
passing ability of the UHPC generally increased with an increase in the
b/s ratio. This can be attributed to the fact that the increased b/s ratio in
the UHPC mix resulted in an increased volume of paste that covered the
surface of the fine aggregates leading to the reduction in friction be-
tween the sand particles in the fresh UHPC [60].

3.2. Autogenous shrinkage

The autogenous shrinkage strains (¢,) plotted in Fig. 2 for each mix
with a different b/s ratio, were measured using the sealed prisms shown
in Fig. 1(b). These values can be seen to decrease with an increase in b/s
ratio. Further it is also observed that for all mixes, regardless of the
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Table 4
Effect of crushed ice dosage on rheological properties of fresh UHPCs.
Specimen  b/s ratio Crushed ice Slump flow table J-ring
dosage (%) (mm) (mm) (mm)
Ice-0 1 0 235 425 443
Ice-25/75 1 25 240 418 456
Ice-50/50 1 50 235 431 462
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Fig. 13. Effect of SRA content on autogenous shrinkage properties.
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Fig. 14. Effect of crushed ice dosage on autogenous shrinkage properties.
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Fig. 15. Effect of SRA content on total shrinkage.

variation in b/s, the autogenous shrinkage began to plateau 42 days
after casting, indicating the completion of hydration. At the concrete
age of 42 days, the ¢, of U-1.266 was up to 35% lower than those of the
companion specimens. Furthermore, the UHPC prepared using a higher
b/s ratio (i.e. U-1.1 and -1.266 series) exhibited a lower rate of
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autogenous shrinkage gain which can be inferred by the reduced slope
of the curves.

Moreover, when comparing the autogenous shrinkage strains in
Fig. 2 with those expected from conventional concrete (e.g. Refs.
[61,62]) for a given age (i.e. concrete age of 28 days), the autogenous
shrinkage of UHPCs (> 400 macrostrain) are significantly higher than
those of the conventional normal- and high-strength concrete (< 150
macrostrain). This difference is because the increased binder and re-
duced mixing water in UHPC means it tends to undergo a more rapid
self-desiccation than conventional concrete and potentially to form
more micro-cracks as further shown and discussed in section 3.8.

3.3. Free total shrinkage

Fig. 3 illustrates the effect of b/s ratio on free total shrinkage
measured using the unsealed prisms shown in Fig. 2(a). Similar to the
results of the autogenous shrinkage tests, the free total shrinkage strains
(ep) of the UHPC specimens generally decreased with an increase in b/s
ratio for a given concrete age. Unlike the autogenous shrinkage tests,
where the shrinkage deformations stabilized at 42 days, it is observed
that the free total shrinkage increased in all five mixes continued up to
the concrete age of 90 days. This is due to the continuous drying of the
UHPCs, which is associated with loss of moisture from the concrete to
the environment and is in contrast to the significant slowing of auto-
genous shrinkage after 42 days as a result of the decreased rate of hy-
dration.

3.4. Assessment of free drying component

The free drying shrinkage component of the UHPCs can be esti-
mated and assessed by the difference between the free total (solid line)
and autogenous (dashed line) shrinkage properties shown in Fig. 4 (a)
to (e). It is evident from the Fig. 4 that at the early curing ages (i.e.
before the concrete age of 7 days), the difference between the free total
and autogenous shrinkage of each UHPC series was negligible. The
difference between the ¢, and ¢, of each series increased up to 110%
with an increase in the b/s ratio from 0.8 to 1.266 at the concrete age of
180 days. Note that although the w/b ratio for a UHPC mix is low, with
adequate mixing energy the moisture (including water and super-
plasticizer) can be evenly distributed to form a high paste volume
[63,64]. This suggests that more moisture was able to diffuse from the
UHPC for mixes with a higher paste volume owing to the higher b/s
ratio, as reported in Table 1, and the observation is in consistent with
previous research [65-67]. In addition, as illustrated in Fig. 4 (a) and
(b), the drying shrinkage component of each specimen was significantly
lower than the corresponding autogenous shrinkage at each given
concrete age, indicating that the autogenous shrinkage predominates
the overall free total shrinkage of UHPCs.

3.5. Compressive strength

The effect of b/s ratio on f is shown in Fig. 5. It is observed that the
U-1.266 series developed a lower compressive strength than the other
four companion mixes for a given age. The reduction in strength as-
sociated with the reduction in fine aggregate could be a result of the
mechanism of stress transfer within the concrete as per the well-known
theory for conventional mortars [68]. That is the transfer of normal
force in a mortar is largely due to the interaction of sand to sand in-
terfaces. For the UHPC with a lower w/b ratio, its compressive strength
is not predominated by failures of cementitious paste but by adhesive
failures between aggregates and cementitious materials [69,70]. The
presence of excessive unhydrated cementitious materials in the UHPC
series with higher binder content weakened the interfacial transition
zones (ITZs) between the fine aggregate and binder, which led to the
observed reduction in compressive strength. It is also worth noting in
Fig. 5 that, all these five UHPC series experienced reduction (up to
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Fig. 16. Effect of SRA content on free drying component: (a) SRA = 0%; (b) SRA = 1%; (c) SRA = 2%; (d) SRA = 3%.
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Fig. 17. Effect of crushed ice dosage on total shrinkage.

5.3%) in their compressive strengths within the curing age from 90 to
180 days, as shown in Fig. 5. This reduction in the f; was caused by the
formation of internal micro cracks (discussed further in section 3.8) as a
consequence of the increased shrinkage of the concrete [14]. The above
observations indicate that the most appropriate b/s ratio for UHPC
should be within 1-1.1 to achieve adequate aggregate interaction
without compromising the f'.

3.6. Unit weight and porosity of the UHPCs

Fig. 6 shows the effect of b/s ratio on the unit weight and porosity of
the hardened UHPCs measured at the concrete age of 28 days. It is
observed that the unit weight of the UHPC increased with an increase in
b/s ratio due to the higher unit weight of the cementitious materials
(approximate 3500 kg/m>) compared to that of the sand (approximate
2000 kg/m®). The porosity of the UHPC also decreased approximately
10% with an increase in b/s ratio from 0.8 to 1.266. This reduction in
porosity may be attributed to the increased amount of residual
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unhydrated binder which fills the pore spaces. The reduction in binder
also reduces the total amount of porous ITZs around the sand particles
[71,72].

3.7. Exothermic reaction at early curing period

Fig. 7 illustrates the variations of internal temperature of the five
different specimens with the curing time. It is worth noting that the
temperature measured at the center of each UHPC series was normal-
ized by the corresponding ambient temperature in order to remove its
influence. From the calorimetry curves in Fig. 7, it can be observed that
a decrease in b/s ratio led to an increase in the magnitude of the peak
temperature measured at the center of the sample, with the maximum
magnitude of change being approximately 10%. The increase in tem-
perature with a reduction in b/s indicates that the UHPC with a lower
b/s ratio had a higher degree of exothermic reaction and generated
more heat as the consequence of a higher degree of reaction. This is due
to the residual unhydrated binders in the UHPC with a higher b/s which
act to fill the pores and voids and absorbed water to their surface, which
hindered the level and rate of hydration in the concrete [73]. These
facts can be further verified using the TG analysis and SEM character-
izations presented in the following sections. The above observation
indicates that the UHPC prepared using a lower b/s ratio underwent a
more significant chemical reaction process, which consumed more raw
materials and achieved a higher degree of hydration. Therefore, UHPC
prepared using a lower b/s ratio tended to have a more significant
autogenous shrinkage at the early curing stage, which can be inferred
from the curves in Fig. 2.

The initial and final setting times of each mix can be identified as
the first trough and the end point of the linear ascending branch on the
calorimetry curves in Fig. 7. These points were also affected by the b/s
ratio, in which the initial and final setting time of the UHPC were de-
layed by approximately 4 h when the highest quantity of aggregate was
considered. This could be explained by the fact that the increased
amount of aggregates hindered the contact between water and binder
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Fig. 20. Effect of ice replaced water ratio on compressive strength: (a) curing time from 0 to 90 day; (b) curing time from 90 to 180 day.

which led to a longer induction period (referred to the initial gentle
trough stage) and resulted in this later setting of the concrete [74,75].

3.8. Morphological characterization by scanning electron microscopy
(SEM) and energy-dispersive X-ray spectroscopy (EDX)

The scanning electron microscopy (SEM) micrographs were eval-
uated to investigate the effect of b/s ratio on the microstructure of the
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UHPCs, as depicted in Figs. 8 and 9 at different magnifications. It is
evident from the SEM micrographs at 1000 X magnification that the
increased volume of cementitious paste (at higher b/s ratio) led to a
much denser microstructure as a result of the reduction in volume
fraction of the porous aggregate-paste ITZs. This fact also caused by the
micro-filler effect offered by unreacted cementitious binders. Moreover,
as shown on the SEM micrographs at 10000 X magnification, a large
amount of ettringite (3Ca0-Al,03:3CaS0432H,0) and calcium
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porosity of

hydroxide (C-H) were observed and characterized using EDX spectro-
scopy in the microstructure of the UHPC prepared using the lower b/s
ratio (i.e. U-0.8, and -0.9). This is because the increased porosity in the
concrete provided the space for the growth of ettringite and C-H crys-
tals owing to their expansive nature [76]. For the UHPC prepared using
a relatively higher b/s ratio (i.e. U-1.0, -1.1 and -1.266), a larger
amount of unreacted cementitious materials were detected, as indicated
in Fig. 9. Ettringite and C-H crystals were rarely observed in the matrix
of U-1.0, -1.1 and -1.266 series owing to the increased denseness and
reduced pore space in their matrix shown in Fig. 8. The presence of
these unreacted binders may restrain the shrinkage of the matrix con-
tributing to the reduction in autogenous- and drying-shrinkage shown
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in Figs. 2 and 3. The presence of the unreacted binder is also a clear
indication of the decreased degree of hydration in the UHPC prepared
using a higher b/s ratio. It is worth mentioning that the observed in-
creased pore space in UHPC adversely affected the drying shrinkage of
the concrete, which seemingly contradicts to the observations reported
in the literature [77]. The possible explanation is that the expansion
resulting from the abundance of crystalline ettringite and C-H in the
pores and cracks was more significant than the drying shrinkage of the
concrete [76,78]. To verify the deduction on the decrease in mechanical
strength of UHPC after a long-term curing, Fig. 10 illustrates a re-
presentative SEM micrograph of U-1.1 series with the indications of the
micro-cracks that were induced by thermal and autogenous shrinkage.

