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Summary

Due to aging, increase in service loads, and/or upgrade of design codes, many existing
concrete structures do not, or soon will not satisfy the required load-bearing capacity.
Therefore, measures such as reconstruction or repair are necessary. Among various
strengthening methods, ultra-high performance fiber reinforced concrete (UHPFRC), due
to its high mechanical properties and superior durability, has emerged as a promising
solution for strengthening concrete structures by enhancing load and deformation capac-
ity, and improving durability. While extensive research has been conducted on the use of
UHPFRC for flexural strengthening, studies focused on shear strengthening remain lim-
ited. After strengthening, the interface between UHPFRC and traditional reinforced con-
crete (RC) structures is formed. However, interface behavior has not been thoroughly
investigated, further posing a gap in understanding the optimal strengthening design of
UHPFRC in hybrid UHPFRC-concrete systems.

This dissertation focuses on the shear performance of concrete structures strengthened
with UHPFRC, with a focus on the interface behavior between UHPFRC and normal
concrete, and the mechanical properties of UHPFRC.

To assess the shear strengthening efficiency of UHPFRC, this dissertation starts with a
literature review (Chapter 2) that addresses three major aspects. The first aspect focuses
on the shear performance of hybrid UHPFRC-RC structures. Strengthening applications
of UHPFRC in shear, and current analytical and numerical methods to predict the shear
capacity of RC structures strengthened with UHPFRC are critically analyzed. The second
aspect is focused on the UHPFRC-concrete interface behavior which is governing the
response of the hybrid beams. From the review, the role of governing parameters on the
interface behavior, including the effects of bonding technique, moisture exchange be-
tween the two materials, differential shrinkage and the role of coupled environmental and
mechanical loads, are discussed. The final aspect deals with the application of non-de-
structive techniques (NDTSs) to assess the strengthening efficiency of UHPFRC, focusing
on evaluation of (i) UHPFRC material properties and (ii) UHPFRC-concrete interface
performance in hybrid structures.

Experimental design is presented in Chapter 3, where the material and structural tests are
systematically introduced. This chapter provides a series of material tests to, among oth-
ers, characterize the workability, shrinkage and mechanical properties of both UHPFRC
and normal concrete (NC). It also introduces the design and setup of a comprehensive
structural test to evaluate the shear performance of UHPFRC-strengthened RC beams.
Following the experimental methodology from Chapter 3, Chapter 4 presents the results
of the material and structural tests. Through comparative analysis, this chapter examines
the material and structural behavior of UHPFRC-strengthened beams and its constituents



by varying different parameters, thereby setting a basis for evaluating the shear improve-
ment in strengthened RC beams.

In order to provide a deeper analysis on the UHPFRC-concrete interface quality in
strengthened beams, Chapter 5 focuses on the assessment of possible delamination be-
tween UHPFRC and existing concrete by applying active infrared thermography. Com-
bined with both experimental and numerical analysis, a systematic procedure is developed
to detect subsurface delamination in hybrid UHPFRC-NC specimens. Besides the inter-
face properties, another governing parameter, namely the material properties of UHPFRC,
is examined in Chapter 6. This chapter investigates the fiber distribution and orientation
within UHPFRC elements, important factors influencing material properties of UHPFRC,
and therefore further affecting its shear strengthening efficiency. Using a calibrated elec-
tromagnetic method and validated through x-ray computed tomography (CT scanning),
the effect of governing parameters, including casting direction and vibration time, on fiber
distribution and orientation in UHPFRC elements is investigated. This chapter helps to
clarify the connection between the material properties of UHPFRC and its structural per-
formance.

Based on the structural test results (Chapter 4), evaluation of interface properties (Chapter
5) and material properties of UHPFRC (Chapter 6), in Chapter 7, a numerical model is
developed to simulate shear performance of UHPFRC strengthened concrete structures,
validated by the experimental results. A parametric study is further conducted to investi-
gate key factors including interface properties, UHPFRC tensile behavior and non-uni-
form fiber distribution in UHPFRC. The numerical analysis offers insights on the influ-
ence of these parameters on shear strengthening efficiency.

In the final Chapter 8, the findings regarding the overall shear strengthening performance
of UHPFRC in RC beams are given, providing practical insights for optimizing UHPFRC
applications in concrete structures. Finally, suggestions for future research are given.



Samenvatting

Door veroudering, toename van de gebruiksbelastingen en/of aanpassing van ontwerpco-
des voldoen veel bestaande betonconstructies niet of binnenkort niet meer aan het vereiste
draagvermogen. Daarom zijn maatregelen zoals reconstructie of reparatie noodzakelijk.
Van de verschillende methodes voor constructieve versterking is ultrahoogwaardig ve-
zelversterkt beton (UHPFRC), vanwege zijn hoge mechanische eigenschappen en supe-
rieure duurzaamheid, naar voren gekomen als een veelbelovende oplossing voor het ver-
sterken van betonconstructies door het verbeteren van de belastings- en vervormingsca-
paciteit en het verbeteren van de duurzaamheid. Er is uitgebreid onderzoek gedaan naar
het gebruik van UHPFRC voor het verhogen van de buigcapaciteit, maar studies gericht
op het verhogen van de afschuifsterkte blijven beperkt. Na versterking ontstaat er een
interface tussen UHPFRC en traditioneel gewapend beton (RC). Het gedrag van de inter-
face is echter nog niet grondig onderzocht, waardoor er een leemte ontstaat in het begrij-
pen van het optimale versterkingsontwerp van UHPFRC in hybride UHPFRC-beton-sys-
temen.

Dit proefschrift richt zich op de afschuifprestaties van betonconstructies versterkt met
UHPFRC, met een focus op het gedrag van de interface tussen UHPFRC en normaal
beton en de mechanische eigenschappen van UHPFRC zelf.

Om de efficiéntie van het verhogen van de afschuifsterkte met UHPFRC te beoordelen,
begint dit proefschrift met een literatuuronderzoek (Hoofdstuk 2) dat drie belangrijke as-
pecten behandelt. Het eerste aspect richt zich op de afschuifprestaties van hybride UHP-
FRC-RC-constructies. Versterkende toepassingen van UHPFRC in afschuiving en hui-
dige analytische en numerieke methoden om de afschuifcapaciteit van RC constructies
versterkt met UHPFRC te voorspellen worden kritisch geanalyseerd. Het tweede aspect
is gericht op het gedrag van de interface tussen UHPFRC en beton, die de respons van de
hybride liggers bepaalt. De rol van bepalende parameters op het gedrag van de interface,
inclusief de effecten van de verbindingstechniek, vochtuitwisseling tussen de twee mate-
rialen, differentiéle krimp en de rol van gekoppelde omgevings- en mechanische belas-
tingen worden besproken. Het laatste aspect betreft de toepassing van niet-destructieve
technieken (NDT) om de versterkingsefficiéntie met UHPFRC te beoordelen, waarbij de
nadruk ligt op de evaluatie van (i) de materiaaleigenschappen van UHPFRC en (ii) de
prestaties van de interface tussen UHPFRC en beton in hybride constructies.

Het experimenteel ontwerp wordt gepresenteerd in hoofdstuk 3, waar de materiaalkun-
dige en constructieve experimenten systematisch worden geintroduceerd. Dit hoofdstuk
voorziet in een reeks materiaalproeven om onder andere de verwerkbaarheid, krimp en
mechanische eigenschappen van zowel UHPFRC als standaard beton (NC) te karakteri-
seren, en introduceert het ontwerp en de opzet van een uitgebreide constructieve test om



de afschuifprestaties van UHPFRC-versterkte RC-balken te evalueren. Na de experimen-
tele methodologie uit hoofdstuk 3, presenteert hoofdstuk 4 de resultaten van de materi-
aalkundige en constructieve testen. Door middel van een vergelijkende analyse onder-
zoekt dit hoofdstuk het materiaal- en constructieve gedrag van UHPFRC-versterkte lig-
gers en hun onderdelen door verschillende parameters te variéren, waardoor een basis
wordt gelegd voor het evalueren van de afschuiving van versterkte RC liggers.

Om een diepere analyse te geven van de kwaliteit van de UHPFRC-beton interface in
versterkte liggers, richt hoofdstuk 5 zich op de beoordeling van mogelijke delaminatie
tussen UHPFRC en bestaand beton door het toepassen van actieve infrarood thermografie.
Gecombineerd met zowel experimentele als numerieke analyses wordt een systematische
procedure ontwikkeld om delaminatie onder de oppervlakte te detecteren in hybride
UHPFRC-NC proefstukken. Naast de interface-eigenschappen wordt in hoofdstuk 6 een
andere bepalende parameter onderzocht, namelijk de materiaaleigenschappen van UHP-
FRC. Dit hoofdstuk onderzoekt de vezeldistributie en -oriéntatie binnen UHPFRC ele-
menten, belangrijke factoren die de materiaaleigenschappen van UHPFRC beinvloeden
en daardoor ook de efficiéntie van het verhogen van de afschuifsterkte. Met behulp van
een gekalibreerde elektromagnetische methode en gevalideerd door middel van réntgen
computertomografie (CT-scanning), wordt het effect van bepalende parameters, inclusief
stortrichting en trillingstijd, op de vezeldistributie en -oriéntatie in UHPFRC elementen
onderzocht. Dit hoofdstuk helpt het verband te verduidelijken tussen de materiaaleigen-
schappen van UHPFRC en de constructieve prestaties ervan.

Gebaseerd op de constructieve testresultaten (Hoofdstuk 4), de evaluatie van de interface-
eigenschappen (Hoofdstuk 5) en de materiaaleigenschappen van UHPFRC (Hoofdstuk 6),
wordt in Hoofdstuk 7 een numeriek model behandeld dat is ontwikkeld om de afschuif-
prestaties te simuleren van UHPFRC versterkte betonconstructies, gevalideerd door de
experimentele resultaten. Een parametrische studie wordt verder uitgevoerd om belang-
rijke factoren te onderzoeken, waaronder interface-eigenschappen, UHPFRC trekgedrag
en niet-uniforme vezeldistributie in UHPFRC. De numerieke analyse biedt inzicht in de
invloed van deze parameters op de efficiéntie van verhoging van de afschuifsterkte.

In het laatste hoofdstuk 8 worden de bevindingen met betrekking tot de algemene presta-
ties van UHPFRC voor het verhogen van de afschuifsterkte in RC balken gegeven, die
praktische inzichten verschaffen voor het optimaliseren van UHPFRC toepassingen in
betonconstructies. Tot slot worden suggesties gegeven voor toekomstig onderzoek.



Table of Contents

Chapter 1

[ oo 103 Ao o TR 1

1.1 Research background............oooouuiiiiiiiiii e

1.2 Research aims and objectives

1.3 Research SCOpe.......ccccvvvvveeeeeiiinns

1.4 Research methodology

1.5 TRESIS OULINE ...ttt
Chapter 2 Literature Review on shear strengthening of concrete beams
WIth UHPFRC ..ottt ettt e e e e e e e e e st e e e e e e nnennns 11

P20 R | 011 1o V(i 1T ] o I PP PP PR 12

2.2 Shear strengthening efficiency of UHPFRC — experimental studies ................. 12

2.3 Modeling of shear strengthening efficiency of UHPFRC

2.3.1 Analytical modeling of shear resistance

2.3.2 Numerical modeling of shear resistance
2.4 Behavior of UHPFRC-concrete interface and critical parameters...................... 25
2.4.1 Bond strength tests for investigating UHPFRC-concrete interface............ 26
2.4.2 Influence of bonding method and roughness on interface behavior.......... 29
2.4.3 Influence of moisture exchange on interface behavior...............cccccvvneee... 35
2.4.4 Influence of shrinkage on interface behavior.............cccccoiviiiiiins 37
2.4.5 Durability of concrete structures strengthened with UHPFRC................... 38
2.4.6 Interface performance (debonding and slip) in structural tests.................. 40
2.5 Non-destructive methods to assess UHPFRC strengthening efficiency............ 43
2.5.1 Material properties evaluation of UHPFRC ..........cccocoiiiiiiiiiiecc e 43
2.5.2 Delamination detection at the interface ...........ccocevevviiee i 45
2.6 CONCIUSION ..ttt ettt 46
Chapter 3 Experimental methods ..., 49
% A 19110 To 11 )i o o HO T PO T PP U PP PPPPPOTPIN 50
3.2 MALEIIAIS ...ereieei et 50
3.2.1 Raw materials and proportion of NC and UHPFRC ..........c.cccoovieiiiieenne 50
3.2.2  UHPFRC MiXiNg PrOCEAUIE.......coiuieeeiirieeeeiree et ettt e e 51
3.2.3 Specimen preparation and curing regime of NC and UHPFRC................. 51
3.3 MAtEAl ESES....eiiiiiiieeeie e 52
3.3.1  Slump flow and final setting tiMe.........ccveiiiiiii e 52
3.3.2 Free and restrained shrinkage test...........cccccuiiiiiiiiiiiniee e 52
3.3.3  COMPIESSIVE TEST ..uviiiiiiiie ettt ettt e e nibee e e 55
3.3.4  EIaStiCc MOAUIUS TEST ......uviiiiiiiiieiiiec et 55
3.3.5  TENSIIE TS .. 55
3.3.6  Freeze-thaw EXPOSUIE ........cuuiiiiiiee ettt a et ee e e e ineeeee s 56
3.4 SHTUCTUIAL TESES ...ttt e s 57
341 TSt PAIAMELEIS ...t 58
3.4.2  SPECIMEN PreParatioN ......cceciuuiieriieeeiiiieeeaieeesiieee s sbeeessereessnreeessebeeesnnes 59
3.4.3  MeasuremMent SYSTEM .. ...cciiiiriiiiiie et 64
3.4.4  Loading SCHEME .......coiiiiiieii e 66



3.5 SUMIMAIY ittt ettt e e e e e e e e e e e e eeeaees 66

Chapter 4 Experimental results and diSCUSSION ......ccuveeeieiiiiiiiiiiieeeeeene 69
o 1 o1 (oo 11 o1 o o FS PSP PP PP PP
4.2 Material test results

4.2.1 Slump flow and final setting time

4.2.2 Free and restrained shrinkage ...
4.2.3 Mechanical properties of UHPFRC and concrete
4.2.4 Freeze-thaw teSt reSUILS........cccvviiiiiiee e
4.3 SHrUCHUral tEST FESUILS .......vieieii it
4.3.1 Cracking/debonding analysis of hybrid UHPFRC-RC beams under
restrained ShriNKAge ..........coooiiiiiiiiiiiee e 79
4.3.2 Influence of moisture condition of concrete substrate.............c.ccccevvveeen. 83
4.3.3 Influence of bonding techniques combined with freeze-thaw action ......... 95
4.3.4 Influence of casting dir€CtioN ...........coooiiiiiiiiiiiiii e 117
4.4 DISCUSSION ...ttt ettt et e sttt ettt ekttt e bt st abe e bt e bt e e ne e e nbeeenee s 124
4.4.1 Influence of moisture degree of the concrete substrate ..............c.c.co.ee... 124

4.4.2 Fiber distribution from microscopic observations
4.4.3 Influence of freeze-thaw cycles
4.5 Conclusion and iMPlICALIONS ........coiiiiiiiiiiei e

Chapter 5 Delamination detection at the interface in hybrid beams using
active infrared thermography .......cccoeiiiiii e

L% R [ 011 (oo L1 [od 1 o] o F PP PPPTPIN

5.2  Experimental MEthOUS .........ccuuiiiiiiiiiiiiie e
5.2.1 Test SPecimen Preparation ............ccccviiciveereeeeesiiiiieeee e e e e seearee e e e e e e e snenes
5.2.2 Test setup and tesSting PrOCESS .....c.uvveiirrieeiiiiiie et

5.3 FEM SIMUIALION ......eeiiiiiiieei et e e e e
5.3.1  Material PrOPEITIES .....uvvieiieei ittt ee e ettt e e e e e e e e s e et e e e e e e e e enenes
5.3.2  Model validation............couiiiiiiiiiiiiee e

5.4 Results and diSCUSSION ..........oiiiiiiiiiiiiiiiee e et e e e e e eneees
5.4.1  HeatiNG tiMe..eiiii it e e e e e e
5.4.2  Verification against experimental reSultS...........cocccveviieee e,

5.5 Analytical models for data ProCeSSING ........c.eeeerriviieriieeeiiiee e
5.5.1 Optimal frame and delamination detection.............cccccceeeiviiiiiieiiee e
5.5.2 Results and diSCUSSION ..........uiiiiiiiiiiiiiii e

5.6 Beam test and validation .....................

5.6.1 Beam test procedure and results
5.6.2 Validation from X-ray computed tomography (CT)

5.6.3 Evaluation of interface properties in strengthened beams after FT......... 152

5.7 CONCIUSION ...ttt 155
Chapter 6 Electromagnetic method for fiber distribution

characterization in UHPFRC ...........cccoiiiiiiiie e 157

{20 R [ 11 (o To [¥ [ox T o ST UPPRRRRIN 158

6.2 Description of the electromagnetic method.............cocccveiiiiiieiiiciec e 158

Vi



6.2.1  PrINCIPIES. ...eiiiiieiii e
6.2.2 Fiber distribution and orientation measurement

6.3 EXPErimental PrOgram.. ... i iiieie ettt
6.3.1 SPEeCimen PreParation .........ccvveieeeeeiiiirieieeeees e e e e e s e e e e e s enraaeaeas
6.3.2  TESHNG PrOCESS ...cieveieiireee ettt eit ettt e et e s nneee s

6.4 Testresults and validation ..o
6.4.1 Mechanical properties of UHPFRC with different fiber volume................ 167
6.4.2  Fiber content and kv factor calibration ............ccccceveiiieeeiniecnne e
6.4.3 Determination of fiber orientation .............ccccoo i
6.4.4 Sensitivity analysis of inductance measurement............cccceeeeeeriiinineenn.
6.4.5 Factors affecting fiber distribution and orientation................c...c.ccevvneee.e.
6.4.6 Validation by x-ray imaging....

6.5 Beam test and diSCUSSION ...........cccuvveeveeeieniniieen.

6.5.1 Measurement layout for hybrid beam
6.5.2 BeaM tESE FESUILS ....uvviiiieiiiiiiiiiee e
6.5.3  DISCUSSION ...ceiiiiiiiiiitiii e ettt e e e e ettt e e e e e e ettt e e e e e e e annntaeeeaeeesannneeeeeas

6.6 Analytical methods for mechanical properties of UHPFRC
6.6.1 Compressive strength and elastic modulus..............ccoeeeiiiieiiice e
6.6.2  Tensile DENAVION.........cooii i

6.7 CONCIUSION ..ttt et e st e e st e e s sebeeeean

Chapter 7 Numerical investigation on shear performance of UHPFRC-
RC DEAMS e

% R 1)1 Yo [§ Tox 1o o [P
7.2 Material constitutive laws and finite element model
7.3 Validation of the numerical model............cccccvviviiiiiiiiieeeeeeeeeeeeees
7.4 ParametriC SEUAY ......ccciiriiiiiiiiieiiieie ettt
7.4.1 The effect of interface pProperties............eeeveeeiiiiiieie e
7.4.2 The effect of tensile properties of UHPFRC ...........cccccooviiiiieeeec i,
7.4.3 The effect of non-uniform fiber distribution in UHPFRC ............cccccevuvnne. 215
T O o T [V 13 o] o [P 217
Chapter 8 Retrospection, conclusion and future research................... 219
8.1  RErOSPECHON .. .eeiiiitiee ettt 220
8.2 CONCIUSIONS ...ooviviveeeieeiieeeeeeeeeeeeeeeereeeeeseeeeeseeesssssessresesrsssereserrssssrsrrserrrerrrrrrrarees 220
8.3 Recommendation for future research..........ccccvvvevviiiiiiiiiiieiieeeeeeeeeeeeeeees 222
L (= =T Lo = 225
ACKNOWIEAGEMENTS ... 245
(OLU] g g To VT[0T g IRVA = T 249
List Of PUDIICAIONS ...cciiiiiee e 251

VII






Chapter 1 Introduction

Chapter 1 Introduction



1.1 Research background

1.1 Research background

Concrete is the most used construction material in the world. However, due to increase
of loads, ageing and possible deterioration, and more stringent requirements in design
codes, the bearing capacity of existing concrete structures decreases and/or does no longer
satisfy service demands [1,2]. Rehabilitation of existing concrete structures, usually im-
plying a strengthening method to upgrade the capacity or repair to improve the durability,
and therefore extend the service life of existing structures, is favorable to government and
industries. Advantages include short ‘out-0f-use periods’ of structure, limited traffic hin-
drance and cost effectiveness [3]. A common strengthening measure is to cast a layer of
new concrete in the regions where principal stresses are the largest to improve the struc-
tural resistance. However, structures strengthened with normal concrete (NC) can suffer
a decrease in their resistance again after only a short time [4]. Drawbacks also exist in
other popular strengthening methods, such as difficulty in shaping of steel plate and its
susceptibility to corrosion by applying steel jacketing, and premature debonding failure
at the interface in strengthening with FRP [5]. These issues prompted researchers to look
into the application of advanced cementitious materials for strengthening of structural
concrete.

UHPFRC is a relatively new construction material with high compressive and tensile
strength, as well as superior durability that is attractive for strengthening applications.
Compared to normal concrete, UHPFRC has a dense and compact microstructure with
low permeability due to the use of fine particles like silica fume, a low water-binder ratio
and the addition of superplasticizer [6]. Consequently, UHPFRC shows high resistance
against degradation processes such as carbonation, chloride ingress, sulfate attack and
ingress of corrosive liquids [7-9], freeze-thaw cycles and thermal loads [10]. The low
amount of coarse aggregates (in size and volume) and a high fiber content (normally 2 or
3% by volume) cause increased strength, stiffness and ductility. Moreover, its excellent
rheological properties facilitate casting when the material is in the fresh state [11]. In
terms of compressive strength, UHPFRC should have a characteristic cylinder compres-
sive strength of at least 120 MPa according to Swiss norm [12] (or 150 MPa according to
French recommendations [13]), which is significantly higher than that of NC (<50 MPa).
UHPFRC also has higher tensile strength and sometimes shows strain (and deflection)
hardening behavior due to the effect of fibers, subsequently accompanied by a softening
plateau and pullout of the fibers. Therefore, multiple cracks will be developing prior to a
localized crack, which results in a ductile behavior with a significantly higher fracture
energy compared to NC (i.e., generally several times higher, dependent on the UHPFRC
mixture design). In addition, UHPFRC becomes a promising material to resist blast/im-
pact loads due to its outstanding energy absorption capacities [14]. It has to be noted that
although the higher cement content in UHPFRC compared to NC increases the CO, foot-
print of the material itself, the superior performance of UHPFRC may enable a longer
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Chapter 1 Introduction

service life [15], the construction of slender structures, reduction of traffic hindrance [16]
and can greatly reduce the needed amount of construction material, resulting in improved
sustainability aspects [17]. Furthermore, in spite of higher material costs, the overall con-
struction costs when UHPFRC is applied (Strategy A) can be even lower than that of NC
as strengthening material (Strategy B) when reduction of material demand and traffic in-
tervention, the long-term serviceability and decrease of future maintenance are taken into
account (Figure 1.1 [4]).

Performance Budget (Normalized by performance)

Strategy A performance T
Strategy B performance J
Limit state }
Strategy B Budgﬂ ‘
Ft?tegFA_Bmet________T
»

fo f t, t3  Service time

Figure 1.1 Two different strengthening strategies for service life maintenance: Strategy A
(Structures strengthened with UHPFRC) and Strategy B (Structures strengthened with NC)
(adapted from [4]).

Although UHPFRC is a promising strengthening material with numerous qualities, a few
shortcomings limit its wider practical application. One of them is the lack of design codes
[18]. Though efforts have been made to establish design standards such as AFGC [13]
and JSCE [19] to facilitate the application of UHPFRC, most of available codes focus on
the material properties characterization and design of new UHPFRC structures. Provi-
sions on UHPFRC strengthening technologies are only available in the Swiss norm (SIA
2016) [12] but still limited. Therefore, more research in terms of the strengthening of
existing reinforced concrete structures with UHPFRC is still in need.

For UHPFRC strengthening application, the majority of research to date has focused on
flexural performances of reinforced concrete (RC) beams retrofitted by UHPFRC, which
is summarized in [20]. This research has clarified that UHPFRC can significantly increase
the flexural resistance (both load and deformation capacity) of RC beams, showing its
potential as a strengthening material in flexure. However, there are still knowledge gaps
with respect to shear performance of RC beams strengthened with UHPFRC, which is
critical, especially considering its brittle nature. Only few studies are devoted to the anal-
ysis of shear response of UHPFRC-RC composite members [21-27], and most of them
are limited to the influence of parameters including UHPFRC thickness, strengthening
configurations, the volume of steel fibers in UHPFRC, strengthening length of UHPFRC
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layers, reinforcement ratio in UHPFRC. However, knowledge is still lacking on the over-
looked role of the interface between UHPFRC and existing concrete in the shear perfor-
mance of such composite structures.

It is generally acknowledged that in order to guarantee the composite action and shear
strengthening efficiency with UHPFRC, delamination at the interface between UHPFRC
and existing concrete should be avoided [28]. Extensive studies are devoted to investigat-
ing interface performance between UHPFRC and concrete. Various factors, such as
strength of concrete substrate or UHPFRC [29,30], roughness and moisture state of con-
crete substrate [31,32], as well as the bonding methods [33,34], are investigated. However,
most of the studies are focused on the characterization of interface strength through small-
scaled bond strength tests, which are rarely linked with the behavior of the interface in
the UHPFRC strengthened RC structures. Knowledge on shear performance of mac-
roscale UHPFRC strengthened concrete structures with a focus on the interface behavior
is lacking. Perfect bond is generally assumed between UHPFRC and NC in finite element
models, which can lead to incorrect predicted crack pattern [35]. Besides resistance to
mechanical loads, the damage in a multi-material composite might be initiated due to
restrained deformations caused by temperature and moisture gradients, especially under
harsh environmental conditions. This might affect the long-term interface behavior be-
tween the UHPFRC and the existing concrete, and durability of strengthened structures.
So far, no or very few research has been carried out on combined actions of imposed loads
and imposed deformations, which might cause the progressive degradation of the hybrid
structure and the interface between UHPFRC and NC. Therefore, analysis of the interface
behavior and the shear performance of the repair/strengthening system under combination
of (severe) environmental and mechanical loading should be identified.

In order to evaluate the strengthening efficiency with the application of UHPFRC, de-
structive and non-destructive testing (NDT) can be used. However, commonly used de-
structive tests, such as bond strength test for interface, and material mechanical test (e.g.,
compressive, tensile and elastic modulus tests) to determine the UHPFRC properties, are
time consuming, expensive and not suitable for in-situ evaluation [36]. Therefore, in this
thesis, attention has been paid to the application of NDT methods to examine the quality
of the interface and UHPFRC materials. Infrared thermography (IRT) is a relatively new
NDT method to inspect and monitor the defects in concrete structures, and can be classi-
fied into two Kinds: passive and active measurements [37]. Compared to passive IRT in-
volving surface temperature difference detection without external heating source, active
IRT can provide quicker and more accurate and quantitative analysis as the heat can pen-
etrate inside objects faster and the heat source can generate a controlled temperature field,
which helps to locate and measure the size, shape, and depth of the defects [38].
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Not only the interface performance, but also the material properties of UHPFRC play a
substantial role in determining the strengthening efficiency of UHPFRC and can be ana-
lyzed through NDT methods. In general, UHPFRC is typically assumed to have uniform
material properties. However, in reality, the inhomogeneous fiber distribution, and more
seriously, even fiber segregation in UHPFRC might exist [39]. As the tensile behavior of
UHPFRC is highly dependent on its fiber distribution, a quantitative evaluation of the
fiber density and orientation in UHPFRC element is usually performed by X-ray tomog-
raphy and electromagnetic methods [40]. Due to the limitation of size of tested specimens
and high cost, X-ray tomography is generally applied on laboratory scale and rare for
practical applications. The electromagnetic method, relying on the principle of magnetic
induction and electrical resistivity, is more effective since it is more portable, cost-effec-
tive and could provide a quick and real-time assessment from rapid data acquisition [41].
Therefore, the active IRT and the electromagnetic method have been used in this research
to characterize the delamination and fiber distribution in UHPFRC, respectively, and fur-
ther quantify their influence on the shear strengthening efficiency of UHPFRC.

1.2 Research aims and objectives

The aim of this thesis is to investigate shear behavior of reinforced concrete structures
strengthened with UHPFRC, focusing on the interface behavior between UHPFRC and
NC, and the material properties of UHPFRC, which are governing the performance of the
strengthening system. In the combined experimental and numerical study, the effect of
hygral and thermal gradients (moisture exchange and freeze-thaw cycles) and fabrication
method (casting direction combined with different bonding methods) are studied. Besides,
to detect interface delamination and measure fiber distribution, non-destructive testing
methods (i.e., infrared thermography and electromagnetic method, respectively) are used.
To reach this goal, the following sub-objectives are defined:

(1) To study the influence of concrete substrate moisture state on shear performance
of concrete structures strengthened by UHPFRC: Compared to strengthening ap-
plications with conventional concrete (e.g., with a wi/c ratio higher than 0.3 [42—
44]), due to the low water content in UHPFRC (i.e., w/c ratio less than 0.25), the
moisture exchange between substrate and UHPFRC likely has a greater impact
on the mechanical and bond properties of UHPFRC.

(2) Toassess the risk of debonding at the interface due to restrained shrinkage: Com-
pared to conventional concrete, UHPFRC has a much higher autogenous shrink-
age. Therefore, for cast in-situ strengthening applications, interfacial stresses in-
duced by relatively high restrained shrinkage of UHPFRC poses a threat for
debonding/slip at the interface.

(3) To quantify the influence of UHPFRC casting direction on the shear resistance
of UHPFRC-RC structures: Casting direction will affect the fiber distribution of
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UHPFRC, and thereafter, has a substantial impact on the material and structural
performance of UHPFRC in the strengthening system.