3.9. Results of thermal gravity (TG) analysis

The TGA curves of the comparing UHPCs are shown in Fig. 11 and
the effect of binder to sand ratio on the degree of hydration and C-H
content are shown in Fig. 12. It should be noted that the paste weight
fraction factor for each specimen series, as given in Table 1, was con-
sidered in the calculations of the chemically bonded water and C-H
content of the paste that is the actual materials for hydration. In gen-
eral, except for U-0.8 series, the calculated degree of hydration and the
C-H content decreased with an increase in the b/s ratio (i.e. up to ap-
proximately 18% lower). While the w/b ratio remained the same for the
mixes being compared, the UHPC prepared using a higher b/s under-
went a lower degree of hydration and hence contained less hydration
products. This further confirmed the previously observed less sig-
nificant autogenous shrinkage for the UHPC prepared using a lower b/s
ratio.

3.9.1. Selection of the mix for further investigations to migrate autogenous
shrinkage

A comprehensive study of the experimental results of among U-0.8,-
0.9, -1.0 -1.1 and -1.266 UHPC series led to the selection of the mix
design of U-1.0 as the mix for further investigation. These investigations
include: the incorporation of shrinkage reducing admixture (SRA) and
the used crushed ice to partially replace mixing water. Mix designs for
the second stage of this work are shown in Table 3.

4. Effects of applied techniques on the properties of the UHPCS
4.1. Flowability

4.1.1. Effect of shrinkage reducing admixture (SRA) content

For the flow test results reported in Table 3, it can be seen that the
UHPC series prepared with a higher SRA content exhibited better
flowability and passing ability. This is due to the higher liquid content
(i.e. 80% of the organic liquid component in SRA) in the UHPC mix
with a higher SRA content that provides better lubrication, resulting in
a better rheology of the UHPC.

4.1.2. Effect of crushed ice dosage

The flow test results presented in Table 4 indicate that the re-
placement of water with crushed ice had negligible impact on the
flowability and passing ability of the UHPC as the added crush ice
completely melted after sufficient mixing. The temperature of the
mixing water was recorded immediately prior to adding to the mixer.
For mixes without using crushed ice the water temperature was found
to be the same as the ambient temperature (i.e. 25 °C) while for water
with crushed ice the temperature was found to be 2.6 °C and 1.2 °C at
25% and 50% replacement ratio (by weight) respectively. The in-
corporations of crushed ice in a UHPC mix are expected to reduce the
internal temperature of the specimens and hence lessen the potential
formations of thermal cracks.



T. Xie et al.

2.5

Cement and Concrete Composites 91 (2018) 156-173

B Porosity # Unit weight

2600

- 2400

- 2200

Unit weight (kg/m?)

Volume of pore space voids (%)

0

25/75

2000
50/50

Crushed ice repalced water ratio

Fig. 24. Effects of SRA content on unit weight and porosity of hardened UHPCs.

(©)

Fig. 25. SEM images of the fracture surface of the UHPCs (1000 x magnification): a) SRA-0; b) SRA-1; c) SRA-2; d) SRA-3.

4.2. Autogenous shrinkage

4.2.1. Effect of shrinkage reducing admixture (SRA) content

Fig. 13 shows the effects of SRA contents on the autogenous
shrinkage of the UHPC. It can be seen that the ¢, of the UHPC decreased
significantly with an increasing SRA content (up to approximately 69%
for UHPC at age of 90 days). It is also observed that the SRA started
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(d)

reducing the autogenous shrinkage right after the initial casting of the
UHPC. As stated by Collepardi et al., Folliard et al. [79,80] and Lura
et al. [44], SRA incorporation eases the surface tension in the capillary
pores of the concrete and subsequently reduces the drying- and auto-
genous-shrinkage of the concrete. The reduction in autogenous
shrinkage with incorporation of SRA seen in the present study is also in
reasonable agreement with those reported by studies on UHPC mortar.
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Fig. 26. SEM images of the fracture surface of the UHPCs (10000 X magnification): a) SRA-0; b) SRA-1; ¢) SRA-2; d) SRA-3.

For example, Su et al. [81] reported an up to 95% reduction in auto-
genous shrinkage with 2% SRA dosage at 7 days (compared to 65.6% as
reported in the present study) and an approximated 61% reduction in
autogenous shrinkage with 2% SRA dosage at 160 days was observed by
Soliman and Nehdi [11] (compared to 57.8% as reported in the present
study). In addition, the comparison of the efficacy of using SRA on
autogenous shrinkage between UHPC and conventional cementitious
mortar (i.e. as reported in Ref. [82]) suggests the nearly the same
performance of SRA to reduce autogenous shrinkage at a given dosage
of SRA.

4.2.2. Effect of crushed ice dosage

The effect of crushed ice on the autogenous shrinkage of the UHPCs
is depicted in Fig. 14. At each given curing age, the UHPC manu-
factured using a higher crushed ice exhibited a lower ¢, (up to ap-
proximately 19% at concrete age of 180 days). This observation is ex-
pected as the internal temperature of UHPC decreased with the
incorporation of crushed ice, which led to the deceleration of the rate of
hydration of the concrete and hence reduced autogenous shrinkage.

4.3. Free total shrinkage and assessment of free drying component

4.3.1. Effect of shrinkage reducing admixture (SRA) content

The effect of SRA content on the free total shrinkage of the UHPC is
illustrated in Fig. 15, where it can be seen that the UHPC prepared
using a higher content of SRA exhibited a lower ¢, Fig. 16 (a) to (c)
illustrate the comparisons between the free total shrinkage and the
autogenous shrinkage at all curing ages of each of the four comparing
UHPC series, in which the difference between the free total shrinkage
and the autogenous shrinkage of each UHPC series yields
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approximately the free drying shrinkage component of the concrete. It
is observed that the UHPC prepared using a higher SRA content de-
veloped a lower drying shrinkage than their counterparts with lower
SRA contents. This observation is consistent with the findings of pre-
vious studies by Yoo et al. [9,12] and suggests that the SRA is parti-
cularly effective to mitigate the free drying shrinkage of the UHPC
through reducing the surface tension in the capillary pores of the
concrete during the drying process.

4.3.2. Effect of crushed ice

The ¢, of the UHPC series with different crushed ice dosages were
also periodically measured up to the concrete age of 180 days and il-
lustrated in Fig. 17 as the corresponding values of the ¢, and ¢, are also
shown in Fig. 18. It is observed that the ¢, of the UHPC decreased with
an increase in crushed ice dosage whereas the replacement of mixing
water with crushed ice led to no impact on the free drying shrinkage
property of the concrete. This is observed because the drying shrinkage
only depends on the moisture movement out of the concrete.

4.4. Compressive strength

4.4.1. Effect of shrinkage reducing admixture (SRA) content

The effect of SRA content on f. at all curing time are illustrated in
Fig. 19. For each given concrete age, f. decreased significantly with an
increase in the SRA dosage (up to 21.5% decrease in f. at 90 days with
SRA content of 3%), which is in agreement with those reported in the
previous studies on UHPCs [12,13]. It is also worth noting that the
mixes incorporating SRA exhibited no compressive strength losses (Af',)
for the concrete age ranging between 90 and 180 days. This finding
further validates the hypothesis of Sobuz et al. [14] that the reduction
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Fig. 27. SEM images of the fracture surface of the UHPCs (1000 X magnification): (a) Ice = 0%; (b) Ice = 25%; (c) Ice = 50%.

in strength of UHPC over time is due to the formation of micro-
shrinkage cracks.

4.4.2. Effect of crushed ice dosage

Fig. 20 illustrates the variations of f, with curing time of the UHPCs
manufactured using different crushed ice replacement ratios. For a
given concrete age, the U-25/75 and -50/50 series, which were pre-
pared with crushed ice, developed a lower f. than the corresponding
UHPC without crushed ice (up to 8% reduction when replacing 50% of
water by crushed ice), whereas there was only a slight difference in f;
between U-25/75 and -50/50 series. This is likely due to the small
difference in temperature between mix U-25/75 and -50/50 compared
to the control without ice. Moreover, as shown in Fig. 20, U-25/75 and
-50/50 UHPC series all exhibited insignificant strength losses (< 1%)
between concrete age between 90 and 180 days compared to that seen
in U-1.0. This can be explained by the fact that less thermal and plastic
shrinkage cracks formed during the exothermic reaction stage, due to
the reduction in the heat generation by the incorporation of crushed ice
at the early curing stage (i.e. within 72h after casting). This will be
shown in the calorimetry curves of these UHPC series are presented and
their effects are discussed in the following sections. This finding in-
dicates that the simple replacement of a proportion of the mixing water
with ice may be all that is required to mitigate the excessive shrinkage
strains which causes a reduction in strength of UHPC over time.