(4) To investigate the effect of freeze-thaw action combined with three various
bonding methods on the behavior of interfaces and strengthening system. A clear
understanding of strengthening efficiency of UHPFRC applied by different
bonding methods and its interface behavior under combined (severe) environ-
mental and mechanical loads are governing for the long-term performance of the
hybrid concrete system.

1.3 Research scope

In this PhD study, the UHPFRC is used as a main strengthening material. The following
key factors are considered governing for the UHPFRC material, UHPFRC-concrete in-
terface and the behavior of the strengthening system under shear:

o the influence of different moisture levels of concrete substrate (dry and wet sur-
face dry conditions) is critical for interface quality and microstructure develop-
ment (such as the degree of hydration) of UHPFRC, and is investigated through
the material and structural tests,

o the influence of restrained shrinkage of UHPFRC at the interface is critical for
the interface behavior and performance of strengthened concrete structure and
is, therefore, investigated in material and structural levels,

e the influence of casting direction (horizontal or vertical casting) is critical for
the mechanical properties of UHPFRC and performance of strengthened con-
crete structure and therefore, is studied in structural tests,

o the influence of freeze-thaw action (30, 75 and 120 cycles) combined with dif-
ferent bonding methods (cast in-situ, epoxy-bonded and mechanical anchorage)
is critical for the durability of strengthening system and therefore, is studied
through material and structural tests.

Besides, the delamination in UHPFRC-RC composites and fiber distribution in UHPFRC
are examined by two NDT methods: infrared thermography and electromagnetic methods,
respectively. Finally, based on experimental observations in structural tests and assess-
ment from NDT methods, numerical models with a focus on interface behavior and ma-
terial properties of UHPFRC are made.

The current research involves the use of two distinct UHPFRC mixtures developed at TU
Delft, differing solely in the type of steel fibers employed. The initially used steel fibers
are no longer produced, and have been consequently replaced in the mid stage of this
project by alternative steel fibers, having slightly different diameter.
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1.4 Research methodology

In order to realize the objectives of this thesis, the research framework is mainly divided
into three parts, as shown in Figure 1.2. Firstly, the material properties of UHPFRC and
shear behavior of strengthened beams are quantified considering the governing parame-
ters (e.g., moisture exchange, shrinkage, casting direction, bonding technique) under
combined mechanical and environmental (freeze-thaw action) loads. Secondly, the bond
quality and fiber distribution of UHPFRC in hybrid beams are assessed by two NDT
methods, i.e., active infrared thermography and electromagnetic method, respectively.
Standard procedures for the application of NDT methods are developed. The last part
discusses the development of a numerical model to enable optimized design of UHPFRC
strengthened structure, based on ATENA software [45].

3.1 Mechanical, volumetric and freeze
thaw testin material level

2.1 Quantification of
UHPFRC properties and

shear performance of
hybrid structures 3.2  Shrinkage, freeze thaw
experiments, subsequently combined
with mechanical testin structural level

—{ 3.3 Role of bond at the interface

1. Recommendation for strengthening of

Y

concrete beams with UHPFRC, ["2 3 Numerical modelling le— 3.4 Influence of mechanical behaviour
highlighting the role of concrete-UHPFRC [~ | LT o of strengthening material

interface and quality of UHPFRC 1

3.5 Influence of fiber distribution of
strengthening material

3.6 Active infrared thermography for
subsurface delamination detection

2.2 NDT methods for

bond quality and
material properties

assessment

| 3.7 Electromagnetic method for fiber
distribution characterization

Figure 1.2 Research framework.

1.5 Thesis outline

As shown in Figure 1.3, the outline of the thesis is divided into five parts. Details of the
chapters are described as follows:

The first part starts with the research background, research objectives and outline of the
thesis (Chapter 1). Chapter 2 presents a critical review on the shear performance of hybrid
concrete structures at the macro-scale and the UHPFRC-concrete interface behavior
which is governing the response of the hybrid beams at the meso- and micro-scale. In
addition, an overview of promising non-destructive methods focusing on assessment of
strengthening efficiency with UHPFRC and other strengthening materials (e.g., FRP) in
general is provided.
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In the second part, the properties of used materials and shear performance of concrete
beams strengthened with UHPFRC are experimentally characterized. In Chapter 3, mate-
rial and structural level test methods are described. Material tests to measure the worka-
bility of UHPFRC and determine the volume stability and mechanical properties of NC
and UHPFRC, are conducted. Structural testing involves the three-point bending test.
Varied parameters include moisture exchange between UHPFRC and existing concrete,
restrained shrinkage at the interface, casting direction, and bonding techniques combined
with freeze-thaw cycles. Chapter 4 presents the material and structural test results. The
slump flow, final setting time and (free and restrained) shrinkage of UHPFRC, as well as
the compressive, tensile and elastic modulus with and without FT cycles for NC and
UHPFRC, are presented. For structural tests, shear behavior is analyzed by comparing
the load-deflection response, fracture pattern, crack development, as well as interface be-
havior (opening and sliding).

In the third part, to evaluate the strengthening efficiency with the application of UHPFRC,
the bonding properties and casting quality of UHPFRC are assessed by NDT methods.
Chapter 5 focuses on the applicability of active infrared thermography to detect the de-
lamination in the UHPFRC-NC composites. Combining experimental and numerical in-
vestigation of small-scaled composite specimens, a standardized testing method and post-
processing analytical model for delamination detection are developed. For upscaling ap-
plication, hybrid UHPFRC-NC beams are tested, and the accuracy is examined by both
the visual inspection and x-ray computed tomography (CT scanning). Chapter 6 presents
an electromagnetic method to determine the fiber distribution in UHPFRC elements.
Small-scale UHPFRC plates with different fiber contents are cast to calibrate the mag-
netic sensors. Factors influencing the fiber distribution of UHPFRC, including fiber con-
tent, casting orientation and vibration time, are experimentally studied and the CT scan-
ning is performed to validate the measured test results. After calibration and validation,
the developed electromagnetic method is employed on large UHPFRC-RC beams to
quantify the fiber content and orientation on UHPFRC laminates. Finally, based on the
fiber content measurements from electromagnetic method, analytical methods are pro-
posed to predict the mechanical properties of UHPFRC.

In the fourth part, shear performance of concrete structures strengthened with UHPFRC
is numerically investigated. In Chapter 7, the numerical model is validated with the re-
spective experimental results. Parametric study focusing on the role of governing param-
eters, i.e., UHPFRC material behavior in tension, interface properties and non-uniform
fiber distribution in UHPFRC, on the shear strengthening efficiency is conducted.

In the fifth part, the conclusions drawn from this PhD work and recommendation for the
optimization of UHPFRC strengthened concrete structures are given (Chapter 8).
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PART | General Introduction

Chapter 1 - Introduction

Chapter 2 - Literature Review on Shear Strengthening of
Concrete Beams with UHPFRC

PART Il Quantification of Material Properties and Shear
Performance of UHPFRC-RC Beams

Chapter 3 - Experimental Methods
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Figure 1.3 Outline of the thesis.
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2.2 Shear strengthening efficiency of UHPFRC — experimental studies

2.1 Introduction

This chapter explores the strengthening applications of UHPFRC in shear, with the focus
on the UHPFRC-concrete interface behavior and material performance of UHPFRC
which are crucial for the response of hybrid beams. Additionally, non-destructive meth-
ods to study concrete-UHPFRC interface performance, and fiber distribution within
UHPFRC are critically reviewed.

Section 2.2 discusses the mechanisms involved in shear strengthening and provides ex-
amples of various strengthening applications. Section 2.3 reviews and analyzes current
analytical and numerical methods for predicting the shear capacity of RC structures
strengthened with UHPFRC. Note that both Sections 2.2 and 2.3, not only address
strengthening applications, but also explore UHPFRC used in new hybrid structures,
where shear capacity improvement is evaluated. In Section 2.4, the focus shifts to the
concrete-UHPFRC interface at the meso- and micro-scale, examining factors such as
bonding technique, moisture exchange and differential shrinkage between two materials,
and coupled action of environmental and mechanical loads. Finally, Section 2.5 provides
an overview of current non-destructive testing methods to evaluate the UHPFRC
strengthening efficiency, with a particular emphasis on concrete-UHPFRC interface per-
formance and quality of UHPFRC.

2.2 Shear strengthening efficiency of UHPFRC — experimental studies

In a reinforced concrete beam, different failure modes may occur when the beam col-
lapses. For example, as shown in Figure 2.1 (a), under three-point bending, a dominant
bending crack is formed vertically at the mid-span of the beam (also the region of maxi-
mum bending moment), where the flexural tensile stress exceeds the tensile strength of
concrete. As the dominant bending crack propagates until the compression zone of the
beam, the beam fails, which is called “flexural failure”. On the other hand, when the fail-
ure is induced by cracks outside the central section of the beam (where the bending mo-
ment is greatest), the cause of failure could not be attributed to the bending moment (Fig-
ure 2.1 (b)). The only noticeable difference is that there is a shear force in the end section
of the beam where the crack appeared, which caused the failure. Thus, the term "shear
failure™ was chosen in literature, but only much later it was recognized that shear stress
at failure is far from being constant [46]. As “shear failure” appears to be an unsuitable
term for a failure in which shear has little or no influence and because a diagonal crack is
the visible feature, other authors classify this failure as “diagonal failure”. Although flex-
ural and “diagonal” or “shear cracks” behave in different orientation, both are governed
by the principal tensile stresses and represent the tension failure (mode | failure). As the
term “shear failure” is mostly used in literature, this is also the term used in this thesis.
Shear failure is generally an undesirable failure mode for RC beams as it is brittle without
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prior warning. Therefore, strengthening measures are essential for shear-deficient RC
beams.

Loading Point Loading Point

L |

( / |
— 14 { I [ [ 1
(a) Flexural failure (b) Shear failure

Figure 2.1 Failure modes in RC beams: (a) Flexural failure; (b) Shear failure.

Conventionally, a reinforced concrete jacket has been applied to increase the cross-sec-
tional area and improve the shear resistance of a concrete beam [47]. To realize the same
improvement while reducing the additional self-weight load, the use of a UHPFRC jacket
can be an effective strengthening method due to its high tensile strength.

Only a few experimental studies have investigated the shear performance of beams
strengthened with UHPFRC. These studies investigated factors such as UHPFRC thick-
ness, the amount of rebars, and strengthening configurations. With respect to the role of
UHPFRC thickness, results have shown that while an increased thickness can theoreti-
cally lead to a proportional increase in shear resistance, the actual improvement is often
affected by the interface condition between UHPFRC and concrete and the governing
failure mode. With shear failure, thickness may enhance peak load but the debonding at
the interface can limit shear enhancement. With flexural failure, the effectiveness of in-
creased thickness is limited, as the load capacity is primarily governed by the reinforce-
ment rather than the additional UHPFRC layer [48].

An overview of typical shear strengthening configurations in experimental studies on the
shear capacity of RC structures strengthened with UHPFRC are given in Figure 2.2 and
Table 2.1 [21,23-25,27], respectively. Note that although the configuration shown in Fig-
ure 2.2 (a) is usually used for flexural strengthening, researchers applied it to study the
shear capacity improvement and is therefore included.

(a) ® (©) (d

Figure 2.2 Typical shear strengthening configurations with UHPFRC (a) T-sided (Strengthening on
tension side); (b) L-sided (Strengthening on one lateral side); (c) 2-sided (Strengthening on two
lateral sides); (d) 3-sided beam (Strengthening on three sides).

13






Chapter 2 Literature Review on shear strengthening of concrete beams with UHPFRC

Table 2.1 Overview of the test results for beams strengthened in shear.

Strengthening pattern

Deflection at

Reference Specimen name Dimension \Ijlbe[)s Strengthening technique ] . UHPFRC aj(.j Cracking load  Failure load failure load Failure type
bxhx L (mm) 0l.-% Configuration thickness ratio (kN) (kN) (mm)
(mm)

NS1 150%300x1584 - - - - 3 165 250.84 4.63 Shear
UNS2-1 150x300x1584 1 Cast in-situ T-sided 150 3 295 436.24 6.15 Shear
UNS2-1D 150%300x1584 1 Dowel connection T-sided 150 3 300 402.25 5.55 Shear
UNS2-1S 150x300%1584 1 Shear stud connection T-sided 150 3 300 430.24 6.46 Shear
UNS2-1.5 150x300x1584 1.5 Cast in-situ T-sided 150 3 310 439.15 7.66 Shear
UNS2-1.5D 150%300x1584 15 Dowel connection T-sided 150 3 280 503.56 6.41 Shear
UNS2-2 150%300x1584 2 Cast in-situ T-sided 150 3 350 521.56 6.63 Shear
Hussein UNS2-2D 150%300%1584 2 Dowel connection T-sided 150 3 310 502.45 7.24 Shear
et al. [25] HS1 150%300x1584 - - - - 3 160 256.61 4.62 Shear
UHS2-1 150%300x1584 1 Cast in-situ T-sided 150 3 280 528.41 8.57 Shear
UHS2-1D 150%300%1584 1 Dowel connection T-sided 150 3 280 439.22 9.52 Shear
UHS2-1S 150x300%1584 1 Shear stud connection T-sided 150 3 290 433.02 6.19 Shear
UHS2-1.5 150%300x1584 15 Cast in-situ T-sided 150 3 245 403.59 5.15 Shear
UHS2-1.5D 150%300x1584 15 Dowel connection T-sided 150 3 290 465.79 6.52 Shear
UHS2-2 150%300x1584 2 Cast in-situ T-sided 150 3 300 522.89 6.45 Shear
UHS2-2D 150x300x1584 2 Dowel connection T-sided 150 3 370 521.45 10.92 Shear
CT-1.0 140%230%1120 - - - - 1 - 383 2.17 Shear

SB-2SJ-1.0 200x230%1120 2 Cast in-situ 2-sided 30 1 - 567 3.47 Flexure-shear
SB-3SJ-1.0 200%260x1120 2 Cast in-situ 3-sided 30 1 - 628 3.10 Flexure
Bahrag CT-15 140%230%1120 - - - - 15 - 286 4.40 Shear

etal. [27] SB-2SJ-1.5 200x230%1120 2 Cast !n-s!tu 2-s!ded 30 15 - 402 5.20 Flexure-shear
' SB-3SJ-1.5 200%260x%1120 2 Cast in-situ 3-sided 30 15 - 482 4.10 Flexure
CT-2.0 140%230%1120 - - - - 2 - 276 7.00 Shear

SB-2SJ-2.0 200x230%1120 2 Cast in-situ 2-sided 30 2 - 346 7.50 Flexure-shear
SB-3SJ-2.0 200%260x1120 2 Cast in-situ 3-sided 30 2 - 353 4.14 Flexure
CB-U/R 150x150%700 - - - - 1.6 32 123 3.422 Shear
UT-U/R 150x150%700 2 Cast in-situ 3-sided 25 1.6 38.25 157.9 8.424 Flexure

Garg EJ-U/R 200x%150 x700 2 Cast in-situ 2-sided 25 1.6 39.25 115.75 1.83 Debonding
etal. [21] CB-O/R 150x150%700 - - - - 1.6 48 140 4,525 Shear
UT-O/R 150x150%700 2 Cast in-situ 3-sided 25 1.6 56.6 174 8.273 Flexure
EJ-O/R 200x150x700 2 Cast in-situ 2-sided 25 1.6 55.2 131.375 2.689 Debonding

C-S 150x300x%2000 - - - - 2 48 115 5.35 Shear
A. Sakr C-F 150%300%2000 - - - - 2 70 253 15.77 Flexure
etal. [23] C-S-210 210x300%2000 - - - - 2 58 211 711 Shear
ST-2S 210%300x%2000 2 EB 2-sided 30 2 93 281 8.23 Flexure
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ST-1S 210x300%2000 2 EB L-sided 60 2 60 153 7.25 Shear

ST-2S-R 210x300%2000 2 EB and AC 2-sided 30 2 110 331 10.31 Flexure

ST-1S-R 210x300%2000 2 EB and AC L-sided 60 2 64 252 6.79 Shear

RC-2.7 200x500%2700 - - - - 2.7 - 655 - Shear

r RC-U-2.7 200x550%2700 25 - T-sided 50 27 - 717 - Shear
etal. [24] RC-RU-2.7 200x550x2700 25 - T-sided 50 26 - 922 - Shear
RC-RU-2.4 200x550%2400 25 EB T-sided 50 22 - 955 - Shear

RC-RU-3.1 200x550x3100 25 EB T-sided 50 32 - 761 - Shear

Noted: a/d ratio represents the shear-span ratio; EB denotes epoxy bonded and AC denotes anchorage connection.
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Based on the experimental database (Table 2.1), the effects of several parameters on beam
shear capacity have been analyzed: of (a) concrete substrate strength, (b) steel fiber con-
tent in UHPFRC, (c) reinforcement in UHPFRC, (d) strengthening configuration, (e) con-
nection method, and (f) shear-span ratio ((Figure 2.3 (a) to (f), respectively). The effects
of these parameters on the shear capacity of composite beams and the effectiveness of the
strengthening have been evaluated using the following equation (2.1):

Increase in shear resistance (%) = (L—l)x100 (2.1)

con

where V represents the shear capacity of the strengthened beam, V_ represents the

shear capacity of the control beam. Note that not all strengthened beams exhibited shear
failure (as indicated in Table 2.1). Therefore, in some cases this shear resistance increase
presents the lower bound estimate, as further discussed.

First, the effect of compressive strength of the parent concrete on the shear improvement
is analyzed when UHPFRC is added. Normal concrete (NC) and high strength concrete
(HSC) control beams are compared with hybrid beams where part of the parent concrete
is replaced by UHPFRC. Hybrid beams exhibited a 60-110% enhancement of shear ca-
pacity (Figure 2.3 (a)) compared to control beams, regardless of the parent concrete’s
compressive strength.

The relationship between steel fiber content and the increase of the shear resistance of
concrete beams is shown in Figure 2.3 (b) [25]. Theoretically, the shear capacity of a
beam with fiber reinforcement [49] increases as more fibers bridge the shear crack. How-
ever, in [25] it is indicated that the effect of the steel fiber content on the shear capacity
of composite beams is unclear (Figure 2.3 (b)), which aligns with the findings of
Jongvivatsakul et al. [50]. Still Mohammed et al. [25] reported that an increased fiber
content significantly restricts crack width growth.

The reinforcement in UHPFRC and the strengthening configuration also influence the
shear resistance of the strengthened beams (Figure 2.3 (c) and (d)). Longitudinal rebars
increase shear resistance through dowel action (Figure 2.3 (c)). In terms of strengthening
configuration, the 2-sided strengthening resulted in a greater shear capacity increase com-
pared to L-sided strengthening with the same thickness. As expected, the shear resistance
only slightly increases from 2-sided to 3-sided strengthening (Figure 2.3 (d)). However,
Table 2.1 indicates that different strengthening schemes led to shifts in failure modes
from shear to flexure [27], meaning that the actual increase in shear resistance is higher
than the capacity shown in Figure 2.3 (d). Assessing shear capacity increase when the
type of failure is changing (e.g., to flexural failure) is inaccurate and as it only provides a
lower bound value.
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The strengthening effect of different bonding techniques (cast in-situ and two forms of
mechanical anchorage) is compared in Figure 2.3 (e). The interface produced by these
techniques does not affect the shear capacity of the strengthened beam as long as the
interface strength is sufficient to prevent debonding. However, Table 2.1 shows that some
beams failed due to debonding. Characterizing the interface performance, especially par-
tial delamination, and evaluating its effect on the shear capacity remained unexplored.

Finally, the influence of the shear-span (a/d) ratio is investigated (Figure 2.3 (f)). The
capacity improvement reduces as the shear-span (a/d) ratio increases from around 1 to 3,
with failure patterns shifting from shear to flexural failure for 3-sided strengthening. T-
sided and 2-sided strengthening, however, still show shear failure.

In conclusion, there is still insufficient knowledge about underlying mechanisms, and the
role of interface, type of the bond, and fiber contribution is unknown. More accurate
methods for characterization and evaluation of the shear resistance improvement still
need to be developed.
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The role of fiber content in UHPFRC
Configuration:
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The role of strengthening configuration
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The role of shear span ratio (a/d) for different configurations

Configurations:
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2-sided (Bahraq) 3-sided (Bahraq) T-sided (Ji)
Shear-span ratio

®

Figure 2.3 Parametric analysis of shear resistance improvement with UHPFRC (in percentage) with
changing: (a) concrete strength of the parent concrete [25]; (b) steel fiber content in UHPFRC [25];
(c) reinforcement in UHPFRC [23,24]; (d) strengthening configuration [21,23,27]; (e) connection
method [25]; (f) shear-span ratio (a/d) [24,27]. In Figure 2.3 (a), the first and second letters indicate
two types of concrete to form hybrid specimen followed by the specimen configuration number. The
last number and the last letter indicate the volume of fiber in UHPFRC and the connection method,
respectively. Note that the failure pattern may change after strengthening with UHPFRC, thus the
improvement ratio indicated in the figure means the minimum improvement in shear resistance; the
negative number shown in (d) reflects the reduction in resistance for 2-sided strengthening
configuration due to the debonding failure.

2.3 Modeling of shear strengthening efficiency of UHPFRC

Current modeling methods for predicting the shear capacity of UHPFRC-NC structures
are reviewed. Table 2.2 provides an overview of the shear resistance predictions from
various analytical and/or numerical methods (denoted as V, .. and V, .., respectively)

u,ana

compared to experimental results (V, .,,). Note that Yin et al. [51] applied six different

analytical methods (based on existing standards) to calculate shear capacity. However,
here only the results using JSCE-2007 standard (2010) [52] are presented, as it provides
the most accurate predicted results among the six methods. As shown in Table 2.2, nu-
merical predictions of shear resistance and fracture patterns generally align well with ex-
perimental results. However, there is significant deviation in shear capacities predicted
by different analytical models compared to experimental values. More detailed analysis
of available analytical and numerical models is provided in the following sections.
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Table 2.2 Comparison between analytical or numerical and experimental results.

Analytical models FE studies
Reference Specimen name
Vu,ana /Vu,exp Vu,FE /Vu,exp
NS1 0.45 -
UNS3-1 0.67 -
UNS3-1.5 0.82 -
Hussein et al. [25] UNS3-2 0.86 -
HS1 0.46 -
UHS3-1 0.70 -
UHS3-1.5 0.91 -
UHS3-2 0.85 -
RE-0 0.65 1.05
OV-25 0.85 0.97
OV-25a 0.85 1.05
OV-50 0.94 1.06
Yinetal. [51,53] OV-50a 0.80 1.00
RE-20 0.92 1.05
RE-32 1.14 0.98
RE-50 0.8 0.94
RE-100 1.64 0.97
C-S - 0.97
C-F - 1.00
C-S-210 - 1.07
A. Sakr et al. [23] ST-2S - 0.96
ST-1S - 0.99
ST-2S-R - 0.98
ST-1S-R - 0.98
RC-2.7 0.93 -
RC-U-2.7 0.94 -
Jietal. [24] RC-RU-2.7 0.95 -
RC-RU-2.4 0.96 -
RC-RU-3.1 0.96 -
CT-1.0 - 0.97
SB-28J-1.0 - 0.96
SB-3SJ-1.0 - 0.97
CT-15 - 1.03
Bahrag et al. [27] SB-2SJ-1.5 - 1.01
SB-3SJ-1.5 - 1.01
CT-2.0 - 0.98
SB-2S8J-2.0 - 1.02
SB-3SJ-2.0 - 0.97

2.3.1 Analytical modeling of shear resistance

From the available analytical models, two concepts for evaluating shear strength can be
distinguished [51]. The first concept points that the shear strength of composite structures
is the sum of independent contributions from the RC part and the UHPFRC layer:

Ve =Virerre *Vec (2.2)
where Vi, Ve Ve represent the shear resistance of the composite structure, the

UHPFRC layer and the RC part, respectively. This concept is based on two assumptions:
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(1) The RC component and the UHPFRC layer fail simultaneously; (2) A perfect bond is
assumed between concrete and UHPFRC. For the RC part, the shear load is mainly carried
by the concrete in the compression zone and the stirrups, with current design codes (e.g.,
ACI 318 (2008) [54], EN 1992-1-1 (2004) [55], and JSCE-2007 (2010) [52]) providing
corresponding equations for shear resistance calculations. For the UHPFRC component,
two methods are used:

Combined effect of fibers and matrix: As outlined in ACI 544 (1988) [54] and MC
2010 (2010) [56], this method addresses the shear contribution of UHPFRC without sep-
arating effect of fibers and matrix. Similarly, Noshiravani and Brihwiler [57,58] and
Masse and Briihwiler [26] proposed a composite hinge model for flexural shear resistance
of T-sided reinforced concrete beams with reinforced UHPFRC. This model considers
nonlinear interfacial behavior between UHPFRC and RC, and the shear resistance of the
R-UHPFRC element in double bending is determined through hinge rotation. Ji and Liu
[24] extended this method to simply supported UHPFRC-NC composite beams with stir-
rups considering the size effect.

Separate contribution from fibers and matrix: As described by Japan Society of Civil
Engineers (JSCE) [19], French Society of Civil Engineers (AFGC codes [13]) and the
new version of Eurocode 2 [59], the shear resistance of UHPFRC is obtained by separat-
ing the shear contribution from cement matrix and fibers:

Vurerre = Ve +V4 (2.3)
where V, and V, represent the shear resistance contributions from the matrix and fibers

in UHPFRC layer, respectively. Hussein and Amleh [13] proposed an analytical model
suggesting that shear resistance of a UHPFRC-NSC/HSC beam without shear reinforce-
ment equals the sum of shear resistance from concrete in the compression zone and fibers.
This model was validated by experimental results, as indicated in Table 2.2.

The second concept considers the shear contribution from steel fibers as the equivalent
longitudinal rebar ratio:

p:ps +peq,F (24)
where p, isthe rebar ratio in RC part. p,, . is the equivalent longitudinal rebar ratio and
can be calculated as:

f
Pur =Vol.—%<f—“)(%) 25)

where f, is the tensile strength of UHPFRC; f, is the yield strength of the longitudinal
rebar; Ajpeec and A are the areas of the UHPFRC and RC parts, respectively, and

Vol.—% is the volume ratio of steel fibers.
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2.3.2 Numerical modeling of shear resistance

Only few experimental studies focused on the shear performance of RC structures
strengthened with UHPFRC, and there is a lack of reliable numerical methods in this
respect. The complexity of shear resistance mechanism itself [60], the variability of UHP-
FRC constitutive models affected by fiber contents, geometry and orientation [61], and
the unclear interaction between the UHPFRC and concrete, make it challenging to predict
shear strength improvements in composite members [62].

The “Concrete Damage Plasticity model” (CDP) is typically used to model the nonlinear
constitutive behavior of concrete. In CDP, failure modes include concrete tensile cracking
and compressive crushing. For UHPFRC, the CDP model includes both strain hardening
and softening stages, as shown in Figure 2.4 [63]. Accurate prediction of the shear re-
sponse in UHPFRC-NC structures, requires not only material modeling for concrete, re-
inforcement, and UHPFRC, but also careful modeling of the UHPFRC-concrete interface.
So far, usually a perfect bond has been assumed [27,33,64,65], based on experimental
observation from bond strength and structural tests. However, recent research [23,63,66]
has highlighted the need to consider interface modeling to account for possible debonding
failures.

The cohesive zone model, which includes a linear elastic traction-separation part, a dam-
age initiation point, and a damage evolution zone, describes the interface behavior (slip
and debonding) between concrete and UHPFRC (Figure 2.5) [23,63]. This model has
effectively captured debonding failure modes in simulated hybrid structures, provided
that input parameters such as interface shear strength, fracture energy, and elastic shear
stiffness are accurately defined. Additionally, Yin and Shirai [66] proposed the equivalent
beam elements method to simulate interface behavior. This method showed better corre-
lation with experimental results compared to simulations using perfect bond or fully un-
bonded interfaces.

From Table 2.2, it is evident that current numerical approaches can predict the shear re-
sistance of UHPFRC-NC hybrid structure. Still, due to limited data, it remains unclear if
these models can be generically applied to different types of composite structures or
boundary conditions.

In strengthening application with UHPFRC, one key aspect of quality control is ensuring
that the interface bond strength exceeds the tensile strength of the parent concrete. The
weakest zone in the strengthened structural system with UHPFRC was reported to be the
near interface concrete (NIC) [58,67]. Therefore, the bilinear traction-separation law
shown in Figure 2.5 does not apply for the interface between UHPFRC and concrete, but
for the concrete fracture in the NIC zone that is critical. A similar law is used to determine
the bond strength of carbon fiber lamellas on concrete substrates where debonding also
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occurs due to concrete fracture in the zone near the interface. In this thesis, both NIC and
the actual UHPFRC-concrete interface, are referred to as “interface behavior”.
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Figure 2.4 The uniaxial stress-strain curve for UHPFRC [63].
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Figure 2.5 Bilinear traction-separation law at interface between UHPFRC and NC [63].

2.4 Behavior of UHPFRC-concrete interface and critical parameters

Research [68,69] highlights that the interface behavior in repaired structures is critical for
both structural safety and durability. Generally, there are two types of concrete-to-con-
crete interfaces — unreinforced and reinforced interface [70]. In some applications (e.g.,
strengthening), having unreinforced interface can ease the execution. For unreinforced
interface, interfacial bond strength depends on the cohesion (combination of adhesion and
aggregate interlock) and friction, which is related to the surface roughness and normal
force at the interface. For reinforced interface, apart from the abovementioned two pa-
rameters, the friction due to clamping effect and dowel action from reinforcement cross-
ing the interface will also contribute to the interface resistance.
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Environmental and/or mechanical loads cause stresses at the interface. Compatibility be-
tween two materials should be considered because a mismatch between material proper-
ties (e.g., shrinkage, stiffness) might lead to stress concentrations and interfacial failure
[71]. Due to different age, it is not possible to have full compatibility between the two
concretes in strengthening and repair [72]. High tensile strength (and strain hardening
capacity) of UHPFRC, along with low drying shrinkage, are reported to minimize the
risks of debonding and excessive cracking [10]. Therefore, it is important to understand
systematically the role of time-dependent and coupled mechanical/thermal/hygral pro-
cesses in hybrid concrete structures.

In this section, interface behavior and the role of governing parameters (type of bond,
moisture exchange between the hardening UHPFRC and hardened concrete, etc.) are ad-
dressed. Interface behavior is considered through different bond strength tests, but also
through structural tests (considering both flexural and shear strengthening applications,
especially when delamination is explicitly considered).

2.4.1 Bond strength tests for investigating UHPFRC-concrete interface

Usually, the interface is exposed to (a combination of) tensile and shear stresses. Tensile
stress tends to open the interface crack and shear stress causes sliding along the interface.
The interface resistance is governed by, for example, the properties of the substrate (sur-
face preparation, porosity, moisture conditions, strength, etc.), the properties of the
strengthening material, the use of bonding agent [73-75], and it may change due to time-
dependent effects [69]. In order to assess resistance of interface under stresses induced
by environmental effect and/or mechanical loading, various test methods have been put
forward. They can mainly be divided into four categories, depending on the stress condi-
tion: tension, pure shear, combination of shear and compressive or tensile stress, and
bending test [76]. It is recommended that the bond test should be selected based on the
state of stress that the structure is subjected to in the field [69]. Various researchers [43,69]
tried to determine ratios between different bond strength tests. Note that in most of these
test methods, usually the failure occurs in the concrete substrate or the strengthening ma-
terial rather than along the bond plane. Under this condition, the measured value presents
only the lower bound limit and not the real bond strength [77].

Tension tests

Tensile bond strength tests can be divided into direct and indirect tensile tests [78-82]. In
direct tensile test, avoiding eccentricity is essential because it will generate additional
bending moment and make the test results unreliable [69,83,84]. Compared to direct ten-
sile testing, indirect tension tests such as the splitting test are easier to conduct but are
suitable only when the interface is smooth since otherwise, there is non-uniform stress
distribution along the interface. In addition, it was reported that the direct tension test
with UHPFRC-concrete enables a higher possibility for interfacial failure to happen [82].
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In order to trigger interfacial failure, Valipour et al. [85] modified the pull-off test (Figure
2.6 (a)) and proposed a debonding test method (Figure 2.6 (b)). Both methods aimed at
reducing the contact area between the UHPFRC and the concrete substrate, ensuring that
the interface is subjected to high tensile stresses to trigger failure.

: Adhesive bead
|UI{PFRC e | e

NC

NC

(a) (b)
Figure 2.6 Test set-up for proposed UHPC debonding test (a) Modified pull-off test (b) Proposed
debonding test method [85].

Shear tests

Current shear test methods induce a bending moment due to the eccentricity of the shear
force to the interface [86]. Due to this, test methods have been put forward to neutralize
the moment that the shear force causes, thereby failing to represent the real condition and
being hard to conduct [87]. Due to the convenience and test stability, bi-surface shear and
double-sided shear test methods shown in Figure 2.7 have been adopted to investigate the
UHPFRC-NC interfacial shear behavior [31,88]. Based on the test results, pure interfacial
failure rarely occurs, and the main failure is a mixed mode failure and concrete substrate
failure. Therefore, new test methods are needed to evaluate the shear bond strength be-
tween UHPFRC and the concrete.

153 mm

(@ (b)
Figure 2.7 Shear test: (a) Bi-surface shear [31]; (b) Double-sided shear [88].
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Shear and tension/compression test

Slant shear test with a combination of shear and compressive stresses is usually reported
to reflect the realistic stress state in composite structures. Tests have been developed to
induce this combination of stresses at the interface [51,89] and is widely used to investi-
gate UHPFRC-NC interface (Figure 2.8) [78,79,81,82,90]. In the common slant shear
compressive test, the interface is inclined and interfacial failure happens due to the shear
crack along the inclined plane. As the angle between the failure plane and the horizontal
direction is theoretically between 50~70°, the interface with an angle of 60° is commonly
selected.

However, this test method has some shortcomings. First, the standard angle does not al-
ways lead to the most critical interfacial stress state since critical bond angles are also
related to surface roughness. The rougher interface has a lower critical bond angle [75].
Second, test results are affected by stress concentrations due to elastic modulus differ-
ences between the two materials [75]. Finally, in this test, the pure interfacial failure oc-
curs only under poor interface preparation condition. As such, these tests in most cases
are not suitable to determine the real bond strength between UHPFRC and concrete.

Figure 2.8 Slant shear test set-up for UHPFRC-NC specimen [78].
Bending tests

Bending tests have also been used for bond characterization between cement-based layers
[91,92]. Although the bending test is reported to represent the actual stress conditions in
structures, it is less efficient as the area of the bonded surface subjected to loading is small
compared to the specimen volume [69]. Experimental studies using this method [81,90]
showed that typical failure happens either at the interface or in the concrete substrate,
with the fully interfacial failure occurring only when the interface is smooth.
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2.4.2 Influence of bonding method and roughness on interface behavior

Currently, there are three main bonding techniques to strengthen damaged concrete struc-
ture with UHPFRC: (i) cast in-situ, (ii) gluing with a bonding agent and (iii) mechanical
anchoring. The role of the applied bonding technique in UHPFRC-NC composites on
measured bond strength was investigated in [33]. Cast-in situ specimens with smooth,
sandblasted and smooth interface coated by epoxy adhesives are compared. Cast in-situ
specimens with smooth surface had the lowest bond strength based on splitting tensile
and slant shear tests (Figure 2.9). Cast in-situ specimens with sandblasted interface re-
sulted in the highest bond strength in slant shear test. On the other hand, bonding UHP-
FRC to the smooth surface of concrete substrate with epoxy had the highest bond strength
in the splitting tensile test. In splitting tensile tests, the tensile stress is primarily governing,
and thus adhesion between the concrete substrate and UHPFRC plays a dominant role on
the interfacial bond strength.

30~ .
I Pain surface
B sand blasted

I Epoxy bonded

27,01

25

N
o

Bond strength (MPa)
=) >

Split cylinder tensile test Slant shear test

Test methods
Figure 2.9 Bond strength test results [33].

The comparison of different bonding techniques (cast in-situ and mechanical anchorage
through dowel and shear stud connection) on structural shear capacity is shown in Figure
2.3 (e). The results show that the effect of mechanical anchorage is negligible provided
that there is no interface failure in reference samples.

Studies [33,93-96] discussed the effect of different bonding techniques on flexural per-
formance of hybrid UHPFRC structures. In-situ application of UHPFRC, gluing with
UHPFRC laminate and the use of mechanical anchorage, were reviewed. An overview of
the test results and the corresponding strengthening configuration [33,96] is presented in
Table 2.3 and Figure 2.10.
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Table 2.3 Overview of beam test results under flexure [33,96].

Chapter 2 Literature Review on shear strengthening of concrete beams with UHPFRC

Strengthening pattern

Deflection at

. Dimension Strengthening Cracking load  Failure load - Failure type
Reference  Specimenname . v '\ (mm - . . UHPFRC failure load
xhxL (mm) technique Configuration Thickness (kN) (kN) (mm)

RC-control 140%230x%1600 - - - 16 70 19.10 Flexure
RC-SB-BOTSJ 140x260%1600 Cast in-situ T-sided 30 mm 33 81 15.31 Flexure
RC-EP-BOTSJ 140x260x1600 Gluing by epoxy T-sided 30 mm 47 75 12.13 Flexure

ef‘;]o[s?fg] RC-SB-2 SJ 200%230x%1600 Cast in-situ 2-sided 30 mm 41 102 13.38 Flexure

RC-EP-2SJ  200x230x1600 Gluing by epoxy 2-sided 30 mm 44 95 15.7 Flexure

RC-SB-3 SJ 200%260x1600 Cast in-situ 3-sided 30 mm 90 132 4.55 Flexure

RC-EP-3 SJ 200%260x1600 Gluing by epoxy 3-sided 30 mm 95 85 4.35 Flexure

Beam-1 120x160x3200 - - - 10.52 41.96 75.53 Flexure
Beam-2 120x190x3200 Gluing by epoxy T-sided 30 mm 23.05 48.52 65.22 Flexure
Tanarslan Mechanical .
et al. [96] Beam-3 120x190x3200 anchorage T-sided 30 mm 14.32 46.42 54.16 Flexure
Beam-4 120x190x3200  Gluing by epoxy T-sided 30 mm with 41.32 94.27 24.66 Concrete cover
reinforcement tearing
Beam5  120x190x3200  Mechanical T-sided 80 mm with 29.94 72.63 71.63 Flexure
anchorage reinforcement
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(a)T-sided (b)2-sided (c)3-sided (d)T-sided with reinforcement
Figure 2.10 Strengthening configuration [33,96].

In general, UHPFRC strengthening enhances the bearing capacity and reduces the deflec-
tions of specimens, regardless of the bonding technique used (see Figure 2.11 and Figure
2.12). For all studied bonding techniques there is no significant difference in loading and
deflection capacity and no interfacial failure is observed. Beams strengthened by different
techniques fail in the same way. It is worth noting that the aforementioned conclusions
are drawn based on results of strengthened beams without reinforcement in UHPFRC.
When rebars are added in UHPFRC, epoxy bonding results in a larger capacity increase
compared to mechanical anchorage, but the deflection ability of these beams is largely
reduced and results in brittle failure. However, more tests are required to confirm this
trend as it may vary with the changes in the dimension of concrete and/or UHPFRC. In
addition, all bonding techniques greatly enhance the cracking resistance, with the highest
efficiency in epoxy bonding and lowest in bonding with mechanical anchorage, because
the cross-section of UHPFRC and concrete is weakened (see Figure 2.13).
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Figure 2.11 Loading capacity enhancement with different bonding techniques (calculated as Fus/
(Fuc-1) x 100%, Fusis peak load of strengthened beam, F.is peak load of control beam) [33,96].
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100

| Il Cast in-situ
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Figure 2.12 Deflection reduction with different bonding techniques (calculated as (1 — As / Ac) x
100%, As is displacement at peak load of strengthened beam, Ac is displacement at peak load of
control beam) [33,96].
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Figure 2. 13 Cracking resistance improvement with different bonding techniques (denoted as

+s | Fy o Fy s isinitial cracking load of strengthened beam, F,  is initial cracking load of control

beam) [33,96].
Studies on shear strengthening with UHPFRC by using different bonding techniques are
lacking. Beside mechanical performance, type of bond also affects the durability. Alt-
hough experimental results have shown that the impermeability of strengthened concrete
beams with cast in situ UHPFRC is superior and the ingress of air and water is largely
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reduced [79], there has been no comparative study assessing durability aspects for epoxy
or anchoring bonding methods.

2.4.3 Influence of moisture exchange on interface behavior

Moisture exchange is relevant only for cast in situ applications. Restrained shrinkage
stress and possible cracking/delamination are closely related to microclimatic state of the
substrate (hygral and thermal conditions), hydration kinetics of freshly cast material and
on-site environmental conditions [97]. The moisture exchange between the two materials
affects the cement hydration and therefore determines the interface quality and the inter-
face bond strength [98-100]. Although moisture exchange is reported to increase the air
content at the vicinity of the interface [72] and slow down the hydration rate [42,44], it is
also reported to improve mechanical anchorage between the two materials [43]. In addi-
tion, moisture exchange causes hygral gradients resulting in differential shrinkage and
stress concentrations at the interface.

Unlike traditional concrete, UHPFRC has a very low content of water with respect to the
cement dosage (w/c ratio). Compared to the strengthening material with a w/c ratio higher
than 0.3 [42-44], the moisture state of substrate and the environmental conditions play a
greater role for UHPFRC (i.e., w/c ratio less than 0.25). Given its low water content, self-
desiccation due to hydration and fast water loss to surrounding environment (or concrete
substrate), curing methods have a great impact on the quality of UHPFRC [101]. Alt-
hough the rate of moisture exchange from UHPFRC to the substrate is lower compared
to that of traditional concrete [102], in first hours the water from freshly cast cement
(irrespectively of its w/c ratio) is absorbed by the old concrete at the same speed as free
water [103]. Therefore, the moisture exchange might be detrimental, especially when a
thin layer of UHPFRC is cast. Therefore, as a rule of thumb to have a high bond strength
at the interface, for on-site applications with fresh UHPFRC, the existing concrete sub-
strate should be saturated surface dry (SSD) prior to casting fresh UHPFRC. Figure 2.14
shows that in both tension and shear bond strength tests, for the three tested moisture
conditions of the substrate, SSD is the optimal condition to obtain a higher bond strength
for UHPFRC [104], which is contradictory to the finding for shear bond strength obtained
for normal strength concrete in [43]. A systematic approach to investigate the role of
moisture exchange in UHPFRC-NC composite is needed.
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Figure 2.14 Effects of moisture state of the substrate on relative bond strength for different repair
materials (named RM A, RM B and RM C, WB-N-28 and LR-N-28) and different moisture state of
the substrate (SSD, ASD and ASW stands for saturated surface dry condition, air surface dry
condition and air surface wet condition, respectively.): (a) Effects of moisture state of substrate on
tensile bond strength for normal strength concrete (RM A, RM B and RM C) and UHPFRC (WB-N-
28 and LR-N-28); (b) Effects of moisture state of substrate on shear bond strength for normal
strength concrete (RM A, RM B and RM C) and UHPFRC (WB-N-28 and LR-N-28) [43,104].
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2.4.4 Influence of shrinkage on interface behavior

When the hybrid structure is subjected to hygral/thermal gradients, there are stress con-
centrations possibly causing interface failure [105]. In this context, shrinkage is one of
the most important parameters influencing the performance of a strengthened concrete
structure (Figure 2.15).

delamination cracking

Figure 2.15 Damage mechanisms in strengthening systems [72,105].

In UHPFRC, the drying shrinkage is relatively low (less than 200 um/m) but autogenous
shrinkage is more significant (greater than 400 um/m) [97,106-110]. For in-situ cast
UHPFRC used in strengthening, it is important to account for internal stresses caused by
restrained autogenous/drying shrinkage. Experimental studies on restrained shrinkage in
UHPFRC-strengthened concrete structures [111,112] have shown that autogenous shrink-
age is critical during the first 90 days after casting the UHPFRC layers and the shrinkage-
induced tensile stress increases with a decrease in fiber content and thickness of the UHP-
FRC layer (Figure 2.16).

Due to its high autogenous shrinkage, UHPFRC is prone to early age cracking and a
higher restrained degree will increase its cracking risk [113]. Tests on free shrinkage
strain of reinforced UHPFRC and restrained shrinkage strain of reinforced UHPFRC-RC
composites under different curing conditions (normal curing and steam curing) indicated
that, the curing condition does not affect the ultimate measured shrinkage at 150 days
(Figure 2.17 (a) and (b)). On the other hand, reinforcement inside the UHPFRC and the
concrete substrate reduce the measured shrinkage [114]. It was not reported if the crack-
ing pattern and cracks widths were affected by reinforcement.

Due to the high tensile strength and strain hardening property of UHPFRC, it is reported
[115] that debonding is unlikely to occur at the UHPFRC-NC interface. Research has also
focused on developing low-shrinkage UHPFRC to minimize the risk of delamination for
concrete deck repair [116]. This low-shrinkage UHPFRC has been shown to effectively
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mitigate shrinkage effects, as validated through ring test and UHPFRC-concrete compo-
site slab tests [117]. Still, in certain conditions, the performance of UHPFRC may be
compromised. For example, poor substrate preparation, harsh site climates, or inadequate
connections between the UHPFRC and the parent concrete can reduce the tensile strength
and deformability of UHPFRC [97]. Additionally, early exposure to drying condition
(e.g., after one day) can increase the risk of curling or delamination when UHPFRC is
applied as a repaired overlay [117]. Under such severe conditions and poor curing, com-
bined with external loading, the debonding stresses could exceed the bond strength, po-
tentially leading to delamination.

Stress (MPa)

O
0 10 20 30 40 50 60 70 80 90 100
Days
Figure 2.16 Restrained concrete shrinkage stresses (S and SR, respectively denote strengthened

UHPFRC with or without rebars inserted in UHPFRC layer, 20, 40, 60 denotes the thickness of
UHPFRC layer in mm and 0, 3, 5 denote the volume percentage content of steel fiber.) [112].
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Figure 2.17 Free shrinkage in (a) reinforced UHPFRC and restrained shrinkage in (b) reinforced
UHPFRC-concrete composite under different curing conditions (NC and HC respectively denote
normal curing and steam curing conditions) [114].

2.4.5 Durability of concrete structures strengthened with UHPFRC

Durability and the life-cycle cost are two main factors to determine the quality of the
strengthened structure [18,118]. The impermeability of UHPFRC is particularly critical
for repair and strengthening in severe environmental conditions. Various experiments,
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including water capillary absorption test [119,120], air/gas permeability test [121] and
durability tests (including freeze-thaw, chloride penetration, etc.) [122], have confirmed
the exceptional protective properties of UHPFRC. Its excellent durability, makes it an
ideal protective layer, preventing the detrimental effect of aggressive environment.
Guingot et al. [123] rehabilitated structures such as dams and bridge channels, using
UHPFRC to protect against water impact, abrasion, and extreme environmental condi-
tions. Denarié et al. [124] proposed a method to apply in-situ cast UHPFRC to protect a
lighthouse in an aggressive marine environment.

Tayeh et al. [79] evaluated the permeability of the interface between the NC substrate and
UHPFRC by rapid chloride permeability, gas and water permeability tests, concluding
that it effectively resists the penetration of chlorides, and significantly reduces the gas
and water permeation. Microscopic observations confirmed the quality at the interfacial
transition zone. Mufioz [115] assessed UHPFRC-NC bond performance under freeze-
thaw cycles and found out that splitting tensile strength increased with more cycles due
to hydration of cement particles at the interface in presence of water (Figure 2.18). Simi-
larly, Feng et al. [125] compared the durability performance of NC and UHPFRC as repair
materials under wet-dry and freeze-thaw cycles. In terms of bond permeability, after ex-
posure to 10 wet-dry cycles and 18 freeze-thaw cycles, both UHPFRC and NC show in-
creased penetration rates. However, NC exhibits a penetration rate nearly five times
higher than that of UHPFRC. Regarding bond strength, NC experiences a significant de-
crease (30.8%) after 10 wet-dry cycles, compared to a 9.5% decrease for UHPFRC. Sim-
ilarly, after 18 freeze-thaw cycles, the bond strength of NC drops by 20.5%, while that of
UHPFRC decreases by only 6.9%. These findings underscore the superior resistance of
UHPFRC interface to moisture penetration and degradation compared to normal concrete
interface, particularly under harsh environmental conditions.

To make it more close to the in-situ conditions, Tan et al. [126] also combined the freeze-
thaw cycles with fatigue loads to evaluate the bond performance at concrete-UHPFRC
interface. Results confirm that UHPFRC shows satisfactory freeze-thaw resistance and
the bond strength remains unaffected even with the addition of fatigue loads. Additionally,
Baloch et al. [127], examined the bond behavior of wet-on-wet connected self-consoli-
dating concrete (SCC) and UHPFRC when exposed to high temperatures. They concluded
that bond resistance was improved due to the physical anchorage provided by the steel
fibers. However, as the fibers are unable to penetrate the interface and reach the concrete
substrate, the observed increase in bond resistance might be also due to the restraining
effect of the steel fibers, as observed by Guo et al. [128].
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Figure 2.18 Effect of freeze-thaw cycles on splitting tensile strength of composite specimen (f,, =

splitting tensile stress, Sb = sandblasted; Br = brushed; Sm = smooth; Ch = chipped; Gr = grooved;
Mo = monolithic (only concrete)) [115].

Although the superior durability of UHPFRC-NC composites has mostly been validated
through small-scale bond strength tests, the deeper multiscale (covering macro-, meso-
and microstructural) analysis of the interfacial zone and interface behavior under (severe)
environmental loads is still lacking.

2.4.6 Interface performance (debonding and slip) in structural tests

Experimental investigations into the flexural behavior of composite UHPFRC-NC ele-
ments have demonstrated that no debonding is observed in the interface zone, and the
beams exhibit monolithic behavior before reaching maximum resistance
[25,64,94,129,130]. Bond strength tests, including the pull-out, indirect tensile and slant
shear tests, have shown that the bond strength between UHPFRC and concrete is greater
than the tensile strength of concrete [79,115]. Consequently, the interfacial slip is negli-
gible and not considered in the analysis. Hence, both numerical modeling and theoretical
calculations [33,58,131,132] typically assume a perfect bond. However, while these mod-
els accurately predict load-deflection response, they often fail to predict crack pattern [35].
Moreover, it cannot be generalized that RC structures strengthened with UHPFRC are
unlikely to fail due to interfacial debonding. As shown in Figure 2.19, the interfacial
debonding may still happen [23,96]. In both [23] and [96], the epoxy-bonded technique
is used to bond the prefabricated UHPFRC laminate and concrete substrate.
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Figure 2.19 Debonding at the interface [23,96].

It is reported [93] that compared to the interface slip between two conventional concretes,
the slip between UHPFRC and conventional concrete interface is significantly lower, be-
cause UHPFRC with steel fibers has a higher bond strength. In [77], for fiber reinforced
concrete with poly-vinyl-alcohol (PVA) fibers, it was explained that fibers prevent the
bond failure as they reduce the damage due to shrinkage and thereby increase the cohesion
at the interface, leading to a higher bond strength value. Another potential reason is the
reduction of bleeding at the interface due to fiber reinforcement. Still, slip can remain
large, such as with different strengthening configurations [133]. Moreover, design code
“Structural Connections for Precast Concrete Buildings” [134] sets strict slip allowance
values, with maximum permissible slips of 0.2 mm at service and 2 mm at the ultimate
state. Measurements by Paschalis [59, 103] [93,135] have recorded interfacial slips ex-
ceeding 0.3 mm, although effective bonding was still achieved due to dowel connections
reinforcing the interface. Tsioulou [92] found that interface preparation and the type of
strengthening, including tensile strengthening with UHPFRC along (1) the whole beam
length and (2) limited length, and (3) compressive strengthening along the whole beam
length affects the strengthening efficiency. For rough interface, the tensile strengthening
greatly improved the loading capacity, while tensile strengthening with limited length
showed the worst performance due to the debonding between UHPFRC and the concrete
layers. Even more, this beam showed a maximum slip value (almost 9 mm) resulting from
mechanical loading.

Restrained shrinkage also affects slip or debonding, as discussed in Section 2.4.4. FEM
analyses show that specimens strengthened with three-sided jacketing exhibit the lowest
slip at ultimate resistance, whereas tensile-side strengthening results in the highest slip
(Figure 2.20) [133]. Recent numerical studies are starting to incorporate interface models.
For example, based on the push-off bond strength test results, Mohr-Coulomb equation
from Eurocode 2 [55] is used to describe interface behavior, showing good agreement
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with experimental results for UHPFRC-strengthened beams [93]. Zhu et al. [136] com-
pared two different interface modeling techniques, finding that adhesion and friction ba-
sed on AASHTO [137] interface concept was more effective than the friction based on
ACI [54] to simulate load-displacement response of concrete slab strengthened with
UHPFRC. Accurate interface modeling in analytical and FEM models is crucial for un-
derstanding composite structural performance, evaluating debonding risks, and optimiz-
ing UHPFRC strengthening efficiency.
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Figure 2.20 Interface slip (m) for strengthened beams at ultimate resistance with different UHPFRC
configuration: (a) the tensile side, (b) the compressive side, and (c) three sides jacket [133].

Finally, most studies on UHPFRC-NC composite members have focused on only me-
chanical loading, such as flexural, shear, punching shear, and torsional loading, under
controlled laboratory conditions [33,58,67,96,129,130,132,138-140]. There is a need for
research on the combined effects of environmental conditions and mechanical loads, as
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commonly observed in practice, as these can create more severe gradients and stress con-
centrations at the interface, potentially leading to premature failure.

2.5 Non-destructive methods to assess UHPFRC strengthening efficiency

For concrete structures strengthened with UHPFRC, the bond quality at the interface and
mechanical properties of UHPFRC (especially its tensile performance) are two governing
parameters that influence the strengthening efficiency. Generally, in order to determine
the mechanical properties of materials and their bonding properties, the destructive test
methods such as commonly used material test (e.g., compressive, tensile, and bending
tests) and bond strength test are commonly used. Non-destructive testing (NDT) methods
attract more attention since they enable a quick and cost-effective health assessment of
strengthened structures without causing damage and can provide valuable on-site perfor-
mance evaluation. This section provides a brief state-of-the-art about the current status,
challenges and prospects of NDT methods employed in quality control and assessment of
UHPFRC structures, focusing on the evaluation of UHPFRC material properties and bond
performance for UHPFRC-RC composite structures.

2.5.1 Material properties evaluation of UHPFRC

There have been several commonly used NDT methods to evaluate UHPFRC properties.
Regarding the elastic properties of UHPFRC, as a pilot study, Washer et al. [141] inves-
tigated the applicability of the ultrasonic pulse wave (UPV) to estimate the elastic prop-
erties of UHPFRC, so called reactive powder concrete (RPC). It is found that although
the presence of steel fibers lowers the wave velocities of the ultrasonic wave, similar to
conventional concrete, the RPC can be regarded as an isotropic material within elastic
limits. This enables quantification of elastic modulus, based on the relationship between
the elastic modulus and ultrasonic wave velocity. Hassan and Jones [142] used UPV and
resonant frequency methods to determine the compressive elastic modulus and the Pois-
son’s ratio of UHPFRC with 2% steel fibers. Results showed that although both methods
can provide acceptable results, UPV is more promising since it is easy and cost effective.
The resonant frequency method can only be used on the laboratory scale, and the size and
shape of tested objects are limited. To improve the reliability of NDT results, rather than
depending on a single method, Tsioulou et al. [143] first combined different NDT meth-
ods (that is, the combination of UPV and Rebound Hammer, termed ‘SonReb’) to evalu-
ate the mechanical properties of UHPC and UHPFRC. SonReb method provided the most
accurate results in terms of compressive strength and modulus of elasticity compared to
the individual results from UPV and Rebound Hammer. Furthermore, since material com-
position will influence the correlation between compressive properties and NDT signals,
Najm et al. [144] applied rebound hammer and UPV methods, and varied the fiber length
and volume in UHPFRC. The study revealed that the rebound hammer test can provide
more reliable results on matured fiber reinforced concrete than young fiber reinforced
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concrete. For the UPV method, the fiber length affects the measurement more than the
fiber volume as the recorded velocity is higher with longer steel fibers. Al-Huri et al [145]
also used rebound hammer, UPV and their combination for the estimation of compressive
elastic properties by varying the water/binder ratio, cement and silica fume contents in
UHPFRC and curing time. The proposed model taking into account the duration of curing
can improve the accuracy of the predicted compressive strength.

Not only can the compressive performance of UHPFRC be evaluated, but its tensile prop-
erties, which are governing its repair/strengthening performance in existing concrete
structures, can also be assessed by NDT methods. The tensile performance of UHPFRC
is primarily determined by the fiber dispersion and orientation in UHPFRC, which is eas-
ily affected by many factors, such as the workability of UHPFRC, and casting method
and procedure [146,147]. For example, Zhao et al. [148] investigated the effect of vibra-
tion time on steel fiber distribution and the flexural performance of steel fiber reinforced
concrete (SFRC). Their findings revealed that prolonged vibration caused fiber settlement,
leading to segregation in highly flowable SFRC and a reduction in flexural strength,
toughness, and fracture energy. Wang et al. [149] examined the effects of vehicle-bridge
coupling vibration on UHPFRC, showing that increased vibration amplitude and fre-
quency improved compressive strength and drying shrinkage but weakened flexural and
tensile strength due to changes in fiber distribution. Similarly, Leng et al. [150] studied
the influence of different vibration parameters (i.e., amplitudes, frequencies, and phases)
on the macroscopic, nano-mechanical, and microstructural properties of unhardened
UHPFRC. They found that low-energy vibration (before initial setting and with low am-
plitude) refined the pore structure, optimized fiber orientation, and enhanced both com-
pressive and flexural strengths. However, high-energy vibration (after initial setting and
with high amplitude) coarsened the pore structure, disrupted aggregate-matrix interac-
tions, and introduced microcracks in the interfacial transition zone, ultimately weakening
the performance of UHPFRC. Therefore, measurement of the actual fiber distribution in
UHPFRC elements by NDT methods can help to evaluate the structural performance of
UHPFRC members.

CT scanning, unlike image analysis that requires cutting the specimen, can quantify the
content and orientation of fibers by creating cross-sectional images without damaging the
sample. The 2D and 3D results of the fiber distribution can be obtained. However, the CT
scanning technique is generally expensive and limited to small-scale samples, making it
difficult for in-situ examination of UHPFRC structures. Therefore, other advanced tech-
nologies, such as the electricity method [151] and the magnetic method [152] are pro-
posed for the indirect evaluation of fiber alignment. The electric method relies on the
effect of steel fibers on the conductivity of UHPFRC and the magnetic method is based
on the ferromagnetic properties of the steel fibers. Barnett et al. [151] evaluated the fiber
orientation in UHPFRC panels using the electricity method, and the effectiveness was
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confirmed by CT scanning. Nunes et al. [152] developed the magnetic method to measure
fiber content and orientation in UHPFRC and later [41] investigated the effect of key
factors such as geometry and surface roughness of the elements, and fibers segregation
on the NDT results. Based on the measured results in UHPFRC, the tensile strength of
UHPFRC can be estimated [153] and the effect of fiber orientation on the tensile response
of UHPFRC is evaluated [154]. Despite the proved high efficiency of electricity and mag-
netic methods, it should be noted that both methods do not allow direct observation of
fibers and are easily influenced by the surrounding environmental conditions. In addition,
the magnetic method requires standard correlation between magnetic permeability and
specific fiber contents prior to measurement.

To monitor the quality of UHPFRC during the manufacturing and curing process (e.g., to
quantify the initial defect and damage of UHPFRC), the acoustic emission (AE) technique
has also potential [155].

2.5.2 Delamination detection at the interface

It is well known that improper strengthening strategies will lead to the delamination of
the UHPFRC-NC composite structures and greatly weaken the strengthening efficiency
[23,96,156]. Therefore, the bonding performance to existing structures is of great concern
after strengthening application of UHPFRC. In reality, interfaces are always located in-
side reinforced structures and hard to observe by visual inspection. Therefore, it is of a
great interest to evaluate quality after retrofitting with UHPFRC with the help of the NDT
technique [157,158].