4.5. Exothermic reaction at early curing ages: effects of SRA and crushed
ice dosage

The effects of SRA content and crushed ice dosage on the internal
temperature of the UHPC are depicted in Figs. 21 and 22, respectively.
As can be seen from both figures, the incorporation of SRA or replaced
mixing water by crushed ice in the UHPC mix can significantly delay

278

169

the initial and final setting time and reduce the magnitude of peak
temperature, which indicates a lower degree of hydration. It is also
observed that the strength development period (referred to the width of
the hump of the temperature history curve) was increased by using SRA
or replacing mixing water with crushed ice. This indicates that the
UHPC mixed with SRA or crushed ice could experience a slightly slower
strength gain within the very early age (i.e. 72 h) due to the decelerated
reaction rate.

4.6. Unit weight and porosity of the hardened UHPCs

As illustrated in Fig. 23, it is observed that the SRA content has
marginal effect on the unit weight of the hardened UHPC, however it
did lead to an increase in the volume of pore space. This was as ex-
pected as SRA, which is a type of organic substance (mainly chemically
stable ethanol derivatives) [83], is inert to during hydration and thus
causes formation of additional pores in the UHPCs.

The test results of the unit weight and porosity of the hardened
UHPCs shown in Fig. 24 suggest that partially replacing the mixing
water by crushed ice resulted had no significant effect on the unit
weight of the concrete. However, a slight increase in the porosity of the
UHPC with an increase in the crushed ice dosage was observed due to
the decreased reaction rate. This is because the lower temperature
caused amount of unreacted raw materials (i.e. water and binder) to
remain in the structure of the matrix. The gradual evaporation of the
residual water subsequently led to the increased porosity of the con-
crete.

4.7. Morphological characterization of the UHPCs

4.7.1. Effect of SRA content
Figs. 25 and 26 illustrated the SEM micrographs of the fracture
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Fig. 28. SEM images of the fracture surface of the UHPCs (10000 X magnification): (a) Ice = 0%; (b) Ice = 25%; (c) Ice = 50%.

102
101
100
99
98
97
96
95

—SRA-0

TG (%)

0 100 200 300 400 500 600 700 800 900 1000

Temperature (°C)

Fig. 29. TG analysis for SRA -0,-1, -2 and -3 UHPC series.

surface of SRA -0, -1, -2 and -3 UHPCs with different magnifications.
The comparisons among these micrographs at the lower magnification
(i.e. 1000 x ) suggest that the increased SRA content in the UHPC mix
led to increased porosity of the concrete, which is in agreement with the
findings from the porosity test mentioned earlier. For the SEM micro-
graphs at the higher magnification (i.e. 10000 X ), an increased amount
of unhydrated binder and ettringite were observed, which indicated
lower degree of hydration and increased pore space in the concrete. As
discussed previously, this arises because the SRA does not participate in
the hydration process but rather acts to slow the hydration process by
reducing the contact between the water and binder. In addition, based
on the porosity tests results and SEM micrograph, the increased por-
osity of the UHPC with SRA incorporation might be another potential

explanation for the reduction in the autogenous shrinkage of the con-
crete, where the presence of pores limited the space for the autogenous
shrinkage of the matrix for a given content of aggregate in the mix.

4.7.2. Effect of crushed ice dosage

Figs. 27 and 28 show SEM micrographs of the fracture surface of Ice
-0, -25/75, and -50/50 UHPCs at the different magnifications. From
SEM micrographs of these UHPC series at the lower magnification (i.e.
1000 x ), the denseness of the UHPC is observed to decrease with an
increase in the crushed ice dosage, indicating an increase in porosity.
The comparisons of the SEM micrographs at the higher magnification
(i.e. 10000 x) show the increased amount of unhydrated binder and
ettringite, which suggest the lower degree of hydration and increased
pore space for the UHPC prepared using a higher crushed ice replaced
water ratio. The increased porosity, formation of ettringite in the con-
crete and the reduced heat of hydration together explain the me-
chanism by which the replacement of mixing water with crushed ice
reduces self-desiccation.

4.8. Thermal gravity (TG) analysis

The TGA curves of SRA -0,-1, -2 and -3 UHPC series and Ice -0, -25/
75, and -50/50 UHPC series are shown in Figs. 29 and 30 respectively
and the degree of hydration of these UHPCs at their hardened stage are
shown in Figs. 31 and 32 in conjunction with the calculated C-H con-
tents. It is evident from Fig. 31 that the increased SRA content generally
lowered the degree of hydration of the UHPCs (i.e. up to around 20%).
An even more pronounced reduction in the degree of hydration (i.e. up
to approximately 95%) was observed for the UHPC using a higher
crushed ice replaced dosage. These characterizations further confirm
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that using SRA or replacing mixing water by crushed ice can efficiently
reduce the shrinkage of UHPC due to chemical reaction.

5. Comparisons among the three techniques and further
suggestions for UHPC mix

To compare the effectiveness of the three techniques used in the
present study to mitigate shrinkage of the UHPCs, the key findings of
each test are summarized in Table 5. To make a valid comparison, the
test results of each UHPC series are compared with the reference mix,
U-1.0 series. It can be seen from Table 5 that compared to U-1 series,
both U-1.1 and 1.266 had significantly lower 90-day autogenous- and
total-shrinkage strains and a marked Af'. at 90 days. All five U-series of
UHPCs experienced strength drop after 90 days. Incorporation of SRA
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Table 5
Effects of nominated techniques on shrinkage and other properties of the
UHPCs.

Specimen Change in Change in total =~ Change in Af'. between
autogenous shrinkage strain  f. at 90 90 and 180
shrinkage strain at  at 90 days days days
90 days

U-0.8 6.4% 3.3% —6.5% —5.3%

U-0.9 0.8% —-0.2% —-3.0% —3.6%

U-1.0/SRA-  0.0% 0.0% 0.0% -3.8%

0/Ice-0

U-1.1 —15.7% —8.6% 0.5% —-3.9%

U-1.266 —26.3% —10.9% —6.3% -2.3%

SRA-1 -36.1% —30.0% -12.9% 0.6%

SRA-2 —69.6% —47.9% —18.5% 2.0%

SRA-3 —55.0% —65.7% —21.5% 1.8%

Ice-25/75 —13.5% —-13.7% —5.3% -0.8%

Ice-50/50 —20.7% —20.4% -8.1% -0.2%

and partially replaced of mixing water in UHPC mix by crushed ice can
both led to the reduction in autogenous- and total-shrinkage of the
concrete, hence minimizing the compressive strength loss (Af,) after
long term. While the use of SRA is more efficient in reducing shrinkage
and the associated reduction in strength over time than replaced mixing
water by ice, the low cost and simplicity of using ice has significant
benefits. However, it is also noted that the application of either of the
technique causes a reduction the maximum compressive strength
achieved. Therefore, from this study, it can be concluded that the best
mix for reducing the impact of shrinkage without significant Af', in the
long-term will be 1) SRA-1 using 1% SRA dosage and 2) Ice-50/50
prepared using crushed ice dosage of 50%.

6. Conclusions

The following major inferences can be made from the results of the
present study to investigate the effects of b/s ratio, SRA content and
crushed ice dosage on the shrinkage properties of the UHPC:

1. Autogenous shrinkage of the UHPC decreases with an increase in the
b/s ratio due to the more significant shrinkage restraint provided by
the residual binders in the UHPC prepared with a higher b/s ratio.

2. An increase in the b/s ratio in the UHPC mix leads to a decrease in
the porosity of the concrete. For UHPC prepared using a lower b/s
ratio, the abundance of crystalline ettringite and C-H seen in the
pores and cracks in the concrete minimized the drying shrinkage of
the concrete

3. An optimal b/s ratio will be 1-1.1 for a typical UHPC mix to mini-
mize the shrinkage effect without significantly comprising f'..

4. The autogenous shrinkage has more significant effect than the
drying shrinkage on total shrinkage of the UHPCs.

5. The porosity and the amount of unreacted binder, which are related
to the degree of hydration of the concrete, are the two influential
factors on the shrinkage properties of UHPCs.

6. SRA is not only able to reduce the drying shrinkage but also the
autogenous shrinkage (i.e. up to 55% at 90 days with 3% of SRA
dosage) of UHPCs

7. The replacement of half of the mixing water by crushed ice in a
UHPC mix can reduce the autogenous shrinkage of the UHPC up to
22% and has nearly no effect on the drying shrinkage properties of
the UHPCs. This technique is cost-effective and relatively practical
to apply in any cast in-situ or pre-casting scenarios.
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Numerical and Finite-Element Analysis of
Short Ultrahigh-Performance Fiber-Reinforced
Concrete Columns

C. Fang'; M. S. Mohamed Ali%; A. H. Sheikh®; and M. Singh*

Abstract: This paper describes the development of numerical and finite-element (FE) models for investigating the behaviors of short
ultrahigh-performance fiber-reinforced concrete (UHPFRC) columns under concentric or eccentric loading conditions. A generic mechanic-
based partial-interaction (PI) approach that is applicable to both flexural and axial members manufactured by conventional fiber-reinforced
concrete has been suitably modified to analyze the structural response of the short UHPFRC columns. Moreover, FE modeling was also
conducted to study the behaviors of UHPFRC members subjected to different loading conditions. Both models aim to generate load-axial
deflection (P-0,yy) or load-midheight deflection (P-0,,4) relationships for concentrically or eccentrically loaded columns, as well as a load-
midspan deflection (P-8,,;4) relationship for a beam subjected to three-point bending. Simulated results display an excellent agreement with test
results, and the model can accurately predict the structural response of the UHPFRC columns. To aid in the development of a design guideline
for the short UHPFRC columns, a load-moment (P-M) interaction envelope generated by the numerical model is proposed, and it shows a good
correlation to the experimental results. DOI: 10.1061/(ASCE)ST.1943-541X.0002389. © 2019 American Society of Civil Engineers.

Author keywords: Ultrahigh-performance fiber-reinforced concrete (UHPFRC); Short column; Partial-interaction analysis (PI);

Finite-element analysis (FEA).