Several NDT techniques, including ultrasound [159], radiography [160], radar [161], im-
pact echo [162], and infrared thermography (IRT) [38], have been developed to inspect
and monitor defects in concrete structures efficiently. Ultrasound and radiography could
identify internal flaws and defects quickly and accurately, but the equipment is expensive,
and the results are also easily affected by the surrounding environment due to noise. Fur-
thermore, ultrasound can only detect the flaws within local structures, and radiography
may arise safety issue [158]. In terms of radar and impact echo, they can provide imme-
diate and efficient detection of internal damage; moreover, radar can even detect flaws
several meters underneath the surface of the specimen, and impact echo can work regard-
less of surface profile of the structures. Radar might provide false results especially in
reinforcement congested area, while impact echo has limited detection depth and resolu-
tion compared to radiography and radar [163]. IRT is a relatively new NDT method and
can be classified into two kinds: passive and active measurements [37]. Passive IRT
means that the object itself is regarded as a heat source, and the heat emitted by the sur-
faces of the objects is recorded by the infrared sensors without additional heat excitation.
However, the results of passive IRT are easily influenced by the environmental condition.
For active IRT measurement, external heating is necessary to heat the objects’ surface
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evenly firstly. Then the heating source is removed, and during the cooling process of the
heated objects, the defects could be detected by analyzing the temperature gradient along
the surface of the objects. Compared to passive IRT, active IRT can provide quicker and
more accurate analysis, as the heat can penetrate inside objects faster and the heat source
can generate a controlled temperature field, which helps locate and measure the size,
shape and depth of the defects [38].

Previous research [164-169] has shown the advantages of IRT to detect debonding/de-
lamination of composite concrete structures. In order to examine the internal delamination
of the reinforced concrete slab, Raja et al. [164] investigated the effect of the ambient
environmental condition (i.e., wind velocity and solar radiation) on the accuracy of the
IRT measurement and determined the optimal time for data collection from infrared sen-
sors. The results showed that both wind and heat flux will significantly influence absolute
thermal contrast on the monitored surface and absolute thermal contrast decreases if a
higher wind speed or lower heat flux and heating time is provided. Gu et al. [165] applied
active IRT to detect the delamination of concrete members reinforced with CFRP jacket-
ing, and parameters including the interface opening (delamination thickness) and size of
the deboned zone, as well as water content and the existence of covered mortar in the
delaminated area were analyzed. Active IRT was found to be able to detect the delamina-
tion size and the interface opening, and the detectability will increase as the opening at
the interface (delamination) and delamination size are larger but decrease in the presence
of water and additional layer of covered mortar. Subsequently, Gu et al. [166] also eval-
uated the effectiveness of passive IRT to detect delamination of concrete-CFRP compo-
site members under different weather conditions. They observed that the accuracy of the
results was greatly influenced by the duration of the testing and data collection frequency
while barely affected by the ambient temperature. Although IRT is promising in provid-
ing reliable information for the FRP wrapped concrete structure, concrete has a much
lower thermal conductivity compared to FRP, which will in turn reduce the thermal con-
trast between the defected and the sound areas, and decrease the detectability [170]. Con-
sidering that concrete jacketing [171] is also commonly used for repair/strengthening ap-
plications, the potential of IRT for the interface quality assessment between concrete and
UHPFC is unknown.

2.6 Conclusion

This chapter reviews the state-of-the-art on the performance of concrete structures
strengthened with UHPFRC, focusing on shear strengthening. Many aspects were dis-
cussed, starting from structural behavior at the macroscale, available numerical and ana-
Iytical methods, through the interface behavior at the mesoscale and its governing param-
eters. Finally, non-destructive testing methods for material and interface quality evalua-
tion are reviewed. The following conclusions can be drawn:
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(1) The shear improvement of existing RC structures reinforced with UHPFRC has
been increasingly studied in experimental and numerical studies. However, the structural
behavior of shear-deficient RC structures strengthened with UHPFRC under combined
mechanical and environmental loads (e.g., wetting-drying, or freeze-thaw cycles), which
reflects practical conditions, is still unknown.

(2) Based on the experimental observations (in controlled lab conditions) that a
strengthened structure behaves almost monolithically, a perfect bond is generally as-
sumed at the interface. New finite element approaches should be developed to better un-
derstand the influence of UHPFRC-concrete interface on the shear resistance of the
strengthening system. Furthermore, the mechanical properties (especially the tensile re-
sponse) of UHPFRC also govern the shear resistance of strengthened RC beams. How-
ever, how the tensile properties of UHPFRC contribute to the shear resistance remains
unclear. More specifically, it is not clear whether the high materials strength of UHPFRC
or its ductility play a more critical role in enhancing capacity of strengthened structures.
A better understanding of this could help in optimizing the UHPFRC mixture.

(3) For the UHPFRC shear strengthening applications, the 2-sided strengthening
configuration, although not optimal for durability reasons, appears to be the optimal
method for enhancing the resistance under mechanical loads. The effect of bonding tech-
niques, moisture exchange between concrete substrate and UHPFRC, restrained shrink-
age, and combination of mechanical and environmental loads is still unclear in view of
shear capacity of composite beams.

(4) The tensile properties of UHPFRC, which are important for strengthening effi-
ciency with UHPFRC, are highly dependent on its fiber distribution and orientation. The
electromagnetic method, based on the ferromagnetic properties of the steel fibers, is
promising to evaluate the fiber dispersion for UHPFRC elements in both laboratory stud-
ies and in-situ application.

(5) The subsurface interface quality, which governs the integrity of the composite
UHPFRC-NC structures, is difficult to examine by direct observation. Active infrared
thermography, relying on the thermal contrast between sound and delaminated regions,
has great potential in determining the location, size and depth of the possible debonding.
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3.2 Materials

3.1 Introduction

In this chapter, the materials and methods used in the experimental program are intro-
duced. In Section 3.2, the raw materials and mixture proportion are presented. In Section
3.3, the experimental procedure to measure the mechanical properties (compressive, ten-
sile strength and elastic modulus) of UHPFRC and NC, as well as workability and shrink-
age (free and restrained) of UHPFRC are outlined. Finally, in Section 3.4, a structural test
designed to evaluate the shear performance of reinforced concrete beams strengthened
with UHPFRC is presented. Details of the specimen design, experimental setup and meas-
urement system are given. Parameters including surface saturation of existing concrete,
casting direction of UHPFRC, differential shrinkage and different bonding techniques
between UHPFRC and existing concrete under combined environmental (freeze-thaw)
and mechanical loads are investigated.

3.2 Materials
3.2.1 Raw materials and proportion of NC and UHPFRC

Concrete strength class C20/25 (w/c ratio 0.60) is used for the fabrication of reinforced
concrete beams. The concrete consists of CEMI 42.5N cement, aggregates with a maxi-
mum aggregate size of 16 mm, water, and superplasticizer (SP). For the UHPFRC mixture,
CEMI 52.5R cement, blast furnace slag (BFS), silica fume (SF) and fine sands with a
maximum aggregate size of 1 mm are used. A low water-cement ratio (0.25) and fine
particle size distribution are required in UHPFRC to achieve a dense matrix, with low
porosity and thereby high compressive strength. Due to the low water-cement ratio, a
significant amount of superplasticizer is used to achieve good workability. Two UHPFRC
mixtures with steel fibers having the length of 13 mm and varying diameters (i.e., 0.16
mm and 0.2 mm) have been developed. The mixture designs are given in Table 3.1. The
properties of the two fiber types are listed in Table 3.2.

Table 3.1 Mix design proportions (in kg/m?3).

Mixture Cement BFS SF Sand Gravel Water SP (Master Steel fiber  Steel fiber

Glenium 51) 1 2
Concrete 260 - - 847 1123 156 0.26 - -
UHPFRC1 870 104.4 43.8 1061.1 - 219.9 26.6 125 -
UHPFRC2 8589  103.1 43.2 10475 - 217.1 26.3 - 156.3

Table 3.2 Physical and mechanical properties of different fibers.

Tvoe of fibers Length Diameter Density Nominal tensile Young’s modulus
yp (mm) (um) (kg/m®) strength (MPa) (GPa)
Steel fiber 1 13 160 7850 2750 200
Steel fiber 2 13 200 7850 2750 200
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3.2.2 UHPFRC mixing procedure

For mixing, an ordinary drum mixer with casting volume of 35L is used. The UHPFRC
mixing procedure is optimized to realize the acceptable flowability. The mixing process
requires 30 min and consists of the following steps (Figure 3.1):

(1) Dry materials, except the sand with the largest aggregate size (0.5-1.0 mm), are
mixed for 5 minutes.

(2) 90% water is added and mixed for 2 minutes.

(3) The remaining water with superplasticizer is added and mixed for approximately
10 minutes to achieve a flowable mixture.

(4) Remaining sand with the largest aggregate size is added and mixed for 3 minutes
to achieve a flowable mixture.

(5) The steel fibers are added in five batches sequentially, with each batch being
mixed for 2 min.

5mmmmm| 2mmwmm|
——1———

Binder and aggregate |
except coarsest sand 4—>|About 90% Waterl—'—>| Remaining water and S.P

(0.5to 1 mm)
\
UHPFRC Steel fibers Coarsest sand (0.5 to 1 mm) \\

| \

Figure 3.1 Detailed mixing procedure for UHPFRC production in the drum mixer.

3.2.3 Specimen preparation and curing regime of NC and UHPFRC

For compressive strength tests, 100 mm cube specimens are prepared for NC, while for
UHPFRC, 40 x 40 x 160 mm3 prismatic samples are cast and cut into 40 mm cubes. For
elastic modulus measurements of both NC and UHPFRC, specimens are cast using pris-
matic molds of 100 x 100 x 400 mm?3, Regarding the tension test, 100 mm cubes are cast
to measure the splitting tensile strength of NC, and dumbbell samples, recommended by
JSCE [19] (Figure 3.2) are fabricated to measure the response of UHPFRC subjected to
uniaxial tension.
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Figure 3.2 Dimensions of the dumbbell specimens (unit: mm).

After casting, all specimens are covered with plastic sheets to prevent moisture loss and
subsequently demolded after one day. After demolding, all samples are wrapped with the
plastic film and sealed with tape to avoid moisture loss until testing.

3.3 Material tests
3.3.1 Slump flow and final setting time

The flowability of the UHPFRC mixtures is evaluated based on the procedures of EN
1015-3[172] and the final setting time of UHPFRC is measured using a Vicat setup [173].

3.3.2 Free and restrained shrinkage test

Stress induced by restrained shrinkage cannot be neglected when fresh UHPFRC is cast
on the hardened concrete due to the shrinkage difference [174-176]. In this study, we
particularly focus on understanding of the role of shrinkage at the interface of strength-
ened beams. To gain insight, both autogenous and total shrinkage of UHPFRC are meas-
ured in material tests.

Two UHPFRC mixtures are used in the current study. The UHPFRC1 mixture is mainly
used to study in detail the shrinkage effect in beam tests. The total shrinkage measurement
starts at the age of seven days to simulate the conditions of the structural test, as the beam
specimens are exposed to laboratory conditions from the age of seven days. In the first
seven days, the beams are sealed and there is only moisture transfer between the two
materials (the concrete and UHPFRC) [102] (and not the environment). Therefore, three
methods are used to measure autogenous shrinkage: (i) the corrugated tube method and
(i) Autogenous Deformation Testing Machine (ADTM) method, both measuring shrink-
age immediately after casting, and (iii) prism method measuring shrinkage after harden-
ing (e.g., after 1 day in this study). In addition to free shrinkage tests, the stress develop-
ment induced by restrained autogenous shrinkage and cracking potential are studied
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through Temperature Stress Testing Machine (TSTM) test. For the UHPFRC2 mixture,
as only the type of fibers differs, the total and autogenous shrinkage are measured only
on hardened prisms from the age of 1 day. This allows for a comparison of the shrinkage
between the two mixtures.

For shrinkage measurements on hardened UHPFRC, UHPFRC samples with the dimen-
sion of 40 x 40 x 160 mm? are cast. At the predefined age, the specimens are demolded.
The autogenous shrinkage measurement is performed on three specimens wrapped with
aluminum foil and sealed with tape to avoid moisture loss (shown in Figure 3.3 (a)). The
other three samples, on which total shrinkage measurement is performed, are left unsealed
(shown in Figure 3.3 (b)). All samples are placed in a room with a constant temperature
of 20£2 °C and a relative humidity of 50+5%. Free deformation measurement is per-
formed using a comparator (accuracy of 0.001 mm) according to the ASTM C157 [177].

@ (b)

Figure 3.3 Testing set-up for autogenous and total shrinkage measurements on hardened
UHPFRC: (a) autogenous shrinkage measurement; (b) total shrinkage measurement.

For UHPFRC, the significant part of autogenous shrinkage occurs at a very early age
(within the first 24 h) [178], which is not measured in the test described above. Therefore,
the corrugated tube method (shown in Figure 3.4) is used to measure the autogenous
shrinkage directly after casting. But it should be noted that some inaccuracies might be
introduced since the rib of the tube may influence the fiber distribution of UHPFRC. Un-
der gentle vibration, fresh UHPFRC is cast into two corrugated tubes with a length of 425
mm and diameter of 28.5 mm and then closed by plugs. Then tubes are placed to the
calibrated dilatometer. The deformation is measured every 5 min for 7 days by linear
variable differential transformers (LVDTSs) with an accuracy of 0.001 mm. The final set-
ting time is defined as starting point of autogenous shrinkage measurement [110]. It
should be noted that compared to ultra-high performance concrete (UHPC), the inclusion
of steel fibers in UHPFRC can reduce autogenous shrinkage to some extent [179]. This
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reduction is primarily due to the mechanical restraint provided by the fibers, which are
bonded to the matrix and resist deformation [180].

Figure 3.4 Corrugated tube method for autogenous shrinkage measurement of UHPFRC.

The autogenous deformations and eigenstresses induced by restrained autogenous shrink-
age of UHPFRC are also investigated. The test setup is composed of two parts: (a) Au-
togenous Deformation Testing Machine (ADTM) and (b) Temperature Stress Testing
Machine (TSTM). The free autogenous deformation is measured by the ADTM. As
shown in Figure 3.5, prisms with a dimension of 1000 x 150 x 100 mm? are cast into the
wooden mold with low thermal conductivity. To avoid moisture loss and drying shrinkage,
the prismatic specimen is fully covered by plastic film. Furthermore, the temperature of
the specimen is controlled at 20 °C by the circulation water tubes around the specimens
to avoid thermal expansion, and three thermocouples are embedded in the middle and two
near the end of the specimens to monitor temperature development. In the ADTM setup,
the specimen is allowed to deform freely, and steel bars are embedded in the specimen to
measure its deformation. LVDTSs with a resolution of 0.001 mm are attached at both ends
of steel bars to record the deformation of the specimens and the distance between two
embedded steel bars on one side is 750 mm.

In the TSMT setup (shown in Figure 3.6), a dog-bone sample is cast that has the same
region of interest (1000x150x100 mm?) as the ADTM, but is fully restrained at the ends
of the dog-bone sample by keeping the distance between two embedded steel bars con-
stant (750 mm). The temperature is also controlled at 20 °C and thermocouples are em-
bedded to monitor it. One end of the specimen is fixed, while the other end can move with
the hydraulic actuator. Therefore, the actuator can restrain the deformation measured by
four LVDTs while the load applied by the actuator (equals to the internal load resulting
from autogenous shrinkage) can be recorded. Different from the corrugated tube setup,
the end of autogenous expansion is considered as ‘time zero’ for ADTM and TSTM tests
as it is the starting time that tensile stress initiates. Stress is recorded every minute until
the age of 28 days.
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Figure 3.5 ADTM used for free autogenous strain measurements of UHPFRC [181].
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Figure 3.6 TSTM for shrinkage-induced stress measurement of UHPFRC [181].

3.3.3 Compressive test

The compressive strengths of NC and UHPFRC are determined according to NEN-EN
12390 [182], using cubical samples with dimensions of 1200 mm and 40 mm, respectively.
Three cubes are tested to obtain the representative compressive strength.

3.3.4 Elastic modulus test

To measure the elastic modulus of NC and UHPFRC, two prisms (100 x 100 x 400 mm?3)
are tested by a Tonibank machine. Linear variable differential transducers (LVDTSs) are
vertically attached on the four sides of the specimens to measure the deformation over a
gauge length of 135 mm under compressive load. The loading and unloading rates are 1
kN/s and each sample goes through three cycles with the stress ranging from 0.5 MPa
until a compressive stress corresponding to 30% of its compressive strength.

3.3.5 Tensile test

The splitting tensile test is conducted to obtain the tensile strength of concrete. For UHP-
FRC, dog-bone specimens (recommended by JSCE [19]) are cast and tested under the
direct tension (Figure 3.7). Note that the thickness of the dog-bone specimen (13 mm) is
somewhat larger than that of the strengthening laminates applied in the subsequent beam
specimens (10 mm). Therefore, due to preferential fiber orientation in thinner samples,
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laminates are expected to have better tensile properties compared to dog-bone specimens
[183]. The test is conducted at a constant loading rate of 0.003 mm/s, and the deformation
of the specimens over a gauge length of 80 mm is recorded by two LVDTs attached on
the specimen.
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Figure 3.7 Direct tensile tests (a) geometry (in mm) and (b) experimental setup.

3.3.6 Freeze-thaw exposure

The number of freeze-thaw (FT) cycles of the specimens are chosen as 30, 75 and 120 FT
cycles to simulate a duration of minimum four years of environmental exposure in the
Netherlands. As estimated in [184], the average number of FT cycles in the Netherlands
is around 30 cycles per year. This is based on the definition where one FT cycle is defined
as the maximum temperature above 0 °C and the minimum temperature below 0 °C dur-
ing the day. If one FT cycle is defined as the maximum temperature of at least 0 °C and
the minimum temperature of -2.2 °C or lower, the average number of FT cycles in the
Netherlands is around 30 cycles per two years. In this study, the experiment is designed
to investigate the performance of UHPFRC strengthened concrete structures during the
initial service period (at least the first four years), as it might be the most susceptible
period for the composite system [185] and the bond between the strengthening material
and the existing concrete [186-188]. The freezing process is carried out in a cooling en-
vironment with an average relative humidity (RH) of 70%, and the thawing process is
done in a climate condition with a relative humidity of around 95% to accelerate the de-
terioration process. The moisture content in the concrete governs the freeze-thaw re-
sistance since fatigue stress induced by volumetric change during the alternative freezing
and thawing of pore water will lead to cracking [189]. One FT cycle lasts for about 24 h
at the ambient temperature ranging from -20 °C to 20 °C and it consists of two stages, as
shown in Figure 3.9. In stage I, the specimens are placed at sustained room temperature
(20 °C) for 8 h. Stage II consists of a rapid cooling process in freezing chamber, where
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the specimens are exposed to a constant temperature at -20 °C for 16 h. It should be men-
tioned that, before the FT tests, a temperature sensor (shown in Figure 3.8) is embedded
in the core (center in length, width and height) of a hybrid beam specimen in order to
measure the internal temperature evolution during the freezing and thawing processes (as
presented by two blue lines in Figure 3.9). The internal temperature is only recorded when
the specimens are in thawing condition as in freezing conditions the monitoring system
does not work. It is found that during the thawing phase (8 h), the internal temperature of
the specimens raises to more than 18 °C. To investigate the influence of FT cycles on the
material deterioration of NC and UHPFRC at an age of more than 28 days, apart from
beam specimens, samples to determine the material properties are prepared. The appear-
ance and mass change of the specimens are inspected at an interval of 10 or 15 cycles,
and the compressive strength, elastic modulus, and tensile properties of concrete and
UHPFRC after 30, 75 and 120 cycles are measured.

Figure 3.8 Temperature sensor to detect internal temperature variation at the core of the beam
specimen during the FT test.
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Figure 3.9 Freeze-thaw protocol on specimens.

3.4 Structural tests

Structural tests are performed to assess the shear behavior of RC reference beams and
UHPFRC-RC composite beams.
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3.4.1 Test parameters

To evaluate the strengthening efficiency of UHPFRC, critical parameters considered in
this study include moisture exchange between UHPFRC and RC, the restrained shrinkage
at the interface, casting direction, and bonding method. Some specimens are exposed to
severe exposure conditions (freeze-thaw cycles) before mechanical testing. The investi-
gated parameters are given in Table 3.3. Prior to the application of UHPFRC, concrete
substrates are prepared under two different moisture conditions: saturated surface dry
(SSD) and air surface dry (ASD). Under the ASD condition, concrete substrate is dry as
the beam is continuously stored under laboratory conditions until strengthening. The po-
tential early-age cracking or delamination of the RC beams strengthened by UHPFRC
under restrained shrinkage is monitored by digital image correlation (DIC), as detailed in
Section 3.4.3. Furthermore, the casting direction of UHPFRC, which is one of the main
factors influencing the fiber distribution in UHPFRC and may therefore affect its
strengthening efficiency, is also studied. Two UHPFRC casting directions are investi-
gated: (a) vertical and (b) horizontal casting. The effect of bonding method is also studied,
and three different strengthening techniques are used: cast in-situ, epoxy-bonded, and
mechanically anchored. The in-situ casting method consists of casting fresh UHPFRC at
sides of concrete beams, while the epoxy-bonded and mechanical anchorage technique
consists of bonding prefabricated UHPFRC laminates to the concrete beams. Finally, the
beams are exposed to freeze-thaw to investigate the effect on severe environmental expo-
sure on mechanical resistance. The specimens are tested after 30, 75 and 120 freeze-thaw
cycles.

Table 3.3 Overview of the investigated parameters.

Parameter Variation
Air surface dry (ASD)
Saturated surface dry (SSD)
Vertical casting
Horizontal casting

Moisture degree of concrete substrate/restrained shrinkage

Casting direction

Cast in-situ,
Bonding techniques Epoxy-bonding
Mechanical anchorage
Freeze-thaw action 30, 75, and 120 cycles

Table 3.4 lists the details of all beam specimens, while the geometry and preparation
process of the beams are presented in Section 3.4.2. Five groups are divided, including
one control group and four strengthening groups. The aim of the strengthening groups is
to study (i) the effect of moisture degree of concrete substrate, (ii) bonding method, (iii)
casting direction and (iv) freeze-thaw action. Two mixtures (UHPFRC1 and UHPFRC2)
are used: UHPFRC1 is adopted to study the effect of moisture degree and restrained
shrinkage, and UHPFRC2 is applied to investigate remaining factors.
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Table 3.4 Test beam details.

Dimension

Strengthening ~ Bonding Casting FT
Group Beam 1D Lxhxb (mm®) material method direction  cycles
RB 1400x100x200 ; ; - 0
RB (120) 1400x120x200 ; ; ; 0
Control group RB-30 1400%x100x200 - - - 30
RB-75 1400x100x200 ; ; ; 75
RB-120 1400x100x200 - - - 120
ST-M1-CIS-ASD  1400x120x200  UHPFRC1 Ca(slf\'S”S"” Vertical 0
Strengthening Cast in-situ
groupl  ST-M1-CIS-SSD  1400x120x200  UHPFRC1 (SSD) Vertical 0
ST-M1-EB 1400x120x200 UHPFRC1  Epoxyresin  Vertical 0
ST-M2-CIS-ASD ~ 1400x120x200  UHPFRC2 Ca(s';'snt'fi"” Vertical 0
S“eg':ghhpeg'”g ST-M2-EB  1400x120x200 UHPFRC2 Epoxyresin  Vertical 0
ST-M2-MA  1400x120x200  UHPFRC2 “:ﬁggggg:' Vertical 0
StrZTthpeg'”g ST-M2-EB-HC  1400x120x200 UHPFRC2  Epoxyresin Horizontal 0
ST-M2-CIS-30  1400x120x200  UHPFRC2 Ca(s';'snt'fi"” Vertical 30
ST-M2-EB-30 1400%120x200 UHPFRC2  Epoxyresin  Vertical 30
ST-M2-CIS-75  1400x120x200  UHPFRC2 Ca(sgg‘;)'t“ Vertical 75
StrZTthpez'”g ST-M2-EB-75  1400x120x200 UHPFRC2  Epoxyresin  Vertical 75
ST-M2-CIS-120  1400x120x200  UHPFRC2 Ca(slf\'S”S"” Vertical 120
ST-M2-EB-120  1400x120x200  UHPFRC2  Epoxy resin  Vertical 120
ST-M2-MA-120  1400x120x200  UHPFRC2 '\;'rf;?g:‘;gg' Vertical 120

Note: Strengthened beams with in-situ casting UHPFRC using UHPFRC2 mixture are all made under ASD

condition.

3.4.2 Specimen preparation

Prior to strengthening, nineteen reinforced concrete (RC) specimens are fabricated. All
beam specimens have the same reinforcement configuration, with two #16mm rebars at

the bottom (tensile zone) and another two g12mm rebars at the top (compressive zone).

Ribbed B500 steel reinforcement bars with a yield strength of about 550 MPa and an
ultimate strength of 650 MPa are used. Concrete cover over both the top and bottom re-
inforcement is 25 mm. No stirrup is placed in the region of the effective span. Two stir-
rups are placed outside of the supports to lift the beams. The geometry of the beams and
the reinforcement details are presented in Figure 3.10.

As shown in Figure 3.10 (b), five RC beams are used as reference beams (RB): four RB
specimens without strengthening and another reference beam with the same width as
strengthened beams, referred to as RB (120). Among the four RB specimens, three of
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these beams are exposed to 30, 75 and 120 FT cycles, respectively (referred to as RB-30,
RB-75 and RB-120), according to the freeze-thaw protocol described in Section 3.3.6.

14 beams are strengthened with 10 mm thick UHPFRC on lateral sides (Figure 3.10). For
the in-situ cast specimen with SSD condition, a concrete beam is stored at a temperature
of 20 °C and relative humidity (RH) of 95% for 24 h before UHPFRC casting. The beam
is then taken out of the curing room, and excess water and dust from the surface are wiped
by a dry cloth. Other beams (ASD) were sealed and constantly stored under laboratory
conditions until strengthening.

Figure 3.11 shows the detailed beam fabrication and strengthening. First, reinforced con-
crete beams are cast, subsequently covered with plastic film, and cured in sealed condition
for around ten months. The 10 mm precast UHPFRC laminates are then made and cured
in the same sealed condition for more than one month. Prior to application of the three
bonding methods, the interface is treated with air jet to remove the dust and is subse-
quently cleaned with ethanol. The surface of the RC beams is smooth prior to application
of UHPFRC to eliminate the influence of surface roughness. For the in-situ casting
method, fresh UHPFRC is cast laterally on RC, as shown in Figure 3.11 (c). The epoxy-
bonded and the mechanical anchorage connection methods consist of bonding two pre-
fabricated UHPFRC laminates to concrete beams using a two-component epoxy adhesive
and bolts, respectively. These types of connection (cold-to-cold) can eliminate the effects
of early-age restrained shrinkage since UHPFRC laminates are precast and cured for more
than 28 days before being bonded to concrete. Around 1 mm thick two-component epoxy
adhesive Sikadur®-30 is used for bonding. Sikadur®-30 is a commercial epoxy adhesive
commonly used for strengthening of concrete structures, consisting of a resin and a hard-
ener with a mixing ratio of 3 by weight. Both components are mixed in a bucket using a
power drill for at least 3 minutes. The properties of Sikadur®-30, as specified by produc-
ers, are listed in Table 3.5. After applying the epoxy, clamps are used to keep UHPFRC
laminate tight with concrete until the epoxy resin is hardened to provide sufficient bond
(Figure 3.11 (d)).

The mechanical anchorage is applied as follows: The RB beam and two precast UHPFRC
laminates are placed and clamped on the wooden pallet to avoid sliding during the drilling
process. Based on the predetermined hole positions, as sketched in Figure 3.10 (c), holes
with a diameter of 12 mm (2 mm larger than the diameter of the bolt) are drilled through
the laminates and the whole width of the RB beams by using a diamond tip drill. Subse-
quently, ¢10mm mechanical anchors are installed to connect the two UHPFRC laminates

and the RB beam by applying a torque of 15 N-m to tighten the nuts on both sides of the
beams. It is noted that unlike previous research that combines cast in-situ or epoxy-
bonded with bolt connection techniques [48,96,190], the current study investigates their
separate contribution to bonding performance in hybrid structures.
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As discussed in Chapter 2, the casting direction of UHPFRC may play a role in the fiber
distribution in UHPFRC, and then consequently influence the mechanical performance
(especially the tensile behavior) of UHPFRC and its strengthening efficiency. Therefore,
to simulate the casting direction of UHPFRC, lamellas are cast horizontally and vertically.
Two types of molds are fabricated (Figure 3.10 (d)). For horizontal casting, careful lev-
eling is required to control the thickness of UHPFRC given its small thickness (i.e., 10
mm). With vertically cast plates it is easier to get well controlled thickness. Note that all
hybrid beams but one are strengthened by vertically cast plates.