Introduction

Ultrahigh-performance fiber-reinforced concrete (UHPFRC) is a
novel construction material produced using a fine granular mixture,
and it exhibits enhanced mechanical strength, durability, and duc-
tile tensile behaviors, as well as high damage resistance, due to of
the confining effect offered by the inner steel fibers in the homog-
enous cementitious-based matrix (Hosinieh et al. 2015; Yoo and
Banthia 2016; Yoo and Yoon 2016; Visintin et al. 2018b). Because
of UHPFRC’s superior material characteristics, its use can sig-
nificantly reduce structural member size, shorten the construction
period, and lower their life cycle costs (Yoo and Yoon 2016).
Recent research on UHPFRC mostly focused on investigating the
behaviors of structural members manufactured using UHPFRC,
such as beams (Baby et al. 2014; Singh et al. 2017; Dagenais and
Massicotte 2017; Sturm et al. 2018) and columns (Steven and
Empelmann 2014; Hosinieh et al. 2015; Singh et al. 2015; Shin
et al. 2017, 2018), and these studies indicated that using UHPFRC
as construction material can significantly enhance the shear, axial-
load-carrying, and flexural moment capacities of the structures.
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To date, a number of studies have been carried out to investigate
the structural performance of UHPFRC structural members, for in-
stance columns under the uniaxial compression protocol (Steven
and Empelmann 2014; Hosinieh et al. 2015; Shin et al. 2017;
Shin et al. 2018), and the experimental results showed that struc-
tures produced using UHPFRC exhibited higher load-carrying
capacity and improved ductility, in which no catastrophic collapses
of the entire structure were observed. Pure axial loading tests on
short UHPFRC columns with square cross sections were conducted
by Hosinieh et al. (2015) and Shin et al. (2017), and their test re-
sults indicated that increasing the volumetric ratio or reducing the
spacing of the transverse reinforcement for a given configuration
results in pronounced increases in the axial-load-carrying capacities
and ductility index of the UHPFRC short columns. They also ob-
served that for a given value of transverse reinforcement spacing,
the configuration of reinforcement affected both postpeak strength
decay and toughness of the short UHPFRC columns, where the
column with a high steel reinforcement ratio withstood a larger ax-
ial load at the postpeak stage compared with that of the column with
a low steel reinforcement ratio, which allows high energy absorp-
tion and robustness.

A series of uniaxial compression tests on UHPFRC columns
with circular cross sections and reinforced by spiral reinforcements
were conducted by Shin et al. (2018), and experimental results
demonstrated that over 80% of axial load capacity was maintained
with the presence of the transverse reinforcements (e.g., 3%—5.1%)
until the axial strain reached 0.02. Steven and Empelmann (2014)
conducted experimental investigations to study the behavior of rec-
tangular UHPFRC columns subjected to concentric or eccentric
loads with eccentricities ranging from 5 to 75 mm and hence de-
rived an empirical expression to predict the load-carrying capacity
of UHPFRC columns.

Based on the preceding literature review, it recognized that
most existing studies have investigated the behavior of concentri-
cally loaded UHPFRC columns experimentally, with few reported
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analytical procedures with strong physical senses to fully describe
the underlying mechanism. To fill this research gap, this study
primarily aims to develop a rational procedure to analyze short
UHPFRC columns to generate individual load-displacement rela-
tionships and the load-moment interaction envelope, and hence
to initiate the design guidelines of the UHPFRC columns; this will
further promote the utilization of UHPFRC for construction.

To achieve this objective, first, a step-by-step procedure is de-
veloped by suitably modifying the classical structural mechanical-
based model, namely, the moment-rotation (M/6) approach, that
has been successfully applied to simulate the axial behavior of con-
ventional reinforced concrete columns (Visintin et al. 2013) and
flexural behaviors of FRP-plate reinforced beams (Mohamed Ali
et al. 2008) and fiber-reinforced concrete beams (Visintin and
Oehlers 2018; Visintin et al. 2018a). In this study, this generic ap-
proach is further extended to simulate UHPFRC short columns by
incorporating the effects of steel fibers in the UHPFRC (i.e., tensile
strain hardening).

Furthermore, to more accurately predict the performance of ec-
centrically loaded short UHPFRC columns, the active-confinement
effects induced by the transverse reinforcements cannot be ne-
glected and need to be properly considered in the analytical ap-
proaches. Existing confinement models (Razvi and Saatcioglu
1999) pertaining to high-strength concrete (HSC) with steel stirrups
were verified based on the specific actively confined test results of
UHPFRC and were hence adopted in the proposed numerical model
to simulate the stress-strain relationship of UHPFRC confined by
stirrups. In addition to the mechanics-based model, a detailed finite-
element (FE) analysis is also undertaken to incorporate a purposely
developed concrete-damage plasticity (CDP) model into commer-
cially available FE software ABAQUS version 6.14 to simulate
the behaviors observed experimentally in UHPFRC column tests.
Both models are then compared and validated against experimental
results published in previous studies (Steven and Empelmann 2014;
Singh et al. 2015), wherein these columns were subjected to con-
centric or eccentric loads.

Developing Numerical Models Using
Partial-Interaction Analysis

The structural response of a short UHPFRC column under an ec-
centric loading condition can be considered to contain the follow-
ing stages:

* Stage 1: precracking stage. A conventional sectional analysis
that assumes a full-interaction between reinforcements and ad-
jacent UHPFRC was adopted to generate the M- relationship of
the section.

» Stage 2: postcracking stage. An increase in flexural bending (M)
initiates and gradually enlarges tensile cracks at the surface of
the columns. Here full interaction—based analysis is not able to
capture this localized behavior, whereas a partial-interaction (PI)
analysis considering the tension-stiffening mechanism well ac-
commodates the relationships between slips (A) and forces
(P,,) in tensile reinforcement in the displacement-based mo-
ment rotation (M /6) approach to obtain the M- relationship
of the column section at the postcracking stage.

e Stage 3: formation of plastic hinge. The postcracking stage
is then followed by the formation of a plastic hinge with
the occurrence of concrete softening (i.e., due to the concrete
crushing under compression). The development of compres-
sion wedge also occurs with gradual yielding of tensile reinfor-
cements. To obtain the M-6 relationship of the columns in this
phase, a size-dependent approach was adopted to quantify the
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concrete-to-concrete sliding mechanism that occurred at the

sliding interfaces.

Details of the formation of plastic hinge, segmental approach,
and PI mechanisms, including tension stiffening and concrete soft-
ening, are described in the following sections.

Fundamental Mechanism of the Column Plastic Hinge

A displacement-based partial-interaction moment-rotation (M /6)
approach for simulating the structural behaviors of the eccentri-
cally loaded UHPFRC short column after the precracking stage is
illustrated in Fig. 1. This technique successfully reproduced the
load-lateral deflection (P-8,,4) relationships of conventional RC
columns subjected to eccentric load (Visintin et al. 2013) from serv-
iceability to structural failure, and it has been further extended to
fiber-reinforced concrete (FRC) flexural members with considera-
tion of crack-bridging effects (Visintin and Oehlers 2018; Sturm

et al. 2018; Xie et al. 2018).

Fig. 1(a) depicts the conceptual model of the PI tension-
stiffening mechanism on the short UHPFRC column in the post-
cracking stage. Initially, an increase in flexural bending moment
(M) induced by eccentric axial load (P) resulted in the formation
of the initial crack in Section AA located at the midheight of the
column. Right after the concrete tensile cracking, slip (A) between
tensile rebar and surrounding concrete prism with a width of dpism
also affected the force in tensile rebar (P,;) at the initial crack sec-
tion (Section AA). Specifically, to model the tension-stiffening
mechanism and hence accommodate its effect on the M-6 relation-
ship of the section, a shooting method is applied whose details are
described in a subsequent section.

Furthermore, widening of tensile cracks with increasing mo-
ment leads to a subsequent increase in the discrete rotation ()
of the short column and consequently affects the moment-rotation
(M-9) relationships of the UHPFRC columns after the precracking
stage. With increasing in bending moment (M) along the short col-
umn, a primary crack (at Section CC in Fig. 1) occurred adjacent
to the initial crack, where the distance between the primary crack
and initial crack is defined as a crack spacing (S,,), also shown in
Fig. 1(a). A secondary crack (Section BB in Fig. 1), which is
ideally located at the middle between initial and primary cracks,
is subsequently formed with further increasing applied load. Hence,
in the analysis provided in the remainder of the paper, column
Region AA-DD is identified as a partial-interaction zone and the
region above Section DD is defined as the full interaction (FI) zone.

With a large discrete rotation (f) attained, concrete softening
initiates at the compressive region of the section because the strain
in the compression zone exceeds the corresponding strain at the
peak compression stress of the UHPFRC, in which this softening
region can be idealized as the compressive wedge (L,,) as presented
in Fig. 1(b). A mechanics-based hinge analysis (Visintin et al.
2013), including PI tension-stiffening mechanism and PI concrete
softening mechanism, accurately quantified the discrete rotation of
the column at the plastic hinge stage and hence obtained the load-
lateral deflection relationship at the plastic hinge region of the col-
umns. To simulate the behavior of an eccentrically loaded short
column using the mechanics-based hinge analysis, the following
assumptions were made:

e The Euler-Bernoulli principle of plane sections remaining plane
was applied for the sectional analysis in all loading stages the
columns (Visintin et al. 2013).

* A constant moment (i.e., M = P X e) acting along the column
was assumed.

* Premature buckling caused by the secondary moment effect was
neglected.
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Fig. 1. Schematic diagram of UHPFRC short column under an eccentric load: (a) postcracking stage; and (b) plastic hinge formation.

Cross-Sectional Analysis at Partial-Interaction Region

The displacement-based moment rotation (M /0) approach is a di-
rect application of Euler-Bernoulli theorem of plane section ac-
commodating with the stress-strain relationships for both UHPFRC
and reinforcements to determine the internal moment within the
cross section of the column. Generally, the failure of an eccentrically

loaded column can be categorized into two modes depending on the
magnitude of the eccentricity: (1) failed by concrete compressive
softening when the column loaded at zero or a small eccentricity,
and (2) failed by flexural bending when the column loaded at a large
eccentricity. Figs. 2(a and b) graphically shows the mechanisms
governing the two failure modes of eccentrically loaded UHPFRC
short columns, respectively.
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Fig. 2. Cross-section profiles for (a) column loaded at a small eccen-
tricity; and (b) column loaded at a large eccentricity.

For the short column loaded at a small eccentricity shown in
Fig. 2(a), the strain profile indicates that the neutral axis of column
is located outside of the column cross section and the entire cross
section is fully under compression. For this case, softening of the
UHPEFRC causes relative slippage along the concrete-to-concrete
interface and determines the friction force of UHPFRC. The total
rotation (6) of the column is affected by the concrete softening after
the formation of the compression wedge. The shear friction mecha-
nism is size-dependent and can be accurately modeled using the
size-dependent approach developed by Chen et al. (2014).

The second strain profile of column hinge in Fig. 2(b) presents
the mechanisms governing the failure of UHPFRC columns loaded
with a relatively large eccentricity (e), and the performance of the
column is predominated by the flexural bending moment (M) in-
duced by the eccentric loads rather than the applied load (P). By
inputting the material properties into the PI-based sectional analy-
sis, the location of the neutral axis can easily be found, and hence,
the M- relationship of the section be obtained at all loading stages.
In the Pl-based analysis, the effect of the tension-stiffening mecha-
nism should be considered, and this can be simply achieved by
using the force (P,;) based on the relative slip (A) between reinfor-
cement and adjacent concrete.

PI Tension-Stiffening Mechanism

The tension-stiffening mechanism presented in Fig. 3 is an es-
sential component for quantifying the actual performance of an ec-
centrically loaded columns at the plastic hinge region. A shooting
method for tension-stiffening numerical analysis to attain a force-
slip (P,;-A) relationship and the detailed modeling procedure are
schematically shown in Figs. 4 and 5, respectively. As presented in
Fig. 3(a), the area of a tensile reinforcement is Ay,,, and the cross
section of the surrounding concrete is idealized as a square prism
with cross-sectional area of A,. With the formation of the initial

A Abar
1A (B or Egy)
dprim
1 1
1 1 Prb
C A C s A C w\/ _I_f’ C A
Spr Sy
2 2
S
r B %x _____ B
S, Spr
2 2
A A 1
. A A
RN J4 4 d,ld, i y
v NN
Py, P
P rb P,
(a) (b)
Fig. 3. Partial-interaction tension-stiffening mechanisms: (a) tension stiffening with a single crack; and (b) tension stiffening with multiple
cracks.
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tensile crack at Section AA, both residual tensile force in fibers
(Pgp) and force in tensile rebar (P,;,) resist the widening of the ini-
tial crack. The slip distribution shown in Fig. 3(a) indicates that the
maximum slip (A) occurred at the initial crack in Section AA and
gradually decreased along the PI region until it reaches zero, and
hence it results in a transfer of stress from the reinforcement to con-
crete through the bond.

Furthermore, the full interaction boundary conditions are de-
fined when both distribution of A and d,/d, tend to zero at the
same location, which in turn determines the crack spacing (S,,) and
the force-slip (P,,-A) relationship.

The partial-interaction tension-stiffening numerical mechanism
for multiple cracks as reported in previous studies (Mohamed Ali
et al. 2008; Shukri et al. 2016; Visintin and Oehlers 2018) is illus-
trated in Fig. 3(b). For modeling the case of multiple cracks using
the shooting method, its boundary condition is defined as the dis-
tribution of A reaching zero at the location of S, /2 from the initial
crack. This hence redefines the P,,-A response at the hinge section
for generating the M-6 relationships of the columns.

As presented in Fig. 4, the concrete prism is divided into multi-
ple segments with a very short element length (L,) to determine
the variation in reinforcement slip and the distribution of strain
in the reinforcement and concrete. Following that, slip (A;) was
imposed as the initial value for the slip (A) with the maximum
value of W,,/2, which is the half of the maximum crack length

(Visintin and Oehlers 2018). The corresponding force in UHPFRC
due to fiber bridging effect is identified as Pg,, which is derived
from the relationship between tensile stress (0;) and the half crack
width (W, /2).

As presented in Figs. 4 and 5, the force of the tensile reinforce-
ment at the crack face (P,;,) is initially guessed as the average of the
low boundary (P,;) and high boundary (P,,,), and the corresponding
strain in the reinforcement (¢;;) and concrete (¢.;) can be obtained,
as presented in Fig. 5. Hence, the slip strain of the first concrete
segment (da/d,),; which is the algebraic difference of the strain
magnitudes between the reinforcement and concrete (£;,; — €.1) is
determined. The corresponding differential slip (6A) between con-
crete and reinforcement in Segment 1 is obtained by integrating the
slip strain (da/d,), along the segmental length (L,). The bond
force in the first element (B;) can be calculated from the known
bond-slip (7-A) properties and contact perimeter (L,,) of the rebar.
This procedure is repeated for Element 2 with the tensile force in
reinforcement determined as P,;, — B;, and the force in concrete
determined as P. + B;. The slip of the tensile reinforcement at the
second segment (A,) is obtained by subtracting A from the initial
slip (A;), and the corresponding bond force (B,) in Element 2 can
therefore be determined, as shown in Fig. 4.

A flowchart is given in Fig. 5 to show the details of applying this
shooting method to obtain the P,,-A, relationship, and additional
information on this shooting method has been given by Visintin and
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Fig. 4. Shooting method for tension-stiffening numerical analysis.
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Fig. 5. Modeling procedure to determine the P,,-A relationship.

Oehlers (2018). This analysis can then be repeated successively for
subsequent elements to yield the P,, needed to produce a given slip
(A)) until the full-interaction boundary conditions are satisfied,
where both slip (A) and slip strain (da/d,) values in the segment
tend to zero. Consequently, this defines the minimum distance from
the initial crack face to the primary cracks that may form, namely
initial crack spacing (S,,). Similarly, the same shooting method
was applied to conduct the PI tension-stiffening analysis for the
case of the multiple cracking, and one boundary condition, where
the slip (A) equals zero at the location of S,,/2 from the initial
crack, is required.

PI Concrete Softening

When the compressive strain in conventional concrete exceeds the
strain corresponding to the peak stress, concrete starts crushing, and
a sliding wedge starts to form in the PI compression region. It is
known that the compressive stress-strain (o-¢) relationship for plain
concrete contains two branches, namely an ascending branch up to
the peak strength that depends entirely on the material deformations
and a descending branch associated with PI sliding along the con-
crete to the concrete interface of the softening wedge (Zhang et al.
2014). A generic size-dependent o-¢ relationship based on the re-
sults of standard cylinder tests was proposed by Chen et al. (2014),
which encompassed the ascending branch dependent on the length
of the specimens and the descending branch dominated by the
shear friction mechanism along the sliding wedge. This approach,
which has been successfully applied to conventional concrete

© ASCE

04019111-6

(Chen et al. 2014) and has been further extended to steel-fiber con-
crete (FRC) by Visintin and Oehlers (2018), accommodating the
wedge-restrained by fibers in a flexural analysis, is therefore ap-
plied in the segmental analysis of current study to derive the stress
in the PI sliding wedge

200
Edef = (Etest - €mat) 7 1 €mat (1)

Let
where ¢, = material strain corresponding to the strain at peak
stress; £, = total strain based on standard compression test using
a 200-mm cylinder; and L4 = deformation length, which is also a
half of the cracking space (S),,/2) determined from the partial-
interaction (PI) tension-stiffening mechanism (mm).

Load-Deflection Relationship

Having FI, PI tension-stiffening, and PI concrete-softening mech-
anisms integrated, sectional internal moment corresponding to
varying 6 can be calculated, and hence the completed M-6 rela-
tionship of individual short UHPFRC column can be determined.
Excluding the secondary moment effect due to buckling in simu-
lating the load-midheight deflection (P-0,,4) relationship of the de-
flected column depicted in Fig. 6(a), the distributions of the flexural
moment and curvature along the half column are presented in
Figs. 6(b and c), respectively.

Moment distribution along the half of the column is constant
without considering the second moment effects, whereas the dis-
tribution of curvature is nonlinear at the hinge region due to the
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Fig. 6. Schematic diagram for deriving lateral deflection of the short UHPFRC column: (a) deflected short UHPFRC column; (b) moment distribution
for the column; (c¢) curvature distribution for the column; (d) rotation distribution for the column; and (e) lateral deflection distribution for the column.

extra rotation induced by concrete softening (Visintin et al. 2013).
Subsequently, the distribution of rotation along the column shown
in Fig. 6(d) is obtained by integrating the curvature () from the
middle height of the column (L/2) to the top of the column. Sim-
ilarly, having obtained the M-6 relationship of the short column, it
is a matter of integrating the distribution of rotation from the middle
height of the column to the top of the column to determine the lat-
eral deflection 6,4 as shown in Fig. 6(e).

Finite-Element Modeling

Detailed three-dimensional (3D) finite-element models are devel-
oped to predict the behaviors of concentrically and eccentrically
loaded short UHPFRC columns. The FE models are first applied
for the simulation of column specimens tested in this study, and the
experimental results are utilized to validate the numerical results
predicted by the FE models. This has demonstrated the very good
performance of the numerical model. With this confidence, the FE
model is adopted to produce additional results for different eccen-
tricities. A beam under three-point bending is also modeled because
such a specimen is tested to get the pure bending capacity of the
specimen (with no axial load), which needed for completing the
load-moment interaction diagram.