Finally, three groups of beam specimens are exposed to freeze-thaw cycles: cast in-situ,
epoxy-bonded and bolt-connected beams. Test protocol is described in Section 3.3.6. The
interface condition of the hybrid beams is examined using the infrared thermography be-
fore exposure, and after exposure to 30, 75 and 120 freeze-thaw cycles (Chapter 5).
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Figure 3.10 Experimental details: (a) Test set-up and geometry; (b) reinforcement configuration for
two reference beams; (c) different bonding methods; (d) molds used for different casting directions
of precast UHPFRC (unit: mm).
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Figure 3.11 Beam fabrication process: (a) Reinforced concrete beam fabrication and curing in
sealed condition; (b) 10 mm UHPFRC laminate fabrication and curing in sealed condition; (c) cast-in
situ strengthening; (d) epoxy bonded strengthening; (e) bolted connection.
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Table 3.5 The main properties of Sikadur®-30 as provided by manufacturer.
Mechanical properties -

Compressive strength (after 1 day and cured at a temperature between 10 and 35°C) 55~90 MPa
Tensile strength (after 1 day and cured at a temperature between 15 and 35°C) 20~26 MPa
Tensile bond strength (to concrete) after 7 days and cured under 23°C >4 MPa
Shear strength (after 1 day and cured at a temperature between 15 and 35°C) 4~17 MPa
E-modulus in compression cured under 23°C 9.6 GPa
E-modulus in tension cured under 23°C 11.2 GPa
Shrinkage 0.04%
Coefficient of thermal expansion 2.5x10° /°C

3.4.3 Measurement system

Shrinkage-induced deformation measurement using 2D-DIC

Digital image correlation (DIC) is used to detect possible crack or debonding due to the
stress induced by restrained shrinkage at the interface. DIC is a non-contact image-based
measurement technique that is used to capture the deformation field and fracture devel-
opment in the beams. DIC preparation included: (i) painting white the region of interest
of the beams, (ii) making a speckle pattern by air-gun, and (iii) finally capturing reference
images to check the quality of the pattern and the noise level. If satisfactory, they are used
as reference image for post processing. During testing, a series of images are captured in
the measuring zone (Figure 3.12). In addition, one temperature and humidity sensor is
placed to monitor the air temperature and relative humidity during the entire testing pro-
cess. The measurement begins when the specimen is at the age of seven days. And the
entire recording duration lasts for more than 90 days to capture the influence of the ma-
jority of UHPFRC shrinkage. A 51 Megapixel camera with 8688 by 5792 pixels is used
to capture images with a resolution of 0.125 mm/pixel, and GOM Correlate software [191]
is used for analysis. A subset size of 19 pixels and a step size of 16 pixels are chosen for
the correlation. Before the DIC analysis, the noise level is evaluated in terms of relative
deformation and major strain.

1 Temperature and humidity sensor

SSD

ASD

Figure 3.12 Shrinkage-induced deformation measurement using 2D-DIC (the dashed red lines
represent interface between RC and UHPFRC).
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Mid-span deflection and interface displacement using LVDT

Linear variable displacement transducers (LVDTSs) with an accuracy of 0.001mm, are
used for measuring deformations (Figure 3.13). For specimens in control groups, dis-
placement at the midspan of the beams is measured. Apart from mid-span deflection
measured on the concrete part, for strengthened beams, additional LVDTSs are used to
measure interface slip and opening near the loading area (Figure 3.13). Based on the find-
ings in [192,193], the maximum slip is expected in the mid-span of the strengthened beam.
Therefore, to detect the interface behavior and possible delamination of the critical zone
for strengthened beams, four locations on the top side of the specimens, 15 cm from the
loading point are selected. LVDT 3, 4, 5 and 6 are used to detect the interface slip, and
LVDT 7, 8, 9, and 10 are used to detect the interface opening between UHPFRC and NC.
Note that LVDT 2, initially used to record the strain development on the compressive side
of the UHPFRC, did not contribute significantly to the analysis and was subsequently
removed from the measurement system to avoid obstructing the DIC monitoring area.

— . 2 i K " 5 . .

ormal concrete

1—

Front view Top view

Figure 3.13 LVDTs for mid-span deflection and interface displacement (slip and opening)
measurement; the right figure shows a detailed view of the LVDT arrangement, in which the red
dashed line denotes the interface between concrete and UHPFRC laminates.

Full-field deformation captured by 2D-DIC

In addition to LVDT measurements, DIC (shown in Figure 3.14) is used on both lateral
sides of the strengthened specimens to capture the deformation during the loading process.
This is done because the deformations on the front and back sides might differ due to the
possible delamination at the interface. GOM correlate software is used for post-pro-
cessing.
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_Back side

Figure 3.14 Digital image correlation on both sides of the specimens for deformation measurement.

3.4.4 Loading scheme

All beams are simply supported and tested until failure under a three-point bending con-
figuration. The test is performed with a displacement-controlled at a rate of 0.01 mm/sec.
To simulate realistic boundary conditions in the strengthening application, the applied
load and support plates are placed only on the NC part of the strengthened beam.

3.5 Summary

This chapter gives details of experimental procedures in terms of material and structural
tests, with a summary provided in Table 3.6. In Chapter 3, the mixture proportion, speci-
men preparation, and curing method are introduced. Subsequently, the volumetric and
mechanical tests for UHPFRC mixtures are described; specifically, freeze-thaw test pro-
tocol for both materials and structural tests. Structural tests are conducted to investigate
the shear behavior of hybrid beams with UHPFRC. Parameters including moisture con-
dition of concrete substrate, restrained shrinkage at the interface, bonding techniques,
UHPFRC casting direction, and freeze-thaw action are considered. Specimens used for
materials tests are kept in a same curing condition.

Table 3.6 Summary of material and structural tests.

The number Mixtures
Type of Properties/
tests Parameters Test methods of te_zsted UHPFRC1  UHPFRC2
specimens
Flow table test
Flow (EN 1015-3) 3 Yes Yes
Final setting time Vicat test 2 Yes No
Shrinkage measurement
on hardened UHPFRC 3 Yes Yes
Free shrinkage (ASTM C157)
Corrugated tube method 2 Yes No
Material ADTM 1 Yes No
tests ResFralned TSTM 1 Yes No
shrinkage
Compressive strength NEN-EN 12390 3 Yes Yes
Elastic modulus NEN-EN 12390 3 Yes Yes
. . Direct tension test
Tensile behavior (recommended by JSCE) 3 Yes Yes
Freeze-thaw Freeze-thaw test 3 No Yes

resistance
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Shrinkage-induced

Moisture exchange/  deformation measurement 2 Yes No

Restrained shrinkage using 2D-DIC

Three-point bending test 3
Structural Bonding Th int bendi 3 N v

tests techniques ree-point bending test 0 es
Freeze-thaw Freeze-thaw test 10 No Yes
resistance Three-point bending test 10 No Yes
Casting direction Three-point bending test 2 No Yes

Note: UHPFRC1 is mainly used to investigate the shrinkage of UHPFRC in both material and structural lev-

els; therefore, besides the general shrinkage measurement on hardened specimens, corrugated tube method,
ADTM and TSTM are also conducted. Vicat test is also conducted to determine the zero-time of shrinkage
measurement for corrugated tube method. For other investigated parameters including bonding techniques,

UHPFRC casting direction, and freeze-thaw action, UHPFRC2 mixture is used.
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Chapter 4 Experimental results and
discussion
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4.2 Material test results

4.1 Introduction

Chapter 4 provides an overview of structural test results on reference and strengthened
beams, along with accompanying material tests on UHPFRC. This chapter provides im-
portant insights into the deformational compatibility between UHPFRC and concrete, and
shear behavior in composite beams.

In Section 4.2, the fresh properties of UHPFRC, including slump flow and final setting
time, defined as “time zero” for autogenous shrinkage, are presented. The volume stabil-
ity, namely free and restrained autogenous and total shrinkage, and the mechanical prop-
erties (i.e., compressive strength, tensile properties and static compressive elastic modu-
lus) are also presented. It should be mentioned that a focus of shrinkage measurement is
limited only to UHPFRC1 as this mixture is used to study the role of restrained shrinkage
at the interface. In addition to mechanical properties, the surface damage and mass loss
of NC and UHPFRC after exposure to freeze-thaw are also inspected.

Structural response results are presented in Section 4.3. Time-dependent deformation due
to restrained shrinkage is presented. Behavior of the beams under mechanical loads in-
cluding load-(mid-span) deflection response, fracture development, cracking kinematics,
and the interface displacement are given. Based on the test results, a detailed analysis and
additional tests are presented in Section 4.4. The role of different moisture conditions of
existing concrete, fiber distribution in UHPFRC and the impact of freeze-thaw is evalu-
ated in detail. Finally, Section 4.5 concludes the main experimental findings.

4.2 Material test results
4.2.1 Slump flow and final setting time

The slump flow of UHPFRC1 and UHPFRC2 is 24.1+0.3 cm and 28+0.5 cm, respectively.
These values are within prescribed limits for UHPFRC to allow for sufficient resistance
to fiber movement and prevent fiber segregation [194,195]. The target slump flow is be-
tween 24 to 30 cm, considering both uniform fiber distribution and casting large quantities
of UHPFRC. The final setting time of UHPFRCL is approximately 10£0.9 h, which is
used as the starting time of the autogenous shrinkage measurement for corrugated tube
method.

4.2.2 Free and restrained shrinkage

Free shrinkage measurement for UHPFRC1 mixture

Figure 4.1 shows the development of total shrinkage (including both drying and autoge-
nous shrinkage) of the UHPFRC1 mixture after 7 days of sealed curing. The starting time
of shrinkage measurement is in line with the demolding time of the beam specimens. The
beam specimens are demolded after one week to ensure sufficient strength gain of UHP-
FRC (more than 90 % of its 28 days’ compressive strength). It is found that the specimens
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exhibit three stages of shrinkage development: (a) rapid strain increase until around 15
days; (b) steady strain increasing stage with a reduced rate from 15 to 60 days; (c) stable
stage without obvious increase in shrinkage after 60 days. The total shrinkage is around
300 pe.
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Figure 4.1 Total shrinkage curves for UHPFRC1 measured from the age of seven days, noting that
the specimens are in sealed curing condition prior to shrinkage measurement (TS denote the total
shrinkage).

Since the autogenous shrinkage of UHPFRC within the first seven days is significant
[178], the development of autogenous shrinkage is measured using the corrugated tube
method (Figure 4.2). Given that in first hours concrete behaves highly plastically, the
strain is recorded immediately after casting (shown in Figure 4.2 (a)) until the final setting
time (10 hours) is disregarded from autogenous shrinkage measurement (shown in Figure
4.2 (b)). From Figure 4.2 (b), a significant part of autogenous shrinkage (around 500 pe)
occurs at a very early age (within the first 24 h). After the first week, the autogenous
shrinkage reaches more than 600 pe. By combining early-age autogenous shrinkage,
measured using corrugated tubes during the first 7 days, with drying shrinkage, measured
on prisms from day 7 onward, a total shrinkage exceeding 900 pe can be expected in
UHPFRCL1.This is much higher than the shrinkage of conventional concrete with a com-
pressive strength lower than 50 MPa, which is in the range of 400 to 600 pe [52]. This
high shrinkage of UHPFRC might be critical for premature delamination and cracking in

the hybrid UHPFRC-NC structure.
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Figure 4.2 Free autogenous shrinkage curves for UHPFRC1 measured from the final setting time:
(a) free strain (or deformation) measurement from the beginning after casting; (b) free autogenous
shrinkage measured from the final setting time.

Free shrinkage measurement for UHPFRC2 mixture

The autogenous and the total shrinkage (including autogenous and drying) of the UHP-
FRC2 mixture measured on prism samples, starting from the age of one day are shown in
Figure 4.3. Similar to the UHPFRC1 mixture, the development of autogenous and total
shrinkage can also be divided into three stages. Based on approximately 150 days of
shrinkage measurements, it is observed that both autogenous and total shrinkage strain
reach a plateau at around 90 days after casting. Autogenous shrinkage only accounts for
roughly a half of the total shrinkage measured on drying prisms, and the total shrinkage
of UHPFRC2 is only slightly higher than that of conventional concrete. However, as men-
tioned before, for UHPFRC, a significant amount of autogenous shrinkage occurs at a
very early age (within the first 24 h) [178], which is not measured in this test. Therefore,
the measured value is estimated to be only about half of the total shrinkage strain that can
form from the onset of autogenous shrinkage (commonly defined as zero time [196]) and
can reach more than 1000 pe for comparable UHPFRC mixtures with small aggregate
size [197].
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Figure 4.3 Autogenous and total shrinkage for UHPFRC2 measured from the age of one day (AS
and TS denote the autogenous and total shrinkage, respectively).
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A comparison of the autogenous shrinkage results for both UHPFRC1 and UHPFRC2
mixtures is shown in Figure 4.4. In general, both mixtures exhibit a similar trend: an initial
rapid increase until the first four days and followed by a slower, gradual increase until 18
days. However, the autogenous shrinkage of UHPFRC?2 is consistently slightly higher
than that of UHPFRCL1 (within around 50 pe).
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Figure 4.4 Comparison of autogenous shrinkage for both UHPFRC1 and UHPFRC2 measured from
the age of one day until 18 days.

Stresses due to restrained autogenous deformation for UHPFRC1

As described in Section 3.3.2, the temperature of the specimen in both ADTM and TSTM
setup is kept under 20 °C isothermal condition. An example of the controlled temperature
history is presented in Figure 4.5. The temperature fluctuation is within one degree, and
the initial relatively high temperature variation is due to the heat release from the hydra-
tion reaction. The results of free autogenous shrinkage measured by ADTM and ei-
genstress development of the UHPFRC1 mixtures under fully restrained conditions meas-
ured by TSTM are shown in Figure 4.6 (a) and (b), respectively. It should be noted that
the zero point on the time axis is the start of mixing. Free autogenous deformation is
measured starting from the end of the autogenous expansion (10.68h in this study) and
then the subsequent actual self-desiccation shrinkage (i.e., autogenous shrinkage) is plot-
ted. As described in Section 3.3.2, the definition of “time zero” for autogenous shrinkage
differs between corrugated tube method and ADTM. Various definitions of “time zero”
exist [196] and for corrugated tubes measurement, the final setting time is defined as time
zero by standard [198]. While for the ADTM test, “time zero™ is defined when the autog-
enous expansion ends, allowing for more precise measurements as specified in [199].
Despite the differences in definitions, the “time-zero” values (10h for corrugated tube
method and 10.68h for ADTM in this study) are generally consistent. In Figure 4.6 (a), it
is observed that due to low water/binder ratio of UHPFRC, the autogenous shrinkage for
the UHPFRC1 mixture develops very quickly at the early age (more than 300 pe until 24
h). Subsequently, there is a decrease in autogenous shrinkage (termed as shoulder effect),
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which might be explained by the change of hydration rate due to reaction of silica fume
[200,201]. Afterwards, the shrinkage increases at a reduced rate and reaches almost plat-
eau after one week.

Figure 4.6 (b) depicts the development of eigenstresses in UHPFRC1 under fully re-
strained conditions. Due to the early age expansion, first compressive stresses up to 0.5
MPa develop, which is beneficial to offset the tensile stresses due to autogenous shrinkage.
Similar to the trend observed for free autogenous shrinkage, the tensile stress starts de-
veloping, reaching plateau after around one week (3.1 MPa). After 25 days, the direct
tensile test is carried out under deformation control. A tensile strength of 6.5 MPa is ob-
tained. Therefore, stresses induced by restrained autogenous shrinkage is around 50% of
its tensile strength measured at 25 days, which is consistent with the finding in [200]. It
indicates that the (autogenous) shrinkage of UHPFRC, which might lead to early-age
cracking or delamination of composite structures, should not be neglected for its struc-
tural application.
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Figure 4.5 Temperature history of the ADTM test set-up.
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Figure 4.6 Evolution of free autogenous shrinkage and eigenstresses development of UHPFRC1
under fully restrained condition: (a) Free autogenous shrinkage of UHPFRC obtained from ADTM
measurements starting at the end of swelling (pink region denotes zoomed view of early age
shrinkage development until 24 h); (b) stress obtained from TSTM measurement.
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4.2.3 Mechanical properties of UHPFRC and concrete

The material test results, including compressive strength, tensile strength and E-modulus
for UHPFRC and NC, at an age when structural tests were conducted are listed in Table
4.1. In Figure 4.7, the stress-displacement relationship under tension and the cracking
pattern of two UHPFRC mixtures are shown. From Table 4.1, the average compressive
strength for UHPFRC1 and UHPFRC2 are 122.5 and 124.4 MPa, respectively, which
meets the minimum strength requirement for UHPFRC [202]. The tensile behavior of
UHPFRC is usually divided into three stages (Figure 4.7): linear elastic, strain hardening,
and strain softening stages. In the initial stage, all specimens exhibit linear elastic behav-
ior until the cracking tensile strength. Then most of the specimens enter the strain hard-
ening stage, when the stress continues to increase until the peak tensile strength of the
specimen is reached. Finally, after the peak load, the dominant macrocrack starts to occur,
and tensile stress continuously decreases until the failure of the specimens. For both UHP-
FRC1 and UHPFRC2 mixture, the deformation is localized in a single crack within the
gauge length and the tensile strength and strain capacity varies considerably among the
tested specimens, which aligns with prior studies on UHPFRC [64,193,203]. The large
variation in the tensile response of the dog-bone specimens is primarily governed by the
distribution and orientation of fibers. Moreover, both mixtures have nearly the same com-
pressive strength and elastic modulus.

Table 4.1 Mechanical properties (average + standard deviation) of cement-based materials.

Splitting First Peak Tensile

Compressive Elastic tensile cracking  Cracking  tensile strain

Mixture s;ﬁ;%t)h m(cgj;{l; 5 strength strength  strain (%) strength  capacity
(MPa) (MPa) (MPa) (%)
NC 39.0£3.1 37.7+1.9 3.4+0.7 - - - -
UHPFRC1 122.5+7.9 44.9+1.6 - 6.2+1.2 0.017£0.005 9.3+1.0 0.33%0.11
UHPFRC2 124.4+6.2 46.8+0.7 - 8.0+0.5 0.018+0.005 8.1+0.5 0.47+0.44
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Figure 4.7 Tensile properties of UHPFRC: (a) Stress-displacement behavior of UHPFRC, noting
that the LVDT displacement is obtained over the 80 mm measurement length; (b) Cracking pattern.
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4.2.4 Freeze-thaw test results

Physical appearance

UHPFRC prisms (40 mm x 40 mm x 160 mm) and 100 mm concrete cubes are prepared
for surface profile observation after freeze-thaw cycles (30, 75 and 120 cycles). For UHP-
FRC2 specimens, there is nearly no change at the surface (Figure 4.8). Note that the cor-
rosion of the surface steel fibers occurs before FT tests due to exposure to the water. For
NC specimens, at 75 FT cycles, only a small amount of cement pastes peels off the spec-
imens’ surface. The surface spalling becomes more obvious after 120 FT cycles.

Number of FT cycles UHPFRC2 NC

30

75

120

Figure 4.8 Surface profile of UHPFRC?2 and NC subjected to different freeze-thaw cycles.
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Mass changes of NC and UHPFRC2

The same specimens used for surface observation are also used to measure the mass
change after freeze-thaw. The measurement is conducted at the end of the thawing process
and the surface water on specimens is wiped out by towel before the weight measurement.
The results indicate that there is almost no mass change (less than 0.1%) for both UHP-
FRC2 and normal concrete. The mass of normal concrete is even increased, which could
be owing to water absorption of the concrete. UHPFRC has a relatively dense microstruc-
tures and impedes the ingress of water. In general, no obvious mass reduction due to the
scaling of the specimen is observed for both NC and UHPFRC specimens after freeze-
thaw. The maximal mass change is around 0.1%, indicating that both NC and UHPFRC
have good resistance to freeze-thaw. Note that specimens are only exposed to moist con-
ditions (RH = 95%) rather than full immersion in water during the freezing process, as
specified in existing codes such as ASTM C666/C666M [204], GB/T 50082-2009 [205]
or CEN/TR 15177 [206].
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Figure 4.9 Mass loss of UHPFRC2 and NC. The positive/negative value in y axis denotes the
increase/decrease percentage of mass.

Mechanical properties of UHPFRC2 and concrete

The compressive and tensile strengths, and elastic modulus are measured after predeter-
mined number of cycles (0, 30, 75 and 120) and the results are listed in Table 4.2. After
exposure to 120 FT cycles, the compressive strength and elastic modulus of both UHP-
FRC and NC do not change, i.e., the variation is within their standard deviation. The
splitting tensile strength of NC is not affected by freeze-thaw. However, the tensile
strength of UHPFRC is affected and a significant reduction after 120 cycles is observed
[207]. A possible reason for slight strength increase after 30 cycles might be continued
hydration of unhydrated cement particles in UHPFRC when in contact with water at the
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start of the freeze-thaw test (10% increase in cracking and 13.6% in peak tensile strength)
[208]. After 75 and 120 FT cycles, the cracking (peak) tensile strength is decreased by
27.5% (14.8%) and 35% (36%), respectively. As found in [207,209], considering the dif-
ferential thermal deformation between the matrix and steel fibers due to their different
thermal expansion coefficient, the bond strength at the matrix-fiber interface will be dam-
aged and therefore its tensile strength will be reduced. The tensile stress-displacement
relation together with the cracking pattern for UHPFRC under different number of FT
cycles is presented in Figure 4.10. It is found that not only the tensile strength but also
the strain capacity decreases substantially due to the FT action after being subjected to
more than 30 FT cycles. Therefore, the fracture energy is significantly reduced, which
agrees with the literature [207,210]. Additionally, the FT action does not change the
cracking pattern of the specimens and the deformation is localized in a single crack within
gauge length.

Table 4.2 Mechanical properties (average + standard deviation) of cement-based materials.

Tensile strength (MPa)

Compressive strength (MPa) Elastic modulus (GPa)

ETCs Concrete UHPFRC
Concrete UHPFRC fo fy fo Concrete  UHPFRC
0 39.043.1 144.049.5 34407  8.0#05 81+05  37.7+1.9  46.8+0.7
30 44,343 149.9+12.0 3.8+0.3  88+0.2  9.240.2 - -
75 36.5+1.9 142.8+13.7 37403  58+14  6.9+19 350421  47.4%12
120 38.0+2.1 152.446.1 41402 52411 52411  37.8+1.7  47.0+1.4
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Figure 4.10 Tensile behavior of UHPFRC2 after experiencing different number of FT cycles: (a)
stress-displacement relation with zoomed view of initial response; (b) cracking pattern.

4.3 Structural test results

4.3.1 Cracking/debonding analysis of hybrid UHPFRC-RC beams under
restrained shrinkage

Deformation over 90 days in cast in-situ strengthened beams with saturated and dry sub-
strate (ST-M1-CIS-SSD and ST-M1-CIS-ASD specimens, respectively) exposed to dry-
ing is captured by DIC. During the DIC measurement, the air temperature and relative
humidity (RH) are recorded and shown in Figure 4.11. An average air temperature of
around 20 °C is maintained, while the RH is in the range of 25% to 55%. The relatively
low RH induces high drying shrinkage for concrete [55], which might pose a crack-
ing/debonding risk at the concrete-UHPFRC interface.
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Figure 4.11 Temperature and Relative humidity variation versus age of the tested specimen.
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Figure 4.12 shows the principal strain contour map of two beam specimens (ST-M1-CIS-
SSD specimen (top side) and ST-M1-CIS-ASD specimen (bottom side)) at several char-
acteristic time points: (b) 8 days, (c) 10 days, (d) 12 days, (e) 21 days, (f) 28 days, (g) 60
days, (h) 90 days of the age of the specimens. The strain scale is kept the same for all
images, and the positive and negative strains represent the tensile and compressive strain,
respectively.

Prior to measurement, the noise level of the DIC system is determined by capturing sev-
eral reference images and comparing the deformation and principal strain variation be-
tween the reference images. The deformation and principal strain (&, ) resolution are eval-

uated as 0.009 mm and 0.201% (0.122% for &, ), respectively. Strain induced by shrink-

age is relatively low and falls within these limits. Therefore, a single measurement point
with high strain is regarded as noise whereas a continuous zone with high strain level is
regarded as a crack or delamination.

As shown in Figure 4.12 (b), at the age of 8 days, the strain localization appears at the
interface between UHPFRC and NC of specimen with saturated concrete (represented by
the black rectangle) due to the differential shrinkage between newly cast UHPFRC and
mature concrete. Over time delamination increases. Although in general debonding starts
at the free edges, this is not the case in the current study, where delamination probably
starts from the weakest zone at the interface.

Principal strain contour of two specimens (SSD (top) and ASD (down) specimens)
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Figure 4.12 Principal strain contour measured at top of strengthened beams with initially saturated
(SSD) and dry (ASD) concrete substrate at 8 day (b), 10 days (c), 12 days (d), 21 days (e), 28 days
(f), 60 days (g) and 90 days (h) of the age of the specimens with zoomed in final damage; note that
(a) is the schematic diagram showing the position of beams and reference sample, and the strain
concentration area (the rectangular region enclosed by the dashed black border) at two sides of
each beam represents the stirrup.

The interface opening along the delaminated zone can be calculated as the deformation
change (that is, difference in distance between two lines on either side of the interface) in
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y-direction (Figure 4.13 (a)). In addition, &, the strain along y-direction, is also obtained
as a function of time to determine the development of the delamination length.

With the bottom-left corner of the beam taken as the origin, the delamination region ex-
tends approximately between 340 and 540 mm along the beam length (Figure 4.13 (a)).
The ¢, analysis is focused on this section of the beam, with the noise level for ¢, of

0.1%, while the strain above this value is recognized as the delamination. The &, as a

function of time is presented in Figure 4.13 (b), revealing that the delamination is not
continuous. This observation aligns with the localized delamination shown in Figure 4.12,
where the strain concentration areas, represented by the red line, appear as discrete re-
gions. Using ¢, at 90 days as an example, the total delamination length is the sum of

several continuous delamination area (AB+CD+EF+GH) while the region such as BC or
DE where the ¢, lower than 0.1% is still regarded as sound area. Thereafter, the interface

opening along the delamination area is extracted, and the maximum and average interface
opening can be calculated. Figure 4.13 (c) shows the development of the delamination
length and (average and maximum) interface opening over time. The debonding length
increases rapidly in the first 17 days, with the delamination length reaching around 160
mm and remains almost constant afterwards. The fluctuations of the measurement after
17 days are due to the noise.

With respect to the interface opening, values exceeding the deformation noise threshold
(0.009 mm) are identified. The interface opening is first detected at the age of 9 days and
then stabilizes. The maximum interface opening does not exceed 0.02 mm, and its average
value is around 0.01 mm. However, a substantial variation is shown in the interface open-
ing after 9 days due to noise. In general, both the length and opening increase abruptly
because of the debonding stresses induced by shrinkage, and then remain stable as the
rate of shrinkage decreases. It should be mentioned that the delamination measured by
the DIC could not be observed by visual inspection.

3_
0 X 340 mm 540 mm

Line 2 -
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Figure 4.13 Development of the debonding length and (maximum and average) interface opening in
the localized delaminated zone of the ST-M1-CIS-SSD specimen throughout the experiment: (a)

schematic diagram showing the processing method; (b) results of ¢, at different measuring time (i)

together with an example of &, at 90 days of the specimens’ age (ji); (c) results of delamination
length and interface opening development.

4.3.2 Influence of moisture condition of concrete substrate

Shear resistance of the reference and strengthened beams

The shear load-displacement relationship and the schematic view of the energy absorption
for the reference and strengthened beams are shown in Figure 4.14 (a). To account for the
differences in cross-sectional dimensions between RB and the other tested beams, the
shear load is normalized to shear stress by dividing it by the beam width and effective
depth of the beams, and the shear stress- (mid-span) deflection responses are shown in
Figure 4.14 (b). The concrete substrate in the strengthened beam is initially pre-saturated
(ST-M1-CIS-SSD) and dry (ST-M1-CIS-ASD). In addition, also specimen with epoxy
bonded prefabricated laminate where moisture exchange does not play a significant role
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is shown (ST-M1-EB). Due to the growth of the dominant shear crack, both the reference
and the strengthened beams show brittle failure after reaching maximum bearing capacity.
As shown in Figure 4.14 , the load-displacement curves for all tested specimens are sim-
ilar, demonstrating a three-stage damage process: (i) linear elastic stage, (ii) cracking
stage, and finally (iii) brittle failure stage. At the initial stage, all beams show linear elastic
behavior. As the load continues to increase and enters the cracking stage, the stiffness of
all strengthened beams reduces at a lower rate compared to the reference beams. ST-M1-
CIS-SSD and ST-M1-EB show almost the same stiffness while ST-CIS-ASD specimen
shows lower stiffness. This is due to the moisture exchange between concrete and UHP-
FRC. When fresh UHPFRC is cast against a dry concrete substrate, water migrates from
UHPFRC to the concrete layer due to a hygral gradient [211]. Moisture loss from UHP-
FRC affects the hydration, causing lower stiffness of UHPFRC. This will be further ver-
ified by comparison of hydration degree in discussion (Section 4.4.1).
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Figure 4.14 Shear response of the tested specimens: (a) Load- (mid-span) deflection relationship;
(b) Shear stress- (mid-span) deflection relationship; RB and RB (120) are reference concrete beams
with 100mm and 120mm width, whereas ST are strengthened beams.

The test results are summarized in Table 4.3. Compared to the RB specimen, only 18%
and 3% increase in load and deformation capacities, respectively, are found in the 20%
wider RB (120) specimen. For dimensionless comparison, the peak shear stress is com-
pared, revealing only 2% difference is found between RB and RB (120) specimens. How-
ever, a significant enhancement in both peak load and ductility is observed for all
strengthened beams with UHPFRC. The maximum loads of the ST-M1-CIS-ASD, ST-
M1-CIS-SSD and ST-M1-EB specimens are 163%, 176%, and 153% more than that of
RB specimen. In terms of ductility, the corresponding deflections at the peak load of ST-
M1-CIS-ASD, ST- M1-CIS-SSD and ST-M1-EB specimens are 5.6, 5.0 and 4.4 mm,
which is 290%, 252% and 205% higher than that of the RB specimen, respectively. The
results described above validate the effectiveness of using UHPFRC as a strengthening
material for shear-critical concrete structures. In addition, the energy absorption, defined
as the area under the load-deflection curve until the peak load, is also calculated (Table
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4.3). The 20% increase in beam width provides an increase in the energy absorption by
40%. On the other hand, strengthened beams with UHPFRC exhibit around 9-11 times
higher energy absorption than that of RB beam. Note that ST-M1-CIS-SSD beam exhibits
the highest peak load but on one side of this beam delamination is observed as a failure
mode.

Table 4.3 Results in terms of load, deflection, and failure mode.

F AF, T, 9, A9, E AE

Specimen ID N u Y v u u U Failure pattern
kN) (%) (MPa) (mm) (%) (KN.mm) (%)

RB 455 - 272 1.4 - 36.9 - Shear failure

RB (120) 53.5 18 2.67 15 3 51.1 38 Shear failure

ST-M1-CIS-ASD 1198 163 598 56 290 4474 1113 Shear failure
ST-M1-CIS-SSD 1257 176 627 50 252 4340 1076 _ Shearfailure +
partial delamination
ST-M1-EB 1152 153 575 4.4 205 3548 86l Shear failure

Note: F, isthe peak load and 7, is the peak shear stress; o, is the mid-span deflection at the peak load; E,

is the energy absorption; AF,, Ag, and AE, are the increased percentages of peak load, deflection, and en-
ergy absorption of RB (120) and each strengthened specimen to that of RB specimen, respectively.

Cracking behaviors and failure modes

All specimens show similar fracture development (Figure 4.15): (i) initial linear elastic
stage, (ii) cracking process, from which one dominant inclined shear crack develops; (iii)
shear failure. With the help of DIC, the stiffness reduction in cracking process as observed
in load-deflection response can be further divided into flexural cracking and shear crack
localization. Taking the RB specimen as an example, as shown in Figure 4.15 (a), at the
initial linear elastic stage (before reaching point A), the specimen is uncracked. When the
load reaches AB region (flexural cracking), several cracks appear at the bottom of the
beam, and the number and width of the cracks keep increasing as the load increases. At
point B, the dominant shear crack initiates and, shortly after, the peak load (C) is reached
and the beam fails. However, for the ST-M1-CIS-SSD specimen, although it fails in a
brittle manner, the dominant shear crack does not fully develop on the back side due to
the delamination of UHPFRC laminate, unlike the other two strengthened beams (ST-
M1-CIS-ASD and ST-M1-EB specimens).

Based on the damage process of each specimen, the distinctive characteristic loads (la-
belled as A, B and C in Figure 4.15) and corresponding deflections can be extracted, see
Table 4.4. The results demonstrate that, compared to the reference specimens, the flexural
cracking resistance for strengthened specimens is significantly enhanced due to the ex-
cellent tensile properties of UHPFRC. ST-M1-CIS-ASD, ST-M1-CIS-SSD and ST-M1-
EB exhibited 2.4, 3.7 and 3.4 times higher flexural cracking load, 2.0, 2.3 and 2.3 times
higher shear cracking load, and 2.7, 2.9, 2.6 times higher peak load than those of the RB
specimen, respectively. When the three strengthened beams are compared, it is shown
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that the earliest initiation of flexural and dominant shear cracks is found in ST-M1-CIS-
ASD specimen. This could be attributed to the lower tensile strength in the UHPFRC due
to lower degree of hydration and moisture loss.
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Figure 4.15 Damage process of the tested specimens.

Table 4.4 Distinctive characteristic loads and corresponding deflections for all tested specimens.

Specimen ID For (kN) 6, (mm)  F__ (kN) g, (mm) F, (kN) &, (mm)
RB 10.2 0.2 41.9 13 441 1.4
RB (120) 12.1 0.1 48.2 1.2 52.4 15
ST-M1-CIS-ASD 24.2 0.5 85.0 2.3 119.8 5.6
ST-M1-CIS-SSD 375 0.6 95.6 24 125.7 5.0
ST-M1-EB 35.1 0.6 96.9 2.3 115.2 4.4
Note: F, ., F,and F, isthe flexural cracking load, shear cracking load and peak load, respectively; &, ; ,

J,, and ¢, are their corresponding mid-span deflections.

cr,s

The failure mode of each specimen is shown in Figure 4.16. All specimens eventually fail
in shear, except for the ST-M1-CIS-SSD specimen. As for the ST-M1-CIS-ASD and ST-
M1-EB specimens, the failure patterns on both sides (front and back sides) are captured,
and they are similar. This indicates that the composite beam behaves monolithically
throughout the entire loading history. However, for the ST-M1-CIS-SSD specimen, alt-
hough having the highest ultimate capacity, the failure patterns on the two sides of the
beams are different. Moreover, from the top view of ST- M1-CIS-SSD, clear delamina-
tion between the UHPFRC and the NC is found after specimen failure (Figure 4.16). This
might have been triggered by delamination that was already observed prior to mechanical
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test, due to drying (Figure 4.12). To characterize better the damage mechanisms, further
quantitative analysis of shear crack development and interface behavior from LVDT
measurement is provided.

Specimen Front side _Back 'de Top side

RB -

RB (120) -

UHPFRC
| Localiz

ST-M1-CIS-ASD

Front side

DAun siue

Delaminatio

ST-M1-CIS-SSD

Huncon Conné aida

ST-M1-EB

T 50 mm
UHPFRC Front side

Figure 4.16 Failure modes on both sides for the tested specimens.

Cracking kinematics of tested beams

With 2D-DIC technique, the crack displacement (including flexural crack width, shear
crack opening and slip) can be tracked until the failure of the beams. This is vital to un-
derstand the damage process of the tested beams and the role of UHPFRC on the fracture
behavior of strengthened system. For all tested beams, before DIC analysis, the noise
level is analyzed, and in general the accuracy of deformation and the principal strain are
0.005 mm and 0.045%, respectively. The maximum flexural crack width is extracted at
the bottom (tension side) of the specimen at each load step. In terms of shear crack kine-
matics calculation, for 2D-DIC analysis, rigid body motion is eliminated as it will influ-
ence displacement measurement (especially crack slip). As shown in Figure 4.17 (a), due
to the global rotation of the specimen, the displacement AA’ parallel to the crack path
will lead to a significant error when quantifying crack slip measurement. Figure 4.17 (b)
shows crack displacement calculation which accounts for the effect of rigid body rotation.
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The reference points are grouped into kinematic points (A and B) and rotation points (C
and D). Upon loading, the specimen deforms and global rotation occurs, whereby kine-
matic points (A and B) and rotation points (C and D) are turned into new position, which
are named A" and B', C' and D'. The rigid rotation angle @ is defined as the angle
change:
0= 1 6,+6,)= 1 (arccosic.—AC + arccosﬂj.—B _D) (4.1)
2 2 |AC|s|a'C] |BD|+[B D
Then the angle change due to applied load is:

ABe A'B’
o = arccos -0 (4.2)
|AB|«|A'B’

Finally, the crack opening and slip are obtained using the following expressions:

Crack opening = ‘ﬁ‘ cosa —‘XB" 4.3)
Crack sliding = ‘ﬁ"sina (4.4)
Aq. AA) Sas ,\,f
Dery 'S
B(B") B(®) A'DJ.
A A.ﬁ-T_.C
lB a+0 L’D'
B(B")
(@) (b)

Figure 4.17 Crack displacement calculation: (a) Crack displacement error due to rigid body motion;
(b) Crack opening and sliding calculation.

Similar to the crack displacement calculation in aforementioned proposed equation, an
open-source software for automated crack detection and crack measurement (ACDM)
developed by Gehri et al. [212,213] is used to compute the shear crack kinematic along
the whole shear cracking path with the rigid-body motion (rotation) taken into account.
Detection of shear crack, crack orientation, and shear crack width and slip can be provided
by ACDM procedures.

Figure 4.18 illustrates the deformation - maximum shear crack displacement (opening
and slip) for different specimens. For the RB specimen, upon the onset of a major shear
crack, the shear crack first opens and slides merely around 0.1 mm at the maximum load,
and then the beam fails in a brittle manner. Similar to the RB specimen, the RB (120) also
fails abruptly. Until the peak load, the crack opening and slip of RB (120) are larger than
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those of the RB beam but still below 0.3 mm. For ST-M1-EB and ST-M1-CIS-ASD spec-
imens, although UHPFRC will mitigate the surface crack width, it will also help the spec-
imen to sustain a higher load and deflection. The maximum shear crack width for the ST-
M1-EB and ST-M1-CIS-ASD specimens can exceed 1.2 mm, providing enough warning
before failure. In terms of the ST-M1-CIS-SSD specimen, initially as the load increases,
the shear crack on both sides of the UHPFRC gradually grows. However, as the load
approaches approximately 112 kN, it can be observed that the shear cracking displace-
ment in the front side remains constant, while at back side it starts decreasing. This be-
havior can be attributed to the gradual delamination occurring between the UHPFRC
layer and the RC section at the rear. The UHPFRC laminate functions as a strengthening
layer, transferring external loads from the RC component through the interface. As de-
lamination progresses, it results in stress relaxation within the UHPFRC layer and ulti-
mately leads to the closure of the pre-existing shear crack. Shear crack kinematic analysis
for ST-M1-CIS-SSD confirms that bond quality is a critical factor governing the failure

pattern and shear load capacity of hybrid UHPFRC-NC beams.
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Figure 4.18 Deformation- maximum cracking displacement (opening and slip) of all tested
specimens: (a) RB and RB (120); (b) ST-M1-CIS-ASD; (c) ST-M1-CIS-SSD; (d) ST-M1-EB.
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As the failure of the specimens is governed by the major shear crack, a comparison of
shear crack displacement (opening and slip) is presented in Figure 4.19. It is found that
although the magnitude is lower, the growth of the shear crack slip aligns with its corre-
sponding shear crack opening. The crack opening happens firstly, and later crack slip is
activated. Compared to the reference beams, the shear cracks in all strengthened beams
develop in a more gradual manner. Both the ST-M1-CIS-ASD and ST-M1-EB specimens
still exhibit brittle failure. For the ST-M1-CIS-SSD specimen, there is a gradual increase
in crack opening before reaching 110 KN. Due to delamination, the major shear crack on
the front side stops growing, and the crack displacement on the back side is reduced com-
pared to the other two strengthened beams. This indicates a more brittle response in the
ST-M1-CIS-SSD specimen prior to its ultimate failure.
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Figure 4.19 Comparison of the maximum shear crack displacement (opening and slip) of all tested
specimens: (a) shear crack opening comparison; (b) shear crack slip comparison.

Interface behavior

To investigate the influence of moisture degree of concrete substrate on the bond behavior
between concrete and UHPFRC, the load versus interface slip and opening curves are
plotted for the ST beams, as shown in Figure 4.20. Although four LVDTs are placed
symmetrically at the same distance from the loading point, the interface opening/sliding
differs at different measurement points due to asymmetric cracks induced by the applied
load.
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Figure 4.20 Interface displacement (slip and opening) measurement for strengthened beam: (a) ST-
M1-CIS-ASD specimen; (b) ST-M1-CIS-SSD specimen; (c) ST-M1-EB specimen.
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Figure 4.21 (a) and (b) illustrate the average curve of the load - interface displacement
(slip and opening). In general, when the peak load is reached, the maximum interface
displacement (slip and opening) does not exceed 0.02 mm for the ST-M1-EB and ST-
M1-CIS-ASD specimens. In the ST-M1-CIS-SSD specimen, although initially it has the
lowest interface opening, when the major shear crack propagates (at the load level of 115
until 126 kN), the interface opening develops faster. The increase in interface opening
can be explained by the formation and propagation of a major shear crack, which probably
imposes strain or propagates through the interface between UHPFRC and NC. Since a
similar load-interface slip/opening response is observed in all strengthened beams, a typ-
ical load versus interface displacement curve obtained from the ST-M1-CIS-SSD is cho-
sen to provide deeper insight into interface behavior for the UHPFRC-NC composite
beam. As presented in Figure 4.21 (c), the curve can be divided into three stages corre-
sponding to the damage process of beams. Before the initiation of a major shear crack
(stage 1), the interface displacement develops at a low rate as the load increases. Moreover,
in stage |, the interface opening increases faster than the corresponding slip, as the inter-
face opening (measured LVDT deformation in the transverse direction) actually repre-
sents the transverse deformation of the composite beam. After shear cracking (stage I1),
the interface slip develops faster, as reflected by a lower slope in stage 11 than that in stage
I, which is attributed to severe bond damage as shear crack propagates to the interfacial
zone. For interface opening ST-CIS-SSD shows a “snap-back” behavior as the dominant
shear crack grows and the energy releases from initiation and propagation of major shear
crack. Furthermore, incompatible displacement occurs between UHPFRC and NC be-
cause of higher bond damage. When entering stage 111 (115.4 kN), the interface displace-
ment increases at the highest rate until the failure of the specimen.
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Figure 4.21 Load-interface displacement relationship: (a) Load-interface slip curve for the three
tested specimens; (b) Load-interface opening curve for the three tested specimens; (c) Load-
interface displacement for ST-CIS-SSD specimen.

4.3.3 Influence of bonding techniques combined with freeze-thaw action

Shear resistance of the reference and strengthened beams

Shear capacity after freeze-thaw exposure was evaluated on hybrid beams strengthened
by different bonding techniques. The shear load-displacement relationship for all tested
beams is shown in Figure 4.14 (a). It is observed that, the application of UHPFRC is
beneficial to increase the load, deformation, and energy absorption capacity regardless of
the bonding technique. UHPFRC strengthening improves the load-bearing capacity by
84%, 98% and 54% when cast in-situ (ST-M2-CIS), epoxy-binding (ST-M2-EB), and
mechanical anchorage (ST-M2-MA), respectively, are applied. The mechanical anchor-
age method provides the lowest shear resistance. Holes drilled for mechanical anchorage
reduce the volume of concrete and UHPFRC, providing weak zones for fracture initia-
tions, which agrees with the finding in a previous study [96].

Beams exhibiting the highest load capacity show the lowest deflection capacity. Beam
strengthened by mechanical anchorage (ST-M2-MA) shows the highest improvement in
deflection (141%) while the lowest is observed in ST-M2-EB (58%). Due to its low stiff-
ness, ST-M2-MA, which only relies on bolt connections, shows the highest deflection
capacity. This is attributed to the progressive cracking and collapse of the UHPFRC along
the localized bolt-connected region. The energy absorption is also calculated and listed in
Table 4.5. All three strengthened beams have at least four times higher energy absorption
than that of the RB beams and ST-M2-CIS shows the highest energy absorption (170.8
kN.mm) among the three ST beams. In terms of stiffness, the initial stiffness of the beam
almost does not change with the application of UHPFRC. As the load increases, the stiff-
ness of the reference beam decreases more compared to strengthened beam. Among the
three strengthened beams, the ST-M2-MA specimen exhibits the most rapid stiffness deg-
radation. It should be mentioned that due to the different mixtures of UHPFRC, although
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with the same bonding techniques, there is a substantial difference in terms of load, de-
flection, and energy absorption between ST-M1-CIS-ASD and ST-M2-CIS, and between
ST-M1-EB and ST-M2-EB (Table 4.3 and Table 4.5).

The reliability of the bonding method is also investigated under more severe exposure
conditions. It has been shown that the freeze-thaw action causes damage to cementitious
materials and consequently leads to performance degradation in concrete structures [185].
Therefore, the beams are tested after exposing them to freeze-thaw cycles (figure 4.14b).
In the reference beams, no significant damage is observed after 120 freeze-thaw cycles,
which is in line with the concrete compressive strength presented in Table 4.2. The dif-
ferences between unexposed and exposed RB specimens in peak load are small (12%, 12%
and 23% for RB-30, RB-75 and RB-120, respectively) and can be a result of the scatter
in material properties. Similar to the reference beams, the shear capacity of beams seems
also not to be affected by exposure to freeze-thaw. Although the strengthened specimens
after exposure to freeze-thaw show higher loading, deformational and energy absorption
capacity, especially for the group of epoxy-bonded specimens, the difference (around
20%) in peak load is small and is likely still within the scatter of the results. To provide
a more in-depth analysis of the test results and underlying differences in fracture behavior
and capacity of the beams, the fiber distribution for each hybrid beam is measured through
the electromagnetic method and its influence on the shear behavior is numerically inves-
tigated, which is further discussed in Chapter 6 and Chapter 7, respectively.
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Figure 4.22 Load- (mid-span) deflection response of the tested specimens: (a) different
bonding techniques; (b) different freeze-thaw cycles.

Table 4.5 Results in terms of load and deflection (noting that all beams fail in shear).

Specimen 1D Fu AFu,ST AFu‘FT 5\1 Aé‘ST A5FT Eu AEu,ST AEuFT
(kN) (%) ) (mm) (%) (%) (kNmm) (%) (%)
RB 455 - - 1.4 - - 36.9 - -
RB (120) 53.5 18 - 15 3 - 51.1 38 -
RB-30 51.1 - 12 1.4 - -3 42.2 - 14
RB-75 50.8 - 12 1.4 - 1 47.8 - 29
RB-120 56.1 - 23 3.9 - 174 175.7 - 376
ST-M2-CIS 83.7 84 - 2.9 99 - 170.8 363 -
ST-M2-CIS-30  105.3 - 26 3.8 - 32 281.4 - 64
ST-M2-CIS-75 74.1 - -11 2.8 - -2 155.2 - -9
ST-M2-CIS-120  88.7 - 6 2.9 - 0 173.9 - 2
ST-M2-EB 90.1 98 - 2.3 58 - 140.3 280 -
ST-M2-EB-30 99.5 - 10 3.5 - 53 250.2 - 78
ST-M2-EB-75 108.9 - 21 5.2 - 131 389.9 - 178
ST-M2-EB-120  105.2 - 17 4.0 - 77 313.0 - 123
ST-M2-MA 69.9 54 - 3.5 141 - 162.0 339 -
ST-M2-MA-120  64.0 - -8 2.5 - -28 112.1 - -31
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4.3 Structural test results

Note: F, is the peak load; d, is the mid-span deflection at the peak load; E, is the energy absorption; AF,  ,
Adg and AE ¢ are the increased percentages of peak load, deflection, and energy absorption of RB-120 and

each strengthened specimen to that of RB specimen without FT, respectively; AF, ., Ad; and AE, . are

the percentages change of peak load, deflection and energy absorption of each specimen after FT to that of
corresponding specimen without FT, respectively.

Cracking behavior and failure modes

Figure 4.23 presents the damage process of tested specimens (RB, CIS, EB and MA
groups) with and without exposure to freeze-thaw cycles obtained by analyzing the prin-
cipal strain by DIC. The distinctive characteristic loads (labelled as A, B and C points in
Figure 4.23) and the corresponding deflections are listed in Table 4.6. The multiple-stage
fracture process, as defined earlier, is shown in all specimens except specimens in MA
group. In the MA group, despite the brittle failure, the failure patterns in the front and
back sides are not similar possibly due to the stress concentrations at the connection with
bolt, making the dominant crack propagate along the bolted area.
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Figure 4.23 Damage process of the tested specimens.

Table 4.6 Distinctive characteristic loads and corresponding deflections for all tested specimens.

Specimen 1D For (KN) e (MM) F O (kN) 8,s (Mm) K, (kN) &, (mm)
RB-30 153 03 445 11 50.3 13
RB-75 149 0.2 475 11 496 13
RB-120 15.0 0.2 49.9 1.4 55.5 4.0

ST-M2-CIS 236 03 78.2 18 83.3 28

ST-M2-C1S-30 29.8 03 84.9 1.9 104.3 36

ST-M2-CIS-75 328 0.4 69.7 15 72.4 25

ST-M2-CIS-120 376 05 85.0 2.4 87.6 3.0

ST-M2-EB 39.3 05 86.1 1.8 89.9 23

ST-M2-EB-30 424 05 90.1 2.3 98.8 36

ST-M2-EB-75 49.9 12 97.1 3.9 1075 5.4

ST-M2-EB-120 54.8 08 104.7 38 105.2 4.0

ST-M2-MA 1958 0.5 57.6 2.2 69.9 35

ST-M2-MA-120 223 0.4 57.3 17 63.3 26

For the beams in the RB group (without and with exposure to freeze-thaw), all show
similar failure mode, as presented earlier for RB and RB (120) in Figure 4.15a and b and
Figure 4.23a-c.

The shear cracking resistance of the beams in the CIS group is at least 1.5 times higher
than that of the beams in the control group. In all beams except ST-M2-CIS-120, failure
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pattern on both sides of the beam is symmetric (Figure 4.23d-f). In ST-M2-CIS-120 at
the front side (Figure 4.23g), the inclined crack begins at the web of the beam while at
the back side, the shear crack continues from a flexural crack. As the load increases, the
shear crack further grows along the diagonal direction to the loading point. At peak load
(more than 70 kN), the diagonal crack has grown through the concrete in the compressive
zone, causing sudden failure. Beside the loading resistance, the beams in the CIS group
have at least 1.3, 1.4 and 1.9 times higher deformation at flexural cracking, shear cracking
and peak load, respectively, compared to beams in the RB group. It should be noted that
the comparison is not made for the deformation at the peak load of the RB-120 specimen,
in which the deformation is much larger due to the random shear crack pattern.

The shear performance is also significantly enhanced in the EB group. The strengthened
beams in EB group exhibit around 1.9 times the peak load resistance of reference beams.
However, the crack development in each beam is different. In ST-M2-EB and ST-M2-
EB-75 specimens (Figure 4.23h and j), the shear crack first initiates at the web of the
beam, continues to grow towards the loading point, and leads to beam failure. On the
other hand, in ST-M2-EB-30 and ST-M2-EB-120 specimens (Figure 4.23i and k), flex-
ural-shear failure occurs because the dominant shear crack forms from a developed flex-
ural crack. It should be noted that, although the ST-M2-EB-120 specimen exhibits flex-
ural-shear failure from the development of the shear crack, there is a distinction in the
failure patterns observed on its front and back sides (Figure 4.23k). The underlying mech-
anism will be further investigated by the fiber distribution measurements in Chapter 6.

Similar to beams in the CIS and EB groups, the shear performance of beams in the MA
group is also improved with the addition of UHPFRC. However, compared to beams in
the CIS and EB groups, the improvement is reduced in terms of loading capacity; the
maximum improvement for the peak load resistance is 59%. On the other hand, the ST-
M2-MA specimen shows better deformational ability: the deformation at flexural crack-
ing load, shear cracking load and peak load are 2.5, 1.7, and 2.5 times higher compared
to the reference beams. The difference in loading and deformational capacity improve-
ment in each group originates from different bonding methods. Due to the “rigid bond-
slip behavior provided by cast-in situ and epoxy bonded method [70], the UHPFRC and
reinforced concrete can work together to resist the force and a higher load resistance is
achieved. On the other hand, a higher deformational capacity is shown in “non-rigid”
bond-slip behavior with reinforced interface by mechanical anchorage [70]. As there is
no adhesion between UHPFRC and concrete, the damage and failure patterns for the
beams in the MA groups are different and random. For the ST-M2-MA specimen, a dom-
inant shear crack appears at the front side and propagates along the edge of bolt-connected
region (also stress concentration region). On the back side, initiated from one flexural
crack, the dominant crack develops horizontally along the edge of the bolt on the top side
of the specimen. In ST-M2-MA-120, the shear crack seems to appear only on one side of
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the specimen. At the front side of the specimen, several flexural cracks develop first at
the bottom of the mid-span of the specimen and then are gradually horizontally connected
along the bolts. Finally, the fully developed and connected flexural cracks lead to the
failure of the specimen.

The failure mode of each specimen is shown in Figure 4.24. All specimens eventually fail
in shear. In the ST-M2-MA-120 specimen, several flexural cracks develop at the bottom
of the middle of the beam and then connect to make the UHPFRC spall. From the top
view of beams in the MA group, the separation is seen between UHPFRC and NC as there
is no bond at the interface. For beams in the CIS and EB groups, shear failure, character-
ized by dominant shear crack, happens on their both sides and it is found that due to the
randomness of shear failure, the shear crack pattern varies in different specimens.

Observed from the top view of the specimens, three typical damage phenomena can be
distinguished: UHPFRC fracture, interfacial delamination, and concrete cracking. Atten-
tion is focused on the interface, since in general delamination weakens the strengthening
efficiency of UHPFRC. Also, the freeze-thaw cycles may affect the interface between
UHPFRC and normal concrete [125]. However, from the final failure mode it is unclear
when the delamination occurs. Therefore, a further quantitative analysis of the interface
behavior from the LVDT measurement is conducted.
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Figure 4.24 Failure modes on both sides for the tested specimens.
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Cracking kinematics of tested beams

Figure 4.25 shows the maximum crack displacement (opening and slip) along the major
crack for each specimen. Similarly as observed earlier (Figure 4.19), the opening starts
earlier, and in general, the opening of the diagonal crack is higher than its sliding. For RB
beams, except the RB-120, the major shear crack opening and sliding at the peak load is
below 0.3 mm. Due to the random shear pattern, RB-120 specimen exhibits higher defor-
mation, therefore enabling a larger crack displacement (around 2.8 mm) at the peak load.
All strengthened beams, except those bonded by mechanical anchorage, behave in a sim-
ilar way in terms of crack displacement. Close to the peak load, the critical shear crack
occurs and the crack displacement rapidly increases, followed by sudden shear failure.
Compared to RB specimens in general, the crack opening and slip are higher and the
maximum shear crack width at the peak load exceeds 0.35 mm. For beams in the MA
group, the dominant shear crack appears only on one side while the failure is governed
by a flexural crack on the other side. It is found that the maximum crack width can be
more than 1.0 mm.
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Figure 4.25 Deformation- maximum crack displacement (opening and slip) of all tested specimens:
(a) RB group; (b) CIS group; (c) EB group; (d) MA group (noting that for MA group, based on the
different type of dominant crack on both sides, the maximum shear crack displacement is presented
only for one side and the maximum flexural crack width is shown for another side).

Figure 4.26 shows a comparison of the maximum shear crack opening and slip for every
beam in terms of different bonding techniques. In ST-M2-MA the crack opens earlier and
faster, and large crack displacement is observed at the peak load. It is interesting to note
that, although a higher peak load is seen in the ST-M2-EB specimen, ST-M2-CIS has a
significantly larger shear crack displacement at peak load. This is not in line with previous
results (Figure 4.14) when the cast-in situ specimens with SSD condition and epoxy
bonded had the same stiffness. Further analysis of the possible role of fiber orientation
with this UHPFRC mixture is performed in Chapter 6.
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Figure 4.26 Comparison of the maximum crack displacement (opening and slip) of all tested
specimens in terms of different bonding techniques: (a) crack opening comparison; (b) shear crack
slip comparison.

In Figure 4.27, a comparison of maximum shear crack opening and slip for every tested
beam in terms of different number of freeze-thaw cycles is presented. In the RB group,
all beams except the RB-120 specimen experience brittle failure when the shear crack is
insignificant (crack width is below 0.3 mm). In the CIS group, the shear crack also opens
and slides soon after its initiation, except for the ST-M2-CI1S-30 specimen which exhibits
earlier shear crack initiation and a more gradual increase of maximum crack displacement.
Although the ST-M2-CIS-30 specimen has the highest peak load in the CIS group, the
maximum crack displacement at the peak load is lowest. In both the ST-M2-CIS-30 and
the ST-M2-CIS-120 specimens, from the development of shear crack displacement, it is
found that the shear crack does not grow at the same time on both sides: the shear cracks
on the front side of ST-M2-CIS-30 and the back side of ST-M2-CIS-120 specimen initiate
earlier compared to the other side. This is even more evident for some beams in the EB
group, as observed from the shear crack development in ST-M2-EB-30 and ST-M2-EB-
120 specimens. Major shear cracks for beams in the EB group exhibit a more gradual
increase in crack displacement after the initiation of shear crack compared to CIS group.
In the MA group, the dominant cracks on the front and back sides develop non-simulta-
neously and asymmetrically. Furthermore, compared to the dominant shear crack appear-
ing only on one side, the dominant flexural crack on the other side develops faster and
has a larger crack width at peak load.
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Figure 4.27 Comparison of the maximum crack displacement (opening and slip) of all tested
specimens in terms of different freeze-thaw cycles: (a) RB group; (b) CIS group; (c) EB group; (d)
MA group (noting that for the MA group, based on the different type of dominant crack on both

sides, the maximum shear crack displacement is presented only for one side and the maximum
flexural crack width is shown for another side).

o

Interface behavior

For ST beams strengthened by different bonding techniques and exposed to different
number of freeze-thaw cycles, the results in terms of load versus interface displacement
(slip and opening) relationship are presented in Figure 4.28. For beams in the CIS group
except the ST-M2-CIS-30 specimen, the maximum slip and opening do not exceed 0.02
mm and 0.05 mm, respectively. For the ST-M2-CIS-30 specimen, large interface opening
(0.11 mm) is shown at the measurement point LVDT 7. It seems that severe bond damage
occurs in the front side of ST-M2-CIS-30 specimen, which is confirmed by the defor-
mation-maximum crack displacement presented in Figure 4.25 (b (ii)). Although the front
UHPFRC laminate initially has a larger crack displacement, when the load is more than
90 kN, the crack displacement (especially the crack slip) develops at a lower speed (even
reduced growth rate for the crack slip) than its back side. Similarly as earlier observed,
this occurs because of delamination. Note that only partial delamination happens as the
crack displacement continues to increase, indicating that the front laminate is still capable
of withstanding the load transferred from the RC part. For beams in the EB group, except
the ST-M2-EB-75 specimen, the maximum interface displacement is merely 0.02 mm.
For the ST-M2-EB-75 specimen, when the ultimate force is nearly reached, the maximum
interface opening (measured by LVDT 9 on the back side) experiences sudden increases,
which is around 0.6 mm at the peak load. However, no obvious delamination is observed
(shown in Figure 4.24) and the main shear cracks on front and back sides are symmetri-
cally developed as presented in Figure 4.25 (c (iii)). The sudden change in displacement
recorded by LVDT 9 could be caused by the propagation of a major shear crack in the
measuring zone (shown in Figure 4.24), leading to erroneous measurement of interface
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opening. For beams in MA groups, the absence of adhesion at the interface results in
maximum interface displacement among all beams, which can even reach around 0.7 mm.

As stated in fib Bulletin 43 [134], the maximum allowed interface slip is 0.2 mm under
the serviceability limit state and 2.0 mm under the ultimate limit state. For epoxy-bonded
specimens with or without exposure to freeze-thaw cycles, the small slip and opening
prove that no interface delamination is observed, and the interface remains intact until the
peak load. It is concluded that an effective bonding quality between UHPFRC and NC
could be provided with the use of epoxy resin. However, for cast in-situ specimens, with-
out special concrete surface treatments such as high-pressure water jetting or sand blast-
ing, the risk of delamination remains as sufficient bond cannot be guaranteed especially
for ST-M2-CIS-30.
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Figure 4.28 Interface displacement (slip and opening) measurement for strengthened beam: (a) CIS
group; (b) EB group; (c) MA group.