In order to have a reliable model of these structures, well-
regarded commercially available finite-element code ABAQUS is
used in this study. The concrete is modeled with 3D hexahedral
solid elements having eight nodes (C3D8R), where the element for-
mulation is based on the reduced integration technique. The steel
reinforcements are modeled with truss elements in 3D space with
two nodes (T3D2). The steel reinforcements (truss elements) are
embedded within the concrete (solid elements) that imposed a per-
fect bonding between these two materials. However, a slip between
them is expected in reality, which is incorporated indirectly through
the tension-stiffening feature of the CDP model, which is the most
advanced material model provided by ABAQUS for simulating
normal-strength concrete. Thus, this model may not provide reliable
results if it is applied directly without any adjustment to UHPFRC,
as experienced by Singh et al. (2016, 2017). Based on that, the prob-
lem is addressed by adjusting some parameters such as biaxial ratio
and dilation angle. The essential technical details of the CDP model
are provided in the following section. For the steel reinforcements,
the elastoplastic material model with steel hardening and softening
is employed.

Fig. 7 shows the FE model of one of the four column speci-
mens and a beam specimen. Steel caps consisting of a rectangular
flat plate (length =500 mm, breadth =350 mm, and thickness =
65 mm) and square ring (Iength = 165 mm and thickness =45 mm)
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Fig. 7. FE simulations: (a) UHPFRC concentrically and eccentrically
loaded short column; (b) details for steel cap, steel loading plate, and
reference point; and (c) UHPFRC beam with three-point bending setup.

used at the two ends of a column are modeled with 3D elements
(C3D8R) using an elastoplastic material model, as shown in
Figs. 7(a and b). This is similarly followed for the two additional
steel plates (length =250 mm; breadth = 100 mm and thickness =
50 mm) used at the two ends of the columns for the application of
loading. The breadth of the loading plate (100 mm) is aligned with
the length of the steel cap (500 mm). All translational displace-
ments of the nodes laying on the 250-mm-long central line at
the top surface of the upper loading plate are restrained, as shown
in Fig. 7(b). This is similarly applied to the lower loading plate at
its lower surface except the vertical displacement to allow vertical
upward movement.

The vertical displacement of these nodes having a single value is
imposed and increased gradually at a steady rate (0.15 mm/min)
using a reference point along with multipoint coupling constrain to
load the column in the form of displacement control. The preceding
procedure is applicable for the concentrically loaded case, and the
positions of these restraining and loading lines are simply moved
from the central line for the eccentrically loaded scenarios. The
contact between the steel cap and the column is ensured by using
the surface to surface contact (standard) algorithm provided by
ABAQUS where a hard contact is provided for the normal displace-
ment and sliding contact for the tangential displacements with a
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friction coefficient of 0.1. A tie contact is used to connect the load-
ing plate with the steel cap.

Three loading plates used for the beam have the same size as the
loading plate used for the columns, where the length of these plates
(250 mm) is oriented along the breadth of the beam. The same
surface-to-surface contact (standard) is used between the beam
and loading plates. The displacements of the 250-mm long central
line nodes at the bottom surface of the two supporting plate are
fully restrained. Vertically downward displacement of the central
loading plate having a single value is imposed and increased gradu-
ally at a steady rate (0.15 mm/min) using a reference point along
with multipoint coupling constrain to load the beam. A convergence
study for the mesh size was conducted to assure a stable converged
solution, and it was found that an element size of 15 mm is adequate,
which is consistently used in all cases, as shown in Figs. 7(a—c).

Concrete Damage Plasticity Model

In this study, the inelastic responses of concrete material in the CDP
model is represented by a plasticity-based continuum damage
model that encompassed the elastoplastic responses under tension
and compression, and this model is in conjunction with inputted
scalar/isotropic damage parameters. Two equivalent plastic strains
obtained from the elastoplastic responses are associated with failure
mechanism under compression and tension and hence govern the
envelope of the yield surface (Lubliner et al. 1989). To this end, the
uniaxial (o-¢) responses of concrete in compression or tension are
required to either represent the formation of microcracks in tension
or characterize the plastic response in compression. In order to have
a nonassociated flow rule, a plastic potential is used to accommo-
date with the yield function, and five additional parameters are re-
quired to determine the yield function and plastic potential

1

F= T—a (7 =3P + BEP) (Fmax) — V(—=Fmax)) — 5 (7)) <0

y=k) (6)
-

where o and v = material dependent constants; g = effective von
Mises equivalent stress; p = hydrostatic pressure based on effective
stresses; Gpax = maximum principal effective stress; 7.(P!) and
7,(7") = functions of equivalent plastic strain £/, representing ef-
fective cohesive stresses under compressive and tensile stresses;
G = flow potential, which follows a Drucker Prager hyperbolic
function; £ = potential eccentricity parameter for describing the rate
of the function approaches the asymptote; o, = uniaxial tensile
stress; and ¢ = dilation angle obtained from the measurement from
the p-q plane under high confining pressure.

To characterize the shape of the yield surface, two critical
parameters are required: (1) o,,, /0, ratio of the initial biaxial com-
pressive strength and initial uniaxial compressive strength, and
(2) parameter kc, which is the ratio between the distances from
the hydrostatic axis to tensile and compressive meridians. In this
study, the value of o,,/0,, is taken as 1.05 for UHPFRC instead
of the 1.16 that is usually taken for normal-strength concrete (Singh
et al. 2017). Similarly, the value of the dilation angle ¢ is taken as
35° (Singh et al. 2016) for UHPFRC instead of 30°, which is nor-
mally applied for conventional concrete.

As presented in Fig. 8, completed uniaxial o- curves of conven-
tional concrete are generated from cylinder compression and direct
tensile tests, and both inelastic strain () and cracking strain (5%)
are determined by subtracting the elastic components (¢, and &¢')
from the total strain (¢, and ¢,), respectively

Eén =& — Eslc =& — UC/EO (7)
55']{ =& - 565 =g —0,/Ey (8)

where E( = undamaged elastic modulus of concrete. With this, the
aforementioned equivalent plastic strains (7 "and gr h determining
the failure mechanism of the yield function can be derived as
follows:

_ 24 22 _ = -l . d o
G = \/(¢ontan g +7* = pang G) A N (AT o)
Oho Oco
a= 0<ax<05 (4) d, o
204, — 0, gPl —gek ___ Tt Tt 10
bo co €t Er (1 —d[) EO ( )
= (zpl
B(EP!) = ?C(fpl) (1—a)—(1+a) (5) Damage parameters (d. and d,) are utilized to characterize the
a:(e") level of degradation in the material stiffness, ranging from O to 1 for
O, ot
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Fig. 8. Definition of (a) compressive behavior; and (b) tension stiffening.
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describing undamaged and fully damaged states, respectively. The
damage parameters are determined utilizing the concepts of Birtel
and Mark (2006) and Mahmud et al (2013) as follows:

ﬁ
d.=1—|—"f 11
¢ {0.252" T gj (11)
4:1—% (12)

t

Comparison between Theoretical Model and
Test Results

Introduction of Experimental Program

As shown in Fig. 9(a), there are four reinforced UHPFRC columns
with a square cross section of 150 x 150 mm and 900 mm in height,
and all columns are reinforced by four longitudinal steel reinforce-
ments with a diameter of 16 mm and yield stress of 500 MPa.
A clean concrete cover of 20 mm measured from edge of reinforce-
ments to edge of columns was applied to all cross sections. Trans-
verse reinforcements with a diameter of 6 mm were placed in the

LVDT-2/4

—200mm—-=200mm—

Eccentricity = 0, 35, 50, 85 mm

150mm _T

#D

columns with a constant stirrup spacing of 85 mm. One column was
subjected to pure axial load, and the three other columns were sub-
jected to eccentric loads with eccentricities of 35, 50, or 80 mm,
respectively. Besides that, a UHPFRC member was cast as a beam
with the same cross section and stirrup arrangement as those of the
companion columns but a longer span of 1,350 mm, as shown in
Fig. 9(b). This UHPFRC beam was tested under a simply supported
condition and further subjected to three-point flexural bending in-
duced by the concentrated point load at the midspan of the beam.

All UHPFRC columns were tested in the lab of the University of
Adelaide using a universal testing machine (Amsler, Schaffhouse,
Switzerland) with a maximum capacity of 5,000 kN, and the
UHPFRC beam was tested using an Avery universal testing ma-
chine with a capacity of 1,000 kN. For both concentrically and ec-
centrically loaded columns, the local contraction and elongation of
the column were measured by linear variable differential transduc-
ers (i.e., LVDT-1 and LVDT-3, respectively), and the global dis-
placements of the short columns were captured by LVDT-2 and
LVDT-4. Additionally, lateral displacements at the middle region
including the middle height of the column and 200 mm above
and below the midheight were measured by LVDTs 5-7.

The experimental setup of beam is exhibited in Fig. 9(b), in
which LVDTs 1-3 were used to measure the deflection at the

Longitudinal reinforcement 4¢16mm

20mm
=l

Stirrup ¢ 6mm

T @ 85mmec/c

#— 110mm —;I‘

#— B=150mm —#

(a)
b= 360mm
£ P
T 6mm @ 85 c/c
LVDT-6/7 é
—
%: E 1
_— L)
=i LVDT-4/5 =E
_/ 200mm—3-200mm —
HREA LVDT-1 -
75mm 1350mm 75mm
(b)

Fig. 9. Instrumentation setup and member geometry details: (a) concentrically and eccentrically loaded column; and (b) three-point flexural bending

tests performed on UHPFRC beam.
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middle span of the beam, and LVDTs 4 and 5 were used to measure
the tensile crack opening at tensile surface of the beam. LVDTs 6
and 7 were placed close to the upper surface of the beam and used
to measure the contractions due to the hinge rotation.