4.3.4 Influence of casting direction

Shear resistance of the reference and strengthened beams

The fiber distribution of the UHPFRC possibly influences its strengthening efficiency.
Two specimens with precast UHPFRC plates that are cast vertically (ST-M2-EB) and
horizontally (ST-M2-EB-HC) are tested. Figure 4.29 shows the load- (mid-span) deflec-
tion responses of the tested beams and Table 4.7 summarizes the main test results. A
substantial difference is found in ultimate strength and deformation at the peak load for
hybrid beams with UHPFRC cast in different directions. Compared to the ST-M2-EB
specimen, the ST-M2-EB-HC beam shows a 48% increase in ultimate capacity, around
111% higher deflection at peak load and 232% improvement in energy absorption. There-
fore, the contribution of UHPFRC to the improvement of shear resistance is significantly
influenced by the casting direction of UHPFRC, or more specifically, by the fiber distri-
bution. Figure 4.30 shows the fiber distribution at main shear cracks of ST-M2-EB and
ST-M2-EB-HC specimens. Unlike the non-uniform fiber distribution shown in Figure
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4.30 (a) for the ST-M2-EB specimen, the fibers are more evenly dispersed if the UHPFRC
is horizontally cast (Figure 4.30 (b)). ST-M2-EB beam exhibits a poorer shear perfor-
mance in terms of loading, deformational, and energy absorption ability, likely due to
difference in fiber distribution which influences crack bridging ability [214,215]. No sig-
nificant difference in terms of initial stiffness is observed between the specimens. How-
ever, as the dominant shear crack propagates to the top layer of the specimen, due to lack
of fiber bridging effect, ST-M2-EB exhibits considerably lower peak load and deflection
compared to the ST-M2-EB-HC specimen.
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B
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40+
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O 1 1 1 1 1 1
0 1 2 3 4 5 6

Deflection (mm)

Figure 4.29 Load- (mid-span) deflection response of the epoxy-bonded specimens with different
casting directions.

Table 4.7 Results in terms of load, deflection, and failure mode.

. F AF 0, AJ, E AE .
Specimen 1D ! ! Y N ! N Failure pattern
kN (%) (mm) (%) (kKNmm) (%)
ST-M2-EB 90.1 - 2.3 - 140.3 - Shear failure
ST-M2-EB-HC 133.1 48 4.8 111 465.5 232 Shear failure

Note: F, is the peak load; J, is the mid-span deflection at the peak load; E, is the energy absorption; AF, ,

A, and AE, are the percentages change of peak load, deflection, and energy absorption of ST-M2-EB-HC

specimen with horizontal casting method to that of corresponding specimen ST-M2-EB with vertical casting
method, respectively.
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Fibers bridging the crack
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Figure 4.30 Fiber distribution at the main shear crack along the depth of UHPFRC laminates: (a)
ST-M2-EB specimen; (b) ST-M2-EB-HC specimen.

Cracking behaviors and failure modes

The damage process of the tested specimens is shown in Figure 4.31 and triple-stage frac-
ture development (that is, the initial linear elastic stage — flexural cracking process fol-
lowed by shear cracking process - shear failure) is exhibited by both specimens. Despite
comparable fracture processes, the damage pattern differs. In ST-M2-EB specimen, a
dominant web-shear crack initiates and grows towards the loading and support point, fi-
nally leading to the failure of beams. ST-M2-EB-HC is characterized by typical flexural
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shear failure. Furthermore, the loading and deformational ability at distinctive character-
istic loads and corresponding deflections (presented in Table 4.8) for the two tested spec-
imens are different. In terms of flexural cracking resistance, compared to ST-M2-EB-HC,
the flexural crack initiates at a slightly higher load level and the corresponding defor-
mation (10% and 31% higher, respectively). This is due to the accumulation of steel fibers
at the bottom (i.e., tension) side of the vertically cast UHPFRC laminate, the tensile
strength of the bottom UHPFRC is improved and delays the onset of the flexural crack.
However, the shear cracking and peak load resistance are significantly higher in ST-M2-
EB-HC. The shear cracking load and peak load are improved by 20% and 48%, respec-
tively, and their corresponding deflections are increased by 27% and 114%, respectively.
Non-uniform fiber distribution of UHPFRC causes the initiation of shear crack and the
final shear failure to occur at a lower load level because shear crack occurs earlier and
propagates in the weak zone of UHPFRC (i.e., fiber-deficient regions). Therefore, a uni-
form fiber distribution seems to be more beneficial to improving shear performance.
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Figure 4.31 Damage process of the tested specimens.

Table 4.8 Distinctive characteristic loads and corresponding deflections for all tested specimens.

SpecimenID  F, kN) &, (mm) F (N) &, (mm) F (kN) & (mm)

ST-M2-EB 39.3 0.5 86.1 1.8 89.9 2.3
ST-M2-EB-HC 35.5 0.4 103.3 2.3 133.1 4.9

The failure mode of each specimen is shown in Figure 4.32. Beams eventually fail in
shear and the failure patterns on both sides are similar because of sufficient bond strength
provided by the epoxy resin. However, the inclination of the shear crack (defined as the
angle between the longitudinal axis of the beams and the inclined compressive strut) is
different and a larger shear crack angle is seen in the ST-M2-EB-HC specimen. From the
top view of the specimens, although there is a delaminated zone for both specimens, the
ST-M2-EB specimen exhibits delamination at the interface after its failure. To determine
whether the delamination occurs prior to peak load or after reaching it, the interface dis-
placement analysis is performed.
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Specimen Front side Back side Top side
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Figure 4.32 Failure modes on both sides for the tested specimens.

Cracking kinematics of tested beams

Figure 4.33 presents the deformation - maximum shear crack displacement (opening and
slip) for ST-M2-EB and ST-M2-EB-HC specimens. Upon the initiation of the dominant
shear crack, both specimens show a gradual increase in crack width, and crack displace-
ment rapidly increases when the peak load is nearly reached. The crack opening and slip
of ST-M2-EB-HC specimen are significantly larger at the peak load compared to those at
ST-M2-EB. The uniform fiber distribution in the ST-M2-EB-HC specimen enables a
higher peak load. As a result, the maximum shear crack displacement until the peak load
can exceed 1.5 mm, which provides enough warning before the final failure.
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Figure 4.33 Deformation - maximum crack displacement (opening and slip) of all tested specimens:
(a) ST-M2-EB; (b) ST-M2-EB-HC.

Figure 4.34 shows a comparison of maximum shear crack opening and slip for both beams.
Compared to the horizontally cast laminates, beams strengthened with vertically cast ex-
hibit the major shear crack growing faster at the same load level. Although the loads for
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the initiation of the shear crack are similar, at the peak load, ST-M2-EB-HC exhibits four
and eight times larger crack opening and sliding, respectively, compared to ST-M2-EB
specimen. For ST-M2-EB-HC specimen, when the shear crack occurs, there is still
enough remaining bearing capacity (around 30 kN) before reaching the peak load, demon-
strating a more ductile response. Therefore, it is concluded that the uniform fiber distri-
bution in the UHPFRC not only increases the load and deformational capacity, but also
provides formation of larger shear crack, providing more warning before the final shear
failure.
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Figure 4.34 Comparison of the maximum shear crack displacement (opening and slip) of all tested
specimens: (a) shear crack opening comparison; (b) shear crack slip comparison.

Interface behavior

For epoxy-bonded beams with different casting directions, the results in terms of the load
versus interface displacement (slip and opening) relationship are presented in Figure 4.35.
As stated above, the use of epoxy resin is effective to provide sufficient bond and keep
the composite beam intact until the failure of the beams, which is also confirmed in Figure
4.35. The ST-M2-EB-HC specimen can sustain more than 130 kN, and under such high
load level, the maximum slip and opening do not exceed 0.02 and 0.025 mm, respectively.
Moreover, the debonding phenomenon for ST-M2-EB (shown in Figure 4.24) occurs after
the peak load, which only influences the post-peak structural behavior.
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Figure 4.35 Interface displacement (slip and opening) measurement for strengthened beam: (a) ST-
M2-EB specimen; (b) ST-M2-EB-HC specimen.

4.4 Discussion

UHPFRC shows great potential to increase the shear capacity of RB beams without trans-
verse reinforcement if good material properties of UHPFRC and the bond quality between
UHPFRC and concrete are provided. However, many parameters influence interface and
materials performance, and performance of the composite beam including restrained
shrinkage, moisture state of concrete substrate, different bonding techniques, freeze-thaw
action and casting direction of UHPFRC. To better explain the structural behavior shown
in Section 4.3, an in-depth analysis is given in the following section.

4.4.1 Influence of moisture degree of the concrete substrate

Exposure to drying condition for more than 90 days and subsequently under applied ex-
ternal load, delamination occurs in the ST-M1-CIS-SSD specimen while in-situ cast spec-
imen dealt with ASD condition keeps intact. This difference in interface performance is
in line with findings of Bentz, et al. [43], revealing a better shear bond strength with dry
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substrate due to a more solid surface interlock at the interface between the UHPFRC and
the NC.

On the other hand, as described in Section 4.3.2, moisture transport at the interface under
ASD conditions reduces the hydration of the strengthening material, therefore lowering
the stiffness and tensile properties of the UHPFRC. Consequently, the initial stiffness is
lower, and flexural cracks appear earlier in ASD specimen compared to epoxy-bonded
and SSD specimens with limited moisture transfer.

To compare the hydration degree of the three specimens, a non-evaporable water test is
conducted. The hydration degree of cement paste is proportional to the content of non-
evaporable water [44].

After the beam test, the UHPFRC from the three strengthened specimens is split and
ground into several pieces. Subsequently, UHPFRC is dried in an oven at 40 °C for 4 h
to achieve a constant mass and then further dried at an increased temperature of 105 °C
for 24 h to remove evaporable water. The weight of the samples is measured and recorded
as W, . Finally, the dried samples are oven-heated at 1050 °C for 6 h to remove the non-

evaporable water, and the weight is also measured and recorded as W, .

It should be noted that UHPFRC instead of only the cement paste is used and only the
weight of cement paste is used in the calculation. Therefore, the weight of cement needs
to be calculated. Assuming that the total weight has negligible change before and after
hydration and based on the weight ratio of each component, W, can be calculated.

Moreover, if the cement loss on ignition is not taken into account, the hydration of 1 g
anhydrous cement can produce 0.23 g of non-evaporable water. Therefore, the degree of
hydration can be calculated by the following equation:

— W105 _W1050

0.23xW,,,

Based on the calculation, a comparison of the results of hydration degree and the initial
stiffness for three specimens is shown in Figure 4.36. The initial stiffness is calculated as

F /6, and in current study F and S, are load level of 10 kN and its corresponding de-

(4.5)

flection, respectively, at which the specimens are uncracked. It is found that the calculated
hydration degree of UHPFRC for all specimens is lower than 35%, which is due to rela-
tively low water-binder ratio and is in line with measured results of degree of hydration
for UHPFRC in literature [216]. In Figure 4.36, it is observed that the initial stiffness of
the specimens is correlated with the hydration degree of UHPFRC. Higher hydration de-
gree of UHPFRC leads to a higher initial stiffness of the strengthened beam. SSD speci-
men has a higher degree of hydration than epoxy-bonded specimen possibly due to the
additional water supplied by the saturated substrate for further hydration [217].
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Figure 4.36 Comparison of the hydration degree and the initial stiffness for three specimens.

4.4.2 Fiber distribution from microscopic observations

In the current study, two UHPFRC mixtures with slightly different diameter of steel fibers
are used. Figure 4.38 shows that the ST-M1-EB specimen has much higher loading and
deformational capacities compared to the ST-M2-EB specimen although the UHPFRC
laminates from both specimens are cast vertically. It is assumed that the difference in
shear resistance might be caused by varied fiber distribution along the height of UHPFRC
rather than the material properties of UHPFRC for both mixtures. ST-M2-EB-HC speci-
men has the largest shear force and deflection due to its most uniform fiber distribution
among the three specimens.
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Figure 4.37 Load-deflection response together with crack pattern at the peak load for ST-M1-EB,
ST-M2-EB and ST-M2-EB-HC specimens.

To determine the fiber distribution for ST-M1-EB and ST-M2-EB specimens, both beams
are cut from the mid-span and thin cross-sectional sample is extracted from the beam.
Then the thin sample is polished to create smooth reflecting surfaces. Finally, the image
of polished surface is obtained through digital microscope and the fiber distribution can
be inspected.
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The fiber distribution for ST-M1-EB and ST-M2-EB specimens are shown in Figure 4.38.
It is shown that the steel fibers in ST-M1-EB specimen disperse more uniformly than
those in ST-M2-EB specimen, in which most of the fibers accumulate at the bottom of
the UHPFRC plate.

200 mm
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v

ST-M1-EB

ST-M2-EB

Top Bottom

Figure 4.38 Fiber distribution for both specimens from image analysis, noting that the white dots
represent the presence of steel fibers.

4.4.3 Influence of freeze-thaw cycles

From the results, it is found that the non-uniform fiber distribution of UHPFRC rather
than freeze-thaw action plays a role in shear behavior of strengthened beams. The material
properties of UHPFRC and concrete, and bond at the interface do not show obvious dam-
age due to freeze-thaw. Therefore, the number of FT cycles might be insufficient to cause
structural degradation. It is difficult to predict the number of FT cycles that would lead to
damage of the strengthened beams due to the following reasons. First, although many
codes or standards such as ASTM C666/C666M [204], GB/T 50082-2009 [205] or
CEN/TR 15177 [206] define test protocols to assess the freeze-thaw resistance of concrete
material, the mechanisms and rate of damage might differ in RC structures where steel
reinforcement and interfaces are also present. Currently, there is no universal testing
method for the structural performance of RC members. Furthermore, due to the differ-
ences in specified exposure conditions, the number of FT cycles varies in different stand-
ards. For example, 300 cycles in ASTM C666/C666M, minimum 25 cycles in GB/T
50082-2009, and 56 cycles in CEN/TR 15177. Finally, compared to conventional con-
crete, UHPFRC can sustain more FT cycles [218] due to its denser microstructure. The
UHPFRC-concrete bond has also been reported to be stronger than the concrete-concrete
bond due to the existence of fibers [156], leading to higher resistance to FT action [126].
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Therefore, more FT cycles and/or harsher conditions such as submersion in water envi-
ronment or frost salt scaling under FT cycles should be applied in further studies to eval-
uate the robustness of the UHPFRC strengthening system.

Note that applied LVDT measurements are limited to only several points at the interface.
The interaction between concrete and UHPFRC along the entire interface area and possi-
ble (local) debonding could therefore not be captured. Therefore, the feasibility of infra-
red thermography for the quantitative study of interface behavior along the whole inter-
face length will be investigated in Chapter 5.

4.5 Conclusion and implications

In this chapter, the shear performance of reinforced concrete beams strengthened with
UHPFRC is analyzed. Many parameters, including the restrained shrinkage in composite
elements, the moisture degree of concrete substrate, bonding techniques combined with
freeze-thaw cycles, and casting direction of UHPFRC, are discussed. The material prop-
erties of UHPFRC and normal concrete, and structural behavior in terms of crack-
ing/debonding risk under restrained shrinkage, load-deflection response under applied
load, cracking behavior, cracking kinematics, and interface properties are evaluated.
Based on the material and structural test results, the following conclusions can be drawn:

(1) UHPFRC shows significant autogenous shrinkage at early age (within the 24 h),
and under sealed and fully restrained conditions, the stress induced by autogenous shrink-
age can reach around 50% of the 28 days tensile strength of UHPFRC. Therefore, the
(autogenous) shrinkage and possible early-age cracking or delamination risk for concrete
structures strengthened with in-situ casting UHPFRC cannot be ignored.

(2) After exposure to 120 freeze-thaw cycles, based on surface profile observation,
mass change, and compressive and elastic modulus test results, neither UHPFRC nor NC
show damage. However, it seems that the tensile properties, especially the strain softening
capacity of UHPFRC are weakened after more than 75 cycles, possibly due to reduced
bond strength at the matrix-fiber interface.

(3) Compared to reference beams, with UHPFRC laminates applied on lateral sides
of the shear-deficient reinforced concrete beam, significant increases in load, deflection,
energy absorption capacity and cracking resistance, are found. This proves that reinforced
concrete structures strengthened with UHPFRC have significantly improved shear re-
sistance. Additionally, due to the fiber bridging effect of UHPFRC, the maximum crack
widths for all strengthened beams are much larger compared to reference beams, proving
that the application of UHPFRC as a shear strengthening material could provide more
warning signals before brittle shear failure.

(4) The strengthening efficiency of UHPFRC is influenced by moisture conditions
of the concrete substrate. For cast in-situ application with two different concrete moisture
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states (initially dry and saturated surface dry substate, ASD and SSD), it is found that
localized delamination occurs with SSD condition due to the restrained shrinkage at the
interface. A better interface performance under ASD condition might be caused by mois-
ture exchange causing interlock at the interface between the UHPFRC and NC. On the
other hand, ASD conditions, due to moisture exchange, reduce the hydration degree of
UHPFRC. For strengthening with ASD condition, due to moisture loss and the subse-
quently lower degree of hydration of UHPFRC, the stiffness and the tensile properties of
UHPFRC are reduced, reducing the flexural and shear cracking resistances of the
strengthened beam.

(5) The improvement in shear resistance is affected by the applied bonding methods,
and a larger load increase is obtained with better bond. Epoxy bonding can provide a
strong bond, with negligible interface slip or opening. However, for cast in-situ tech-
niques with smooth interface, the bond strength can be insufficient without proper surface
preparation, such as sandblasting or water jetting, leading to larger interface displace-
ments and potential delamination. Mechanical anchorage methods, without adhesion at
the interface and therefore lack of monolithic composite action, result in the highest in-
terface displacement, asymmetric shear crack patterns and lowest shear resistance.

(6) For beams subjected to the coupled load and freeze-thaw action, it seems that the
freeze-thaw action has no effect on shear performance of both reference and strengthened
beams, being in line with material test results (i.e., surface inspection, compressive
strength, and elastic modulus measurements). Instead of freeze-thaw action, it seems that
the fiber distribution in UHPFRC plays a more crucial role for shear strengthening effi-
ciency, crack development and failure pattern of strengthened concrete beams with UHP-
FRC.

(7) By comparing the specimens strengthened by UHPFRC with different casting
directions, horizontal casting can provide a more uniform fiber distribution of the UHP-
FRC laminate, allowing for a much higher shear strengthening efficiency. An increase of
48%, 111% and 232% for load, deflection, and energy absorption capacity, respectively,
is found when using horizontally cast over vertically cast laminates. Additionally, the
fiber distribution due to different casting direction also affects the damage process and
failure patterns. In vertically cast specimens, the dominant shear crack tends to initiate
earlier in fiber-deficient areas, reducing shear cracking load. However, flexural cracking
load is increased as the accumulation of steel fibers at the bottom enhances the tensile
strength of UHPFRC.
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5.2 Experimental methods

5.1 Introduction

As discussed in Chapter 4, interface debonding/sliding can only be examined at several
points along the interface by using LVDTSs. To examine the interface performance along
the entire bonding area, Chapter 5 focuses on the applicability of active infrared thermog-
raphy (IRT) to detect the delamination in hybrid UHPFRC-NC beams under controlled
lab environment through lab-scale experiment and numerical modeling.

Section 5.2 describes the fabrication of small-scaled UHPFRC-NC specimens, arrange-
ment of test set-up, and the testing process. Optimal testing parameters (i.e., heating time,
cooling time, distance between the heat source and the object) are determined on model
experiments in order to develop a standard testing method. For this, a numerical model is
established (Section 5.3) and the heating time is determined through FEM analysis (Sec-
tion 5.4). Results are compared to experimentally measured key indicators for delamina-
tion (i.e., absolute temperature difference and signal to noise ratio (SNR)). In Section 5.5,
the SNR ratio calculation method is embedded into the developed analytical model. The
model is applied to determine the size of the delaminated area. In Section 5.6, the devel-
oped approach is applied to test two reinforced concrete-UHPFRC members and vali-
dated through CT-scanning. Thereafter, the interface properties for hybrid beams sub-
jected to FT cycles are examined by IRT and brief conclusions are given in Section 5.7.

5.2 Experimental methods

The principle of active IRT to detect the delamination is explained in Figure 5.1 which
shows a composite sample with a delamination at the interface. When the specimen is
exposed to external heat waves, its surface temperature can be measured by infrared ther-
mography (IRT). The presence of delamination affects how heat propagates through the
material, allowing for its detection.

To understand how heat moves through the material and influences the detection process,
it is essential to consider the three primary physical mechanisms of heat transfer: conduc-
tion, convection, and radiation [219]. Conduction refers to the transfer of thermal energy
through molecular interactions, where heat moves from regions of higher to lower
temperature, and is characterized by the thermal conductivity of material. Convection
involves the transport of heat via fluid (liquid or gase) motion; however, in cases such as
narrow delamination (with crack opening less than 5 mm), it is negligible due to the lack
of fluid flow. Radiation, which involves the emission and transfer of energy through
electromagnetic waves, depends on the emissivity of materials. In dry air conditions, its
effect is also minimal. Thus, conduction is the predominant mechanism relevant to
delamination detection.

Since the thermal conductivity of still air is around 0.025 W/mK, and that of concrete is
around 1.8 W/mK, heat moves faster through concrete than through the air. As a result,
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when a layer of UHPFRC is heated, delamination provides higher resistance to heat flow,
i.e., more heat will accumulate above a delaminated part than above a well-bonded part
(T2>T1shown in Figure 5.1). In this chapter it is investigated whether infrared thermog-
raphy (IRT) could be used to detect delamination between a layer of UHPFRC and normal
concrete.

T P
HPFRC

\ Delamination
/$00ncrete

Figure 5.1 Principle of active infrared thermography.

5.2.1 Test specimen preparation

Three types of tests, with increasing level of complexity, are designed. The composite
UHPFRC-NC specimens with artificially made delamination are fabricated in the first
and second stages “model” experiments. The manufacturing process consists of bonding
a 10 mm thick UHPFRC lamella by epoxy to the 100 x 100 x 100 mm? concrete cubes
(Figure 5.2). To imitate delamination, a PIR insulation which has a similar thermal con-
ductivity to air, is used. The PIR layers with a size of 30 mm x 30 mm x 1.3 mm, are
placed in the center of the concrete specimen and attached to the concrete block by Vas-
eline. First stage “model” test (C1, Figure 5.3a) is made with only one delaminated area
whereas more delaminated areas are in the second stage tests (S1-S5, Figure 5.3b-f).

As shown in Table 5.1 and Figure 5.3, C1 specimen is made to develop the standard
testing process. The delamination locations are varied in test samples S1 and S2. The aim
is to investigate if delamination can be detected irrespectively of its location, given that
the halogen lamp is used as a heat source which might result in non-uniform heat flux. In
S3, the delamination thickness is varied to examine the detectability for the minimum
delamination thickness (interface opening). Furthermore, S4 is designed to have varied
dimension of the delamination. Finally, S5 is set with random delamination size, thick-
ness and closely spaced location to further examine the effectiveness of the developed
testing protocol and post-processing method in “model” samples.
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'
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Figure 5.2 Specimen fabrication.
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Figure 5.3 Location and size of artificial delamination for different samples: (a) C1; (b) S1; (c) S2; (d)
S3; (e) S4; (f) S5 (unit: mm).

Table 5.1 Details of all tested specimens.

Type of test Sample  Delamination zone  Size  Delamination thickness (mm)
First stage “model” test C1 C1-D1 30x30 13
S1-D1 3030 0.8
S1 S1-D2 3030 0.8
S1-D3 30x30 0.8
. . S2-D1 30x30 0.8
Second stage “model” test s $2-D2 30x30 08
S2-D3 3030 0.8
s3 S3-D1 3030 05
S3-D2 3030 0.1
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thermography
S4-D1 30x50 11
S4 S4-D2 40x40 1.6
S4-D3 40x30 2.9
S5-D1 30x30 11
S5 S5-D2 30x40 2.9
S5-D3 30x30 15
S5-D4 30x40 1.1

5.2.2 Test setup and testing process

Test set-up

Figure 5.4 shows the experimental set-up of active IRT with the use of halogen lamp for
the detection of the interfacial delamination on UHPFRC retrofitted concrete substrates.
The set-up includes heating, sensing and control units. A 1000W halogen lamp, which
can generate 22000 lumens, is placed and focused on the central surface of the test sample
as a heat source. The infrared camera (FLIR A320 camera) is positioned perpendicular to
the plane of the object at a distance which ensures that the entire specimen is within its
field of view. The infrared camera has a temperature measurement range from -20 °C to
120 °C, focal length of 18mm, an image resolution of 320 x 240 pixels and frame rate of
5 fps.

<
Data collection system Q

e Concrete cube |

Figure 5.4 Experimental setup.

Testing process

The entire testing process mainly includes two phases: (a) sample heating and (b) the
surface temperature recording during the cooling process after removal of the halogen
lamp. In order to obtain the highest thermal contrast to detect delaminated area, several
parameters need to be taken into account: the distance between the heat source and the
test samples, heating time and cooling time.

The heating distance between the lamp and target need to be calibrated to ensure an even
heat distribution at the surface of the composite UHPFRC-NC sample. The heat source
should not be too close nor too far away from the object, as short distance might induce
inhomogeneous heat distribution and long distance might require a prolonged duration of
heating time. Multiple trial tests are conducted to determine the distance from the object
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to the halogen lamp. As shown in Figure 5.4, a concrete block is heated from different
distances, and the standard deviation of the surface temperature is calculated. The dis-
tance between the test sample and heat source is adjusted until the standard deviation of
the surface temperature is minimized to achieve a homogeneous heat distribution on the
surface of the concrete block. Finally, the distance is set as 40 cm and a constant heat flux
of 1750 W/m? is generated at the surface of the test specimens under such condition.

The heating time is important as sufficient heat flux is required to achieve the highest
thermal contrast between sound and defect area. The optimal heating time can be deter-
mined when the highest relative thermal contrast between sound and defected area, also
called running thermal contrast (RTC) [220], is achieved:

RTC =14 s

(5.1)

S
where T, and T, are the temperature above a defected area and sound area respectively.
It is important to note that in this research, a constant heat flux rather than a constant
temperature is used as a heat source. In this study, the heating time is determined through
the COMSOL simulation in Section 5.4.

Finally, the cooling time is also crucial as it defines the time when the delaminated areas
are best detectable. The signal-noise ratio (SNR) [169] is used to determine the optimal
cooling time and can be defined as:

T -T, ()]
o,(t)
where t is the cooling time, starting from the removal of the heat source, T (t) is the tem-

SNR(t) = 201g (5.2)

perature distribution within the sample and T, (t) is the average temperature above the
sound areas. o, (t) denotes the standard deviation of the sound areas. The above defined

equation for SNR calculation also takes into account the noise from surrounding environ-
mental condition. When the target specimen starts to cool down after heating, the SNR of
the delaminated area will increase initially until it reaches the peak value, and afterwards
the SNR will decrease with continued cooling process. The time when the delaminated
areas are best detectable is the time when the peak value of SNR(t) is achieved.

5.3 FEM simulation

The COMSOL Multiphysics 5.6 software is used for finite element analysis. Since it is
not possible to capture the temperature profile in the test specimens during the heating
process, the optimal heating time is determined through FEM.
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5.3.1 Material properties

To model the heat transfer within the test specimen, material properties of concrete, UHP-
FRC and air (or PIR properties) are defined. The properties of each component are listed
in Table 5.2. Based on the results of Nagy et al. [221], the volumetric heat capacity pc
and the thermal conductivity 4 of UHPFRC are determined. As for the emissivity € of
UHPFRC, the same value is adopted as for normal concrete, because the emissivity e
depends on the color of the material, which is nearly the same for both materials.

Table 5.2 Thermal properties of NC and UHPFRC.

Materials Density Volumetric heat capacity p. Thermal conductivity A Emissivity e
[Kg/m?] [im3K] [WimK] [-]
Concrete 2400 2.024 x 10° 1.8 0.93
UHPFRC 2200 2.14 x 108 2.82 0.93
Air 1.2 1.2 x 10° 0.032 -
PIR 32 3.2x 10* 0.022

5.3.2 Model validation

C1 specimen from the first stage “model” test (Table 5.1) is simulated using COMSOL
Multiphysics 5.6 software. As shown in Figure 5.5 (a), the numerical model is composed
of the concrete cube with sides of 10 cm and a 10 mm thick UHPFRC laminate with the
debonding defects (30 mm x 30 mm x 1.3 mm). In order to simulate the same boundary
condition as in the experiment, a constant heat flux (1750 W/m?) is applied on the surface
of the C1 specimen (Figure 5.5 (b)).

To determine the optimal heating time, a simulation with a minimal delamination thick-
ness of 0.05 mm is conducted. After the heat source is removed, the temperature data
during the cooling process, above sound area and delaminated area, is investigated.
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Figure 5.5 Model establishment: (a) C1 specimen embedded with delaminated area (blue zone) in
COMSOL; (b) Simulation of the heat flux (area in green) in COMSOL.
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5.4 Results and discussion
5.4.1 Heating time

With the aid of COMSOL simulation, the optimal heating time is determined based on
the calculated results of thermal contrast and material properties of PIR layer and air
which represent delamination. The thermal conductivity of the PIR insulation is 0.022
and the thermal conductivity of air is 0.025 + 5.5d where d is the thickness of the delam-
ination in m [222]. To calculate the optimal heating time, a delamination thickness of 0.05
mm is used. As a constant heat flux is applied on the surface of UHPFRC, the surface
temperature of the UHPFRC layer continuously increases while remaining uniform over
the entire area.

The RTC results during the heating process are presented in Figure 5.6. From Figure 5.6,
it is found that the thermal contrast increases initially and reaches its maximum around
1500 seconds (s) of heating time. The point where the secant slope of thermal contrast
curve reaches 10 % of the maximal secant slope is defined as the optimal heating time.
Although the maximal running thermal contrast for PIR and air layers are different, the
optimal heating time is very close (1449 s for air and 1496 s for PIR layer). Therefore,
heating time of 1500 s (25 minutes) is used during the testing phase.
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Figure 5.6 Thermal contrast versus heating time at the backside of the layer of UHPFRC due to a
delamination of PIR and air, respectively.

5.4.2 Verification against experimental results

Based on the previous results, a uniform heat flux of 1750 W/m? is modelled as an exter-
nal heat source for 25 min, and then the temperature variation is monitored during the
subsequent 10 min cooling process. To validate the accuracy of the COMSOL simulation,
the SNR and the absolute thermal contrast (ATC) are calculated and compared to exper-
imental results. The validation process is schematized in Figure 5.7. It should be noted
that for the numerically calculated SNR ratio, the experimentally obtained standard devi-
ation of the temperature in the sound area is also used since the ideal condition in COM-
SOL provides uniform temperature in sound area.
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Figure 5.7 Model verification process.

In Figure 5.8, the experimental and numerical results of absolute surface temperature field
for the C1 specimen are compared. In general, the experimental results are in good agree-
ment with the simulation results. Compared to the real shape and location of the delami-
nation in the C1 specimen (Figure 5.3), both the simulated and experimental results can
reasonably distinguish the edges of the delamination. But it is found that, unlike in the
experiment, in FEM there is no noise error.

In Figure 5.9 (a), the experimentally and numerically obtained absolute thermal contrast
for C1 specimen is compared. Similarly, in Figure 5.9 (b) the experimental and numerical
signal-to-noise ratio (SNR) is compared. As expected, the highest absolute thermal con-
trast occurs at the start of cooling phases, and then it starts to descend as the cooling time
increases. The predicted curve follows the same shape of experimentally measured results
though a slightly lower initial thermal contrast is observed. Unlike the temperature dif-
ference that consistently reduces with cooling time, SNR first increases (Figure 5.9 (b)).
Within 100 s of cooling, the SNR value reaches its maximum, which is the best time for
detecting a defect/delamination area. Afterwards, the SNR gradually decreases as the
temperature difference between delaminated and sound areas further decreases. In general,
the simulated and measured curves show similar trend although the predicted values are
slightly underestimated, which might be due to assumed isotropic material properties. The
numerical prediction agrees reasonably with the experimental results and 10 min temper-
ature measurement during cooling period is sufficient get the best detectability of the
delaminated area.
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Figure 5.8 Experimental and numerical results of surface temperature field for C1 specimen: (a)
experimental results; (b) simulated results.
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Figure 5.9 Comparison of tested and predicted absolute temperature difference and SNR ratio: (a)
absolute temperature difference of sound and delaminated area; (b) SNR ratio comparison.

5.5 Analytical models for data processing

Combining “model” test and numerical simulation, a standard testing procedure, includ-
ing the distance between the object and halogen lamps, the optimal heating and the cool-
ing time, for best detectability of the delamination has been developed. In Section 5.5,
based on SNR method, the analytical model to post process the temperature data gathered
from infrared sensor is proposed. Firstly, the frame at the optimal cooling time is extracted,
followed by using the SNR method to detect and characterize the delaminated area.

5.5.1 Optimal frame and delamination detection

The optimal frame is chosen based on the SNR method. Firstly, the absolute temperature
difference is calculated from the COMSOL model with the minimal delamination thick-
ness of 0.05 mm. Thereafter, the standard deviation (STD) of temperature above sound
area as a function of cooling time is calculated. Finally, the optimal cooling time and
corresponding frame are defined when the maximum SNR value, based on the tempera-
ture difference from COMSOL model and measured STD above sound area, is obtained.

However, the location of the sound area within the inspected specimen is usually un-
known. Therefore, two methods are adopted respectively, when the area that is certainly
not delaminated (e.g., sound area) within the sample is known and when it is unknown
(Figure 5.10 (a) and (b)). If the location of sound area is unknown, the standard deviation
(STD) of temperature for the entire specimen is calculated.
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Figure 5.10 Procedures of optimal frame determination for best detectability of delamination: (a)
optimal frame determination with provided prior knowledge of sound area; (b) optimal frame
determination without provided information of sound area.

As shown in Figure 5.11 (a), when the sound area is known and used as reference area,
the average temperature and standard deviation of temperature above the sound area is
calculated firstly (Figure 5.10 (a)). Thereafter, the SNR can be calculated in the optimal
frame of the entire specimen. If the SNR value of the pixel is positive, the pixel is defined
as delamination. While if the SNR value of the pixel is negative, the negative value will
be replaced by 0 instead and the pixel is recognized as non-delamination. Finally, all val-
ues are plotted in seismic scale in order to clearly visualize the delaminated and sound
area of the entire specimen.

When the location of the sound area is unknown, the absolute temperature difference be-
tween sound and delaminated areas is calculated from the COMSOL model considering
the minimal delamination thickness of 0.05 mm. Based on the temperature data extracted
from the experimental optimal frame, the average temperature of the entire optimal frame
is calculated and the temperature difference between the average temperature and the
temperature of every pixel can be determined. One criterion is defined by comparing the
temperature difference from test to that from COMSOL model: the pixel will be recog-
nized as non-delamination if the temperature difference of such pixel is lower than 50%
of the temperature difference calculated by COMSOL, otherwise the pixel will be defined
as delamination. It should be noted that 50% is only a suggestion in the current study and
further studies need to be conducted to determine a more reasonable value, or range of
values for valid sound area recognition. Once the (certain) sound area is recognized, the
same analytical procedures as with a prior known sound area is followed. The SNR value
can be determined. Finally, both the delamination (SNR>0) and non-delamination
(SNR=0) areas could be recognized.
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Figure 5.11 Flowchart of delaminated areas determination from the data of the optimal frame: (a)
with prior information of sound area; (b) without provided information of sound area.

5.5.2 Results and discussion

With the developed testing protocol and post-processing method, the delamination in all
test specimens is evaluated. From the results of the C1 specimen (Figure 5.12 (), it is
found that the SNR method can well predict the delamination area in the specimen, alt-
hough the noise around the delaminated area can still be detected. Note that rectangles
that are used as references (sound area) are labelled with Bx2 in corresponding raw im-
ages. There is nearly no difference in delamination detection with or without using the
location of sound area, which confirms the accuracy of the developed analytical method.

In order to investigate the edge effect, S1 and S2 specimens are compared. As presented
in Figure 5.12 (b) and Figure 5.12 (c), both developed procedures (with or without prior
knowledge of sound area) can recognize the defected area. However, in the S1 specimen,
the defected boundaries of two delamination zones, S1-D1 and S1-D2, are difficult to
differentiate. The possible reason is that the delaminated zones are close to each other,
and thereby mutually interfere the delamination evaluation. In contrast, if the distance
between the defects is large enough (as shown in Figure 5.12 (c), delamination zones are
more clearly visualized with almost no overlap.

The results for S2 and S3 specimens in Figure 5.12 (c) and Figure 5.12 (d) show that the
delamination thickness will influence the detectability. Under the condition that the size
of defects is kept the same and the distance between each defect is large enough to avoid
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the edge effect, the delamination in S2 is more clearly detected, with a higher SNR value.
But it should be mentioned that it is in general impossible to correlate the SNR value with
the delamination thickness since not only the delamination thickness, but also other fac-
tors such as the delamination size will influence the SNR value [166].

Finally, the size of delamination is also analyzed. From the results of C1, S1, S2 and S3
specimens, it is found that a designed defected region (30 mm x 30 mm) can be well
detected. In S4 and S5 specimens, with a larger size of delamination, the detectability is
not affected, and the region of delamination can clearly be identified. However, S5-D4
defect has the same delamination size as the defects in S1 and S2 specimens but has a
larger delamination thickness, while it shows less detectability.

Additionally, from the results of S1 to S5, it is also observed that, with thermal infor-
mation selected from different sound zones as prior knowledge, though the defects can
be detected, the detected SNR values are different. This is possibly due to the different
noise level in these regions and non-uniform heat distribution during heating process. The
analytical method with no prior knowledge about sound area is more objective and in
general could present good detectability in terms of size and location of the delamination.
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Figure 5.12 Results of all test specimens with and without prior information of sound area.
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The two methods are also evaluated by the performance metrics: (a) Sensitivity or recall
(True positive ratio, TPR), (b) Fall out (False positive ratio, FPR), (c) Miss rate (False
negative ratio, FNR), (d) Specificity (True negative ratio, TNR), (e) Accuracy, (f) Preci-
sion, (g) F1 score. These metrics are calculated using the following equations:

P
TPR=—— (5.3)
TP+FN
FP
FPR=———— (5.4)
TN +FP
FN
FNR=——— (5.5)
TP +FN
TN
R= )
TN +FP (56)
Accuracy = PN (5.7)
TP+FP+TN +FN
Precision = TP (5.8)
TP+FP
F1 score=L (5.9
2TP+FN + FP

where TP, TN, FP and FN denote the number of true positive, true negative, false positive,
and false negative respectively. When a pixel is above a delaminated area, it is either true
positive (TP) if correctly identified, or false negative (FN) if wrongly labelled as sound.
Likewise, when a pixel is above sound area, it is either true negative (TN) if correctly
identified as sound or false positive (FP) if wrongly labelled as a defect. The accuracy of
the methods represents the ratio of total correct detection (both delaminated and sound)
to the total number of detections and is used to quantify the overall correctness of the
models. The precision is defined as the ratio of correct positive detection to the total num-
ber of positive prediction and evaluates the accuracy of delamination predictions. A high
precision value means that the model is able to minimize false defect detection. F1 score
is served as a composite metric that balances precision and recall (equals to TPR) and is
ranged from O to 1. A higher F1 score value indicates better model performance in terms
of both precision and accuracy.

Table 5.3 summarizes the values of performance metrics for the test specimens using two
analytical models. It is found that generally both methods can provide reasonable results
in terms of TPR and accuracy. However, the precision is not high in all cases as an addi-
tional major part of pixels are incorrectly identified as delaminated. Furthermore, if the
sound area is not carefully chosen, the performance of the model is not good. For instance,
in the case of S2 and sound area Bx2, the accuracy is only marginally acceptable, and the
precision is low. One possible explanation for this inaccuracy is the random nature of
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noise fluctuations, which are challenging to eliminate, and the difficulty in ensuring uni-
form heating conditions.

Table 5.3 Summary of delamination performance metrics for all test specimens using two analytical
models.

Sample  Analytical models  TPR FPR FNR TNR Accuracy Precision F1 score

c1 Sound area Bx2 1.00 0.24 0.00 0.76 0.79 0.41 0.58
Unknown sound area 1.00 0.42 0.00 0.58 0.64 0.29 0.44

Sound area Bx2 1.00 053 0.00 047 0.54 0.20 0.33

S1 Sound area Bx3 1.00 034 0.00 0.66 0.70 0.28 0.43
Unknown soundarea 1.00 0.39 0.00 0.61 0.65 0.25 0.40

Sound area Bx2 099 054 0.01 046 0.52 0.19 0.32

S2 Sound area Bx3 084 0.16 016 084 0.84 0.39 0.54
Unknownsoundarea 0.95 0.40 0.05 0.60 0.64 0.23 0.37

Sound area Bx2 050 0.09 050 091 0.88 0.31 0.38

S3 Sound area Bx3 092 056 0.08 044 0.59 0.15 0.25
Unknownsoundarea 0.95 0.45 0.05 0.55 0.58 0.14 0.25

Sound area Bx2 0.67 0.13 0.33 0.87 0.83 0.50 0.57

S4 Sound area Bx3 096 0.34 0.04 0.66 0.71 0.36 0.52
Unknown soundarea 1.00 0.51 0.00 0.49 0.57 0.28 0.44

Sound area Bx2 099 0.36 0.01 0.64 0.70 0.34 0.51

S5 Sound area Bx3 094 0.28 0.06 0.72 0.76 0.39 0.55
Unknownsoundarea 0.98 0.36 0.02 0.64 0.69 0.34 0.50

5.6 Beam test and validation

After the evaluation of delamination in small-scale “model” tests, two large-scale hybrid
beams consisting of one cast in-situ specimen and one epoxy-bonded specimen, are also
tested and evaluated through the developed method. The hybrid beam has the same di-
mension of the tested strengthened beams in Chapter 3 and the details of the hybrid beams
can be also found in [223]. In order to validate the reliability of the methods for delami-
nation detection in large-scale hybrid RC beams, CT scanning is also conducted in one of
the hybrid beams for verification.

5.6.1 Beam test procedure and results

Severe delamination between UHPFRC layer and concrete part is observed in the beam
with in-situ cast UHPFRC (Figure 5.13). The delamination length reaches more than 80%
of the interface length along the beam. For another hybrid beam with epoxy-bonded UHP-
FRC laminates, no visual delamination is observed. However, it should be noted that for
both hybrid beams, the internal delamination is difficult to be detected. Therefore, the
IRT is applied and beam test results are post-processed through developed methods. Due
to a larger size in hybrid beams compared to composite concrete blocks, the testing pro-
cedures are also upscaled (shown in Figure 5.14). During the test, three 1000 W halogen
lamps, which can produce 16000 lumens, are evenly placed at a distance of 70 cm from
the test beam in order to heat the surface of the sample homogenously as much as possible
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for 25 min. The distance between lamps and test sample is determined by the measure-
ment of heat flux, which is aimed at 1750 W/m?, the same as for the small-scale specimen
tests. The infrared camera (FLIR A320 camera) is set such that it captures the entire beam
during the cooling process.

@ (b)

Figure 5.14 IRT test process for one of the hybrid beams: (a) Uniform heating process using three
lamps; (b) Data recording during cooling process after removal of the lamps.

After data gathering, the two analytical methods (with/without prior information of sound
area) are adopted to determine the delaminated region in hybrid beams. Figure 5.15 and
Figure 5.16 shows the SNR results for both beams. For ST-CIS specimen, since the de-
lamination can clearly be observed from visual inspection, an area indicated as Bx2 and
shown in Figure 5.15 (a), is assumed as sound. For ST-EB specimen, no delamination
could be observed, thus only the analytical method without information of sound area is
employed. The delamination is detected before and after the three-point bending test in
order to differentiate the delamination from the applied load and eliminate the influence
of premature delamination during drying.

From Figure 5.15, it is found that the SNR results differ when the two methods are applied.
With an assigned sound area, the detected debonding area is much larger than with the
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unknown sound (reference) area. From visual observation, the delamination length
reaches more than 80% of the interface length and in this case the method of assigning a
sound area gives a more accurate result than the method without a known sound area.
Almost the entire beam is delaminated. The method without known sound area, however,
underestimates the region of delamination at the interface between the NC core and the
UHPFRC layer. As described in Figure 5.15 (b), for analytical method without infor-
mation of sound area, the sound area will be recognized if the temperature difference of
such zone is lower than 50% of the temperature difference calculated by COMSOL. This
implies assumption that there is a significant part of sound area compared to the amount
of delaminated area. If the sample is severely delaminated, this method will misidentify
part of the delaminated area as sound zone, which leads to a conservative result. Therefore,
the accurate estimation of the delaminated area needs to be determined aforehand if there
is no certainty about the sound area.

For the ST-EB specimen, both the surface and underneath defects (crack and delamina-
tion) are reasonably identified, which can be validated from surface cracks and the de-
lamination profile. As shown in Figure 5.16, the surface defects agree well with the de-
fects detection results in terms of their location and size. However, it is also found that
the developed methods cannot distinguish different types of defects, such as the crack and
delamination.

(a) Raw thermal image.
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Figure 5.15 Delamination detection for ST-CIS beam.
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Figure 5.16 Delamination detection for both sides of ST-EB specimen before and after loading test.

5.6.2 Validation from X-ray computed tomography (CT)

In order to verify the accuracy of the developed methods based on IRT technology and to
quantify the delamination in hybrid beam, CT for the large beam sample (i.e., ST-EB) is
conducted (shown in Figure 5.17). CT technique is an advanced non-destructive testing
technique that uses x-rays to create detailed cross-sectional images of the internal struc-
ture of a specimen. By capturing 2D images from various angles, these images are then
computationally reconstructed to 3D structure, allowing for precise visualization and
analysis of internal features [224]. Therefore, CT can help to detect the invisible defects
such as cracks and voids. However, it should be noted that due to the relatively large size
of the hybrid beam, a resolution of 0.59 mm is obtained.

Figure 5.17 CT scanning of the ST-EB specimen.

Quantitative analysis is carried out and the results are visualized using the image analysis
software Avizo. Slices from the surface of UHPFRC layer to the interfacial zone are se-
lected and combined for shallow defect detection. As illustrated in Figure 5.18, the spatial
distribution of visible surface cracks is displayed using Avizo software. Thereafter, the
spatially distributed cracks are projected onto a 2D plane and a comparison of the results
from analytical method based on IRT technology and CT is shown in Figure 5.19. The
comparison reveals that the results from CT in general agree well with the results from
infrared thermography in terms of the crack visualization. However, the delamination
(shown in Figure 5.16 (b)) is not well detected in CT since the resolution of CT is limited
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to 0.59 mm (larger than the delamination thickness). Though more vulnerable to the noise
error and edge effect, the IRT shows a better delamination detectability given that a de-
lamination thickness of 0.1 mm could be detected in S3-D1.

Surface crack

Figure 5.18 Projection of 3D crack profiles to 2D plane for ST-EB specimen.
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Figure 5.19 Comparison of results between IRT technology and CT scanning for ST-EB specimen.

5.6.3 Evaluation of interface properties in strengthened beams after FT

In order to examine the performance of interface and possibly delamination due to freeze-
thaw, among all tested beams, three cast in-situ beams (i.e., ST-M2-CIS-30, ST-M2-CIS-
75 and ST-M2-CIS-120 specimens) and one epoxy-bonded beam (ST-M2-EB-120) are
selected for infrared thermography test. The purpose to select three beams bonded by cast
in-situ technique is because they are more sensitive to shrinkage and freeze-thaw cycles.
For epoxy-bonded technique only the beam exposed to final 120 FT cycles is examined.

The infrared thermography test is conducted both before and after the predefined number
of freeze-thaw cycles and follows the same testing procedure described in Section 5.6.1.
Since the location of sound area is unknown, the analytical method without prior infor-
mation of sound area is applied to examine the interface performance in hybrid beams.
Figure 5.20 and Figure 5.21 show the SNR results for both sides of ST-M2-CIS-30 and
ST-M2-CIS-75 specimens, respectively. However, for ST-M2-CIS-120 and ST-M2-EB-
120 specimens, the SNR results for only one side of the specimen are presented, as shown
in Figure 5.22 and Figure 5.23, respectively.
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In terms of CIS bonding techniques, from Figure 5.20, it is found that after 30 FT cycles,
the interface properties become better, which is possibly due to the continued hydration
of the unhydrated cement particle in UHPFRC at the interface as additional water is pro-
vided during FT test [115]. While after more than 75 FT cycles, as shown in Figure 5.21
and Figure 5.22, it seems that freeze-thaw action starts to play a dominant role in weak-
ening the bond. This phenomenon also occurs in epoxy-bonded specimen subjected to
120 FT cycles. In Figure 5.23, when interface properties are compared without and with
FT cycles, it seems that the bond becomes worse, and the delaminated area is larger after
120 FT cycles. However, given the observed variability in results discussed in Section
5.5.2, this trend could also be influenced by scatter of the results caused by the inherent
weakness of the analytical method without information of the sound area. The average
temperature of the entire optimal frame is used for temperature difference calculation in
experiment and 50% of the temperature difference calculated by COMSOL is assumed
as threshold. Therefore, further tests with a model specimen (that is, non-delaminated
small UHPFRC-NC specimen) on top of the beam serve as a reference (i.e., sound area)
would be required to confirm this trend and rule out variability.

In addition, when comparing SNR results before and after FT cycles, there is an incon-
sistency in the identified locations of delamination. Specifically, delamination that is de-
tected in beams prior to FT action is not consistently detected in the same location in
beams after FT action - this inconsistency is particularly evident in beams exposed to
more than 75 FT cycles. Many factors might lead to such false identification, such as edge
effect, non-uniform heat, and ambient environmental condition. Therefore, in order to
provide a more quantitative analysis of interface properties due to FT action, future re-
search is needed to pre-process the temperature data (such as noise filtering, temperature
calibration and vignetting [225]) and to establish a more effective and objective analytical
method to enhance the signal.
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Figure 5.20 Delamination detection for both sides of ST-M2-CIS-30 specimen before and after 30
FT cycles.
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Figure 5.21 Delamination detection for both sides of ST-M2-CIS-75 specimen before and after 75
FT cycles.
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Figure 5.22 Delamination detection for the front side of ST-M2-CIS-120 specimen before and after
120 FT cycles.
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Figure 5.23 Delamination detection for back side of ST-M2-EB-120 specimen before and after 120
FT cycles.
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5.7 Conclusion

Subsurface defect (such as delamination or underneath crack) detection using active in-
frared thermography is promising for the inspection of concrete structures. Although the
defects can be visually identified by a temperature profile along the surface, more precise
delamination detection and establishing clear and objective criteria for delamination cat-
egorization are essential. This chapter develops a standardized testing method and post-
processing method for delamination detection in UHPFRC strengthened concrete beam
using active IRT. Six small-scaled specimens with predetermined artificial delamination
are evaluated. Through combined experimental and numerical study, three critical param-
eters (i.e., distance between specimen and lamp, optimal heating, and cooling time) are
defined. Thereafter, the postprocessing method is developed and its accuracy is evaluated
based on SNR results and performance metrics. In addition to the small-scaled composite
specimens, for upscaling application, two large composite UHPFRC-NC beams are also
tested using the developed testing procedures and analytical methods, and the accuracy
for the epoxy-bonded specimen is examined by both the visual inspection and CT scan-
ning. Finally, the interface properties for four hybrid beams after FT cycles are examined,
and the following conclusions are drawn:

(1) Based on combined experiments and numerical study, it is found that 25 min
heating can provide enough thermal contrast for minimal 0.1 mm delamination thickness
detection for UHPFRC-NC composites. Finally, the optimal cooling time is determined
when the maximum SNR is reached, and this is defined as an optimal frame for delami-
nation detection.

(2) The SNR method is applied to develop the post-processing method for delami-
nation detection. The analytical models are divided into two parts: optimal frame extrac-
tion and delamination area recognition. And two situations are considered: information
of sound area is known beforehand or not. Based on the SNR and performance metrics’
results, it is found that both analytical methods can reasonably detect the delamination in
terms of its location and size, though the results are easily affected by the non-unform
surface heat distribution, environmental noise and edge effects. In addition, for the ana-
lytical method with known sound area, the selection of appropriate sound area with small
standard deviation of temperature (reference area) is important for the accuracy and pre-
cision of defect detection. On the other hand, the analytical method without information
of sound area is more objective and generally could also provide reliable results.

(3) Varied parameters including the edge effect, the delamination thickness and the
size of the delamination, are investigated. Based on the results, it is observed that there is
interference if two delamination are too close to each other. In addition, large delamina-
tion thickness will increase its detectability as higher thermal contrast and SNR could be
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obtained. It also should be mentioned that uneven distribution of temperature along the
surface might lead to unreliable results.

(4) Two hybrid beams are also examined and analyzed by IRT with the developed
testing method. The results demonstrate that compared to analytical models with known
sound area, the analytical models without information of the sound area will underesti-
mate the real size of the delamination for severely delaminated specimen due to its as-
sumption that 50% of the temperature difference calculated by COMSOL is used as
threshold. However, both methods are effective to detect the defects for hybrid beam
without obvious visual imperfection, and its accuracy is both validated by visual surface
observation and CT scanning.

(5) The interface properties of four beams (three CIS beams and one epoxy-bonded
beam) after freeze-thaw cycles are examined. The results indicate that for the cast in-situ
technique, no delamination happens and the interface properties probably improve after
initial 30 FT cycles possibly due to continued hydration of the unhydrated cement particle
in UHPFRC near the interface. However, after more than 75 freeze-thaw cycles, the in-
terface properties deteriorate due to damage caused by the more dominant freeze-thaw
action. A similar interfacial degradation occurs in the epoxy-bonded specimen after 120
freeze-thaw cycles. However, such trend could also result from scatter of the results
caused by the inherent weakness of the analytical method without information of sound
area. In addition, it should also be noted that some inconsistencies in the observed delam-
ination locations in hybrid beams before and after freeze-thaw cycles highlight the limi-
tations of the current analytical model.

Future research is still necessary to further improve the accuracy and to reduce the
noise, edge effect and uneven heat distribution, therefore, higher performance metrics can
be achieved. In addition, a minimum delaminated thickness of 0.1 mm is investigated and
detected in current study, and it is recommended to continue reducing the dimension of
delamination until the minimum detectable delaminated size is determined. Finally, for
the analytical method without prior information of sound area, its accuracy is dependent
on the reliability of the assumption that 50% of the temperature difference calculated by
COMSOL is used as threshold. Therefore, further work is recommended, such as con-
ducting tests with model non-delaminated UHPFRC-NC specimens (as a reference)
alongside the test specimens, to validate the accuracy of the analytical method without
known sound area.
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6.2 Description of the electromagnetic method

6.1 Introduction

As indicated in Chapter 4, the non-uniform fiber distribution in UHPFRC may govern the
shear response of the hybrid beams. To address this, Chapter 6 introduces the electromag-
netic method to measure the fiber dispersion in UHPFRC panels for all tested beams.

In Section 6.2, the non-destructive electromagnetic method, including its principles, and
procedures for determining fiber content and orientation, is described. Thereafter, the ex-
perimental program is presented in Section 6.3 and the corresponding test results are sum-
marized in Section 6.4. The magnetic probes are calibrated firstly, and the influence of
the parameters including the casting directions, and vibration time, are evaluated. Finally,
the method’s accuracy is validated using x-ray imaging.

After validation, in Section 6.5, this method is applied to measure the fiber distribution
for all tested beams. Then the influence of non-uniform fiber distribution on the shear
capacity of hybrid beam is evaluated. Section 6.6 presents the analytical method to predict
the main mechanical properties (i.e., compressive strength, elastic modulus and tensile
response) of UHPFRC based on the fiber contents. Finally, Section 6.7 concludes Chapter
6.

6.2 Description of the electromagnetic method
6.2.1 Principles

The magnetic permeability () of a material is a property that indicates how easily a

magnetic field can be created within the material. It is defined as the ratio of the magnetic
flux density, generated within the material by a magnetizing field, and the magnetic field
strength. To compare the magnetic permeability of a material ( ) with that of non-mag-

netic materials like vacuum ( 1, ), the relative magnetic permeability ( 4, ) is used, which

is expressed as:

U
H Ho 6.2)
UHPFRC contains two parts: (1) cementitious matrix and (2) steel fibers. Similar to air
or other non-magnetic materials, the relative magnetic permeability of the matrix equals
to 1 while the relative magnetic permeability of steel fibers is much higher than 1 due to
their ferromagnetic property. Therefore, the magnetic permeability can be used as an in-

dicator of the fiber content within the UHPFRC element.

Based on the previous work by Nunes et al. [41,153], two kinds of inductors (i.e., I-shaped
ferrite magnetic probe and U-shaped ferrite magnetic probe) are developed at TU Delft,
as shown in Figure 6.1 (a) and (b). The inductor consists of ferrite core with copper wire
coil around it. A magnetic field is generated if an electric current is applied and passes
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through the copper coil. The inductance of the resulting magnetic circuit L, which is de-
fined as the amount of magnetic flux produced for a given electric current, can be meas-
ured by LCR meter, as depicted in Figure 6.1 (c). If the inductor is placed on a UHPFRC
member, the measured inductance of the magnetic circuit depends on the relative mag-
netic permeability of the composites. Nunes et al. [41,153] proposed that within the nor-
mal steel fibers content in UHPFRC (i.e., lower than 4% by volume), the relative mag-
netic permeability of UHPFRC ( x4, ; ) in a given direction i can be simplified by the fol-

lowing equation:
JTRRS ﬂ (62)
I‘air
where L, iS the measured inductance through the UHPFRC material and L, is the
measured inductance in the air (also represents the reference value).

Figure 6.1 Experimental set-up: (a) U-shaped ferrite probe; (b) I-shaped magnetic probe; (c) LCR
meter.

6.2.2 Fiber distribution and orientation measurement

For athin UHPFRC layer, that is, the fiber length is larger than the thickness of UHPFRC,
it is assumed that fibers are in 2D plane and there is a negligible interaction of the fibers.
Based on the above assumption, Nunes et.al [41,153] proposed a simplified physical
model to predict the relative magnetic permeability of thin UHPFRC elements in any
direction and found that the relative magnetic permeability of the UHPFRC depends on
the fiber distribution, and fiber orientation with respect to the measuring direction.

Fiber content
The mean value of the relative magnetic permeability ( 4, ..., ) is obtained by averaging
the measurements of relative magnetic permeability taken in two orthogonal directions,

as expressed by:

:ur,i + :ur,j
2
where g, ; and g, ; are the relative magnetic permeability for the orthogonal directions

(6.3)

,ur,mean =

i and j, respectively. And it is found that the x, ... is independent of fiber orientation
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and has a linear relation with fibre content (V, ). Therefore, the x, ... can serve as an
indicator of the fiber content, and the relation between , .. and V, can be expressed
as:

. ;ur,mean -1
Tk

\

v, (64)
where k, is a proportionality constant and needs to be calibrated experimentally.

Fiber orientation

Based on the 4, ; and g, ;, as proposed by Nunes et.al [41,153], the preferential fiber

orientation ( p, ;) can be identified and expressed as:

_ Hei _/ur,j
2(;ur,mean _1)
The fiber orientation indicator ( g, ; ) is independent of the fiber content, and a positive or

Pij (6.5)
a negative value of p, ; indicates that the fibers are more preferably aligned along i or j

direction. If p, ; =0, a uniform fiber distribution is expected.

The fiber orientation factor («,; ) is an effective parameter to characterize the fiber ori-
entation in the cross-section and can be calculated as follows:
N, - A
Coi =~
TV A
where N, is the number of the fibers in the cross-section, A, is the cross-sectional area

(6.6)

of single fiber, V, is the fiber content and A is the cross-section area of specimen. Nunes
et.al [41,153] found that the relation between the fiber orientation indicator ( o, ; ) and the
fiber orientation factor along i and j direction (¢, &, ;)) is approximately linear, and
their relations