Fundamental Material Properties

Unconfined and Confined Compressive Stress-Strain
Relationships of UHPFRC

Material constitutive relationships can be represented using the
material model presented in this section, which is used as input
for both numerical approaches. The compressive stress-strain rela-
tionship of UHPFRC can be reproduced using the model developed
by Singh et al. (2017) to cooperate with the numerical modeling.
As can be seen in Fig. 10(a), there is high agreement between the
experimental result and modeling result. For improving the accu-
racy of the model, the confining effects on the core concrete inside
the stirrups were considered, and an active confinement model for
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high-strength concrete established by Razvi and Saatcioglu (1999)
validated using the UHPFRC experimental results was directly ap-
plied to represent its stress-strain relationship.

In testing the behavior of UHPFRC under triaxial load, compres-
sion tests were conducted on UHPFRC cylinders with a diameter
of 62.5 mm and height of 120 mm. Uniform lateral confinement
stress of f; = 4.5 MPa was acting on all cylinders via a Hoek cell
to reproduce the confinement pressure induced by the transverse
reinforcements. Fig. 10(b) shows the comparisons between exper-
imental and model results and indicates the good prediction of trax-
ial behavior of the UHPFRC using the model. Parameters of the
confined UHPFRC calculated by using the Razvi and Saatcioglu
(1999) model are presented in Table 1.

Tensile Characterizations of UHPFRC

Tensile characterization of UHPFRC, including its stress-strain re-
lationship prior to cracking, strain hardening, and postpeak stress-
crack opening relationship, are defined using Eq. (13), which was
established based on the idealized modeling approach with three
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Fig. 10. Material properties of UHPFRC: (a) compressive stress-strain responses for unconfined UHPFRC; (b) compressive stress-strain response for
confined UHPFRC with lateral confining pressure of 4.5 MPa; (c) tensile characterizations of UHPFRC; (d) tensile stress and crack opening response;
(e) tensile stress-strain response for steel reinforcement; and (f) proposed bond-slip model between UHPFRC and reinforcement.
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Table 1. Summary of parameters of confined UHPFRC calculated using
Razvi’s model from Razvi and Saatcioglu (1999)

Parameter Value

Given material properties

fl, (MPa) 140.3

s (mm) 85.0

b. (mm) 98.0

d, (mm) 6.0

q 2.0

! 90.0

s; (mm) 82.0

Coefficients and lateral confined pressure

ky 0.176
Pe 0.007
fs (MPa) 663.4

f1 (MPa) 4.504
fie MPa) 0793
ky 6.970
fée (MPa) 145.8

Ductility of confined concrete and descending branch

€1 0.0041
€01 0.0039
ks 0.2852
€085 0.0052
ky 1.3268
€85 0.0073
K 0.0394

different phases as proposed by Wille et al. (2014) and simplified
based on experimental tested results reported in Singh et al. (2015),
as presented in Figs. 10(c and d)

E e (0<e,<ee)
o= fn+En (Ecr - Etl) (Ecc <eu < Esoft) (13)
—B1(Wer/2)

are (W.,/2 <£1.75 mm)

where o, = tensile stress (MPa); ¢, = total tensile strain; E,, =
elastic modulus of UHPFRC of 44,000 MPa; ¢,.. = strain prior to
strain hardening (.. = 110 x 107%); f,; = maximum tensile stress
of UHPFRC within elastic range (f,; = 4.84 MPa); E,; = modulus
for the tensile strain hardening stage (E,; = 373.67 MPa); e, =
strain corresponding to the peak stress of 5.79 MPa prior the crack
opening stage (45 = 2,640 x 107°); and «; and 3, = constant co-
efficients of descending curve (o; = 5.794 and (3, = —1.098).

Local Bond-Slip (/) Relationship

The experimentally generated material characteristic of steel rein-
forcements used for the local slip-bond test and subsequently a
simplified stress-strain relationship in both numerical models are
presented in Fig. 10(e). The local bond-slip (7-A) relationship is
required as a fundamental input for the shooting method when cal-
culating the crack spacing and modeling the tension-stiffening
behavior in a concrete prism, and the experimental local bond-slip
(7-A) relationship was obtained from the direct pullout tests con-
ducted by University of Adelaide. For the direct pullout tests, steel
rebar having the same diameter and material properties as the lon-
gitudinal reinforcements used in the UHPFRC columns was em-
bedded in a block of UHPFRC concrete with an embedment depth
of 240 mm. Displacements of the reinforcing bar at the top and
bottom of the specimen were recorded along with the correspond-
ing force by the Avery machine. As presented in Fig. 10(f), a
polyline local 7-A relationship was defined using the general ex-
pressions in Egs. (14) and (15)
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Tmax — @2 fcl (14)
AN\ 5
(s;) 05252
o= kiA+b (A SALA)) (15)
kaA+by, (A <ALA)
BA+by (A3 SALAY)

where 7, = peak bond stress (MPa); 6; = corresponding local slip
of the peak bond stress; v, and 3, = empirical coefficients fitting
the experimental result, with a, = 0.91 and (3, = 0.2 for UHPC
with a steel fiber content of 2.25%; k,, k,, and ks, and b, b,, and
b; = slopes and y-intersections, respectively, for describing linear
descending bond-slip (7-A) relationship after peak load, in which
ky =—0.97, k, = —0.01, k3 = —0.15, b; = 13.47, b, = 7.56, and
by = 11.50; A, A,, A;, and A, = slips within different stages
of the bond-slip (7/6) relationship, where A; = 2.4 mm, A, =
6.16 mm, Az = 30.00 mm, and A, = 62.65 mm.

Validation of Numerical Model and Finite Element
Modeling (FEM) Simulation

Load-Deflection Relationships

Load-axial deflection (P-0,,) relationships of the concentrically
loaded columns obtained from experiments, numerical, and FE
models are presented in Fig. 11(a), and load-midheight deflection
(P-6,m1q) relationships of eccentrically loaded columns generated
from both experiments and models are shown in Figs. 11(b-g).
For the beam subjected to three-point bending, the load-midspan
deflection (P-0,,4) relationships can be observed in Fig. 11(h).
It is worth highlighting that the numerical model and FE model
well-predict the P-8,y, and P-0,,;q relationships of UHPFRC short
columns subjected to eccentricity of 0, 35, 50, and 85 mm.

Figs. 11(b, d, and g) present the numerical-model and FE-model
predicted P-6,,;4 relationships of UHPC columns subjected to load
eccentricities of 20, 45, and 100 mm, in which these eccentricities
were not studied experimentally but their effects on P-0,,;4 relation-
ships of UHPFCR short columns were numerically investigated
and helped to complete the load-moment interaction envelope pre-
sented subsequently.

For the UHPFRC beam shown in Fig. 11(h), the proposed
PI-based model provides an appropriate prediction for the load-
midspan deflection (P-0,,;4) relationship, and it slightly underesti-
mates the load for the simply supported beam at the postpeak stage.
This could be attributed to the edge effect of friction and bond stress
between steel fibers and concrete along the concrete wedge sliding
planes in reality, where the friction provided residual force along
the concrete softening zone, and fibers prevented crack propagation
and hence restrained the rotation and middle-span displacement at
the hinge region.

Experimental, numerical, and finite element modeling (FEM)
results pertaining to the peak load and corresponding deflections,
including 8, and 0,4, are summarized in Table 2, and the errors
of predictions regarding the peak load (P),) are less than 9%. The
results presented in Fig. 11 and Table 2 show the good correlations
between the Pl-based numerical model and FE simulation, which
indicates the applicability and accuracy of the proposed numeri-
cal and FE models for predicting the P-8,,4 relationships of short
UHPFRC columns. In order to show the generic nature of the
proposed mechanics-based model and FEM model, additional ex-
perimental results from a different experiment were adopted as
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Fig. 11. Comparisons of experimental results with analytical and numerical models for UHPFRC columns loaded with different eccentricities:
(a) concentrated; (b) eccentricity = 20 mm; (c) eccentricity = 35 mm; (d) eccentricity = 45 mm; (e) eccentricity = 50 mm; (f) eccentricity =
85 mm; (g) eccentricity = 100 mm; and (h) UHPFRC beam.
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Table 2. Comparisons among of experimental, numerical, and numerical
simulation results

Experimental Numerical FEM

Eccentricity o, 8 o,

(mm) P, (kN) (mm) P, (kN) (mm) P, (kN) (mm)
0 3,490.86 3.16 3,489.66 3.53 354148  3.59
20 — — 237836  3.04 236943 3.02
35 1,890.16  3.43 1,793.87 3.75 1,735.83  4.05
45 — — 1,476.10 456 1,409.58  5.18
50 1,212.72 487 1,292.52 486 1,241.23 493
85 59391  17.77 605.50  8.00 627.82 755
100 — — 493.10 9.32 489.73 10.8

Pure bending 108.57 18.32 110.51 18.54 106.99 17.00

benchmarks for them, in which the experimental program was re-
ported in detail by Steven and Empelmann (2014) and the corre-
sponding results are illustrated in Fig. 12.

Verification of Proposed Load-Moment Interaction
Diagram

Integrating results of the numerical models for short UHPFRC
columns loaded with eccentricities from 0 to 100 mm and the
UHPFRC beam, a complete load-moment (P-M) interaction enve-
lope was plotted in conjunction with actual the experimental re-
sults, as presented in Fig. 13. The comparisons shown in the figure
suggest a good agreement between experimental and theoretical
results because the experimental results of the columns loaded with
eccentricities of 0 and 85 mm and the pure bending case closely
match with the curve developed numerically. Although the model
well-simulates the axial load of the columns loaded with eccen-
tricities of 35 and 50 mm, it slightly underestimates and overesti-
mates the flexural moments, respectively, as shown in Fig. 13.

A potential explanation for the differences between the numeri-
cal and experimental results is that the fiber distributions and den-
sity in the column specimens were slightly different from those of
the material tested specimens, and this also influence the load-
carrying capacities (Pp) of the short columns due to fiber bridging
effects, and hence increases the difference at the moment (M) when
using Pp to multiply the constant eccentricities. Further compari-
sons of the bending moment of short columns revealed that eccen-
tricity of 45 mm led to the largest moment acting on the short
UHPFRC columns, and it can be deduced that the loading eccen-
tricity for the columns caused the balance failure of the column
ranges from 35 to 45 mm.

4000
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Moment, M (kN.m)

Fig. 13. Load-moment interaction diagram for UHPFRC short
columns.

Failure Modes

The failure modes of all column specimens are presented in
Figs. 14(a—g). Having obtained the compressive damage parameters
calculated using Eqgs. (11) and (12) and inputted these values into the
CDP model, the compressive damage pattern for a UHPFRC col-
umn under concentric load is determined by the FE model, as shown
in Fig. 14(a). A maximum compressive damage level of 98.33% has
been observed in the middle region of the column, and this obser-
vation indicates that the UHPFRC column under concentric load
failed predominately by concrete spalling at the surface induced
by concrete softening of the UHPFRC. Similar failure patterns of
UHPFRC columns subjected to concentric loads have been reported
in previous studies (Hosinieh et al. 2015; Shin et al. 2017).

Using the compressive and tensile damage parameters inputted
in the FE models, compressive and tensile damage patterns for
eccentrically loaded columns are exhibited in Figs. 14(b—g). As
shown in Figs. 14(b, d, and f), significant concrete softening under
compression was observed in the compressive damage patterns of
eccentrically loaded columns with eccentricities of 35, 50, and
85 mm. Additionally, comparisons of compressive damage patterns
and maximum damage levels reveal that the compressive damage
level decreased with an increase in loading eccentricity, for in-
stance, the wedge length for columns (e = 35, 50, and 85 mm) are
approximately 360, 315, and 165 mm, respectively.

Tensile damage patterns for eccentrically loaded columns are
presented in Figs. 14(c, e, and g), and small flexural tensile cracks

6000 8000
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. 7000 S .
5000 -+ Numerical model 6000 s -+ Numerical model
—_~ . . —~ RN . .
E 4000 = FE simulation 5 > = FE simulation
< < 5000 <
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—~ 2000 ~
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(a) Axial deformation daxial (mm) (b) Axial deformation dmid (mm)

Fig. 12. Comparisons of experimental results with analytical and numerical models for UHPFRC columns conducted by Steven and Empelmann

(2014): (a) Column S3; and (b) Column SE2.
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Fig. 14. FEM simulation results: (a) compressive damage pattern for e = 35 mm; (b) compressive damage pattern for e = 35 mm; (c) tensile damage
pattern for e = 35 mm; (d) compressive damage pattern for ¢ = 50 mm; (e) tensile damage pattern for ¢ = 50 mm; (f) compressive damage pattern
for e = 85 mm; and (g) tensile damage pattern for ¢ = 85 mm.
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can be observed in Fig. 14(c) on the tensile face of the column,
which is loaded with an eccentricity of 35 mm. With increases in
eccentricity, more prominent tensile flexural cracks can be observed
at the middle height of the columns with loading eccentricities of 50
and 85 mm. The aforementioned phenomenon suggests that flexural
failure governs the overall failure of UHPFRC short columns over
the compressive failure when the load eccentricity increases.

Conclusions

In this study, a PI-based numerical model as well as FE models were

developed to simulate the behaviors of short UHPFRC columns sub-

jected to concentric and eccentric loads together with a simply sup-
ported beam, and the following conclusions can be made:

e Both Pl-based and FEM models can be applied confidently to
simulate P-0,,, and P-0.,;q relationships for short UHPFRC
columns and beams, respectively.

* To analyze UHPFRC columns using these models, only the fun-
damental material properties of concrete and reinforcements are
required to predict the P-6pigneign: Telationships of eccentrically
loaded columns without resorting to costly and time-consuming
structural tests on UHPFRC columns.

* The proposed P-M interaction envelopes generated in this study
accurately predict the behaviors of short columns loaded with
various eccentricities, and this highlights the reliability of the
numerical models in simulating the behaviors of eccentrically
loaded UHPFRC columns. Therefore, it can serve as the basis
for further research and design of UHPFRC columns.

* FE simulations successfully reproduced the damage patterns
of UHPFRC members under different loading conditions. Com-
parisons of these simulated damage patterns indicated that the
compressive damage level of short UHPFRC columns decreases
with an increase in loading eccentricity.
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Notation

The following symbols are used in this paper:
Ap,r = area of one longitudinal reinforcement;
A, = area of the surrounding prism at the
partial-interaction region;
B, = bond force in the nth element;
B, =bond force in the first element;
B, = bond force in the second element;
b, = empirical coefficient for the bond-slip relationship in

Stage 2;

b, = empirical coefficient for bond-slip relationship in
Stage 3;

b; = empirical coefficient for the bond-slip relationship in
Stage 4;

d,. = compressive damage parameter defined in Eq. (11);
d, = tensile damage parameter defined in Eq. (12);
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da/d, = slip strain between the tensile reinforcement and
surrounding concrete;
(da/d,), = slip strain between the tensile reinforcement and
surrounding concrete in the nth element;
(da/d,), = slip strain between the tensile reinforcement and
surrounding concrete in the first element;
(da/d,), = slip strain between the tensile reinforcement and
surrounding concrete in the second element;
E. = Young’s modulus of UHPFRC;
E ., = elastic modulus of UHPFRC = E;
Eg, = Young’s modulus of steel fiber;
E);, = modulus of steel hardening;
E, = Young’s modulus of the steel reinforcement;
E;; = modulus of tensile hardening of UHPFRC;
E, = undamaged elastic modulus of concrete, which is
also E;
S = ultimate compressive strength of UHPFRC obtained
from standard cylinder tests;
fe = ultimate tensile strength of UHPFRC;
f = maximum tensile stress of UHPFRC before tensile
hardening;
f. = maximum strength of the steel reinforcement;
fy = yield stress of steel reinforcements;
G = flow potential;
ky = slope of bond-slip relationship in the second stage;
k, = slope of bond-slip relationship in the third stage;
ks = slope of bond-slip relationship in the fourth stage;
L 4ot = deformation length, which is also a half of the crack
spacing (S,,,);
L, = element length for each segment;
L, = contact perimeter of tensile reinforcement;
L, = width of compression wedge;
P = force in surrounding concrete;
P.. = sectional compressive force from UHPFRC;
P, = sectional tensile force from UHPFRC;
Py, = force owing to fiber bridging effect in UHPFRC after
cracking;
P, = sectional force in reinforcements placed at the left;
P,; = lower boundary of initial guess for the force in tensile
reinforcement;
P,, = sectional force in reinforcements placed at the right;
P,,, = upper boundary of initial guess for the force in tensile
reinforcement;
P, ax = maximum force of the steel reinforcement;
P, , = tensile force of the steel reinforcement reaches yield
stress;
p = hydrostatic pressure based on effective stresses;
g = effective von Mises equivalent stress;
= crack spacing between primary cack and initial
crack;
W.,./2 = crack width at the initial crack;
« = material dependent constant in Eq. (4);
«; = constant coefficient of descending curve of concrete
under tension;
o, = empirical coefficient fitting the experimental result of
bond tests;
(31 = constant coefficient of descending curve of concrete
under tension;
3, = empirical coefficient fitting the experimental result of
bond tests;
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~ = material dependent constant in Eq. (6);
A = relative slip between the tensile reinforcement and
surrounding concrete;
A, = relative slip between tensile reinforcement and
surrounding concrete in the nth element;
A = relative slip between tensile reinforcement and
surrounding concrete in the first element;
A, = relative slip between tensile reinforcement and
surrounding concrete in the second element;
6A, = differential slip between the tensile reinforcement
and surrounding concrete in the first element;
0/, = differential slip between the tensile reinforcement
and surrounding concrete in the second element;
€y, = strain of the tensile reinforcement in the nth
element;
€p1 = strain of the tensile reinforcement in the first element;
€pn = strain of the tensile reinforcement in the second
element;
€. = total compressive strain in concrete;
e¢! = elastic compressive strain corresponding to the yield
stress of the concrete;
" = inelastic strain;
€.c = strain prior strain hardening;
€., = strain of the concrete in the nth element;
€. = corresponding tensile strain of UHPFRC at the
ultimate tensile strength;
€1 = strain of the concrete in the first element;
€., = strain of the concrete in the second element;
Edef = Strain in deformed region;
€ma = Material strain corresponding to the strain at the
peak stress;
€, = strain corresponding to peak stress of UHPFRC;
€,1 = strain in reinforcements placed at the left;
€,0 = strain in reinforcements placed at the right;
Esoft = Strain corresponding to the peak stress;
€, = total tensile strain in concrete;
€% = cracking strain;
¢! = elastic tensile strain corresponding to the yield stress
of the concrete;
Erest = total strain based on standard cylinder test using a
200-mm-tall cylinder;
€y = yield strain of steel;
&r! = equivalent plastic strain;
154 = plastic strains in compression;
gy = plastic strains in tension;
& = potential eccentricity parameter for describing the
rate at which the function approaches the asymptote;
0. = compressive stress in UHPFRC;
o, = tensile stress in UHPFRC;
0,1 = stress in reinforcements placed at the left;
0, = stress in reinforcements placed at the right;
0,0 = uniaxial tensile stress;
5. (EP") = effective cohesive stress under compression
corresponding to each equivalent plastic strain;
7,(&P") = effective cohesive stress under tension corresponding
to each equivalent plastic strain;
Omax = Maximum principal effective stress;
7, = bond stress in the nth element;
7, = bond stress in the first element;
T, = bond stress in the second element; and
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o = dilation angle obtained from the measurement from
the p-g plane under high confining pressure.
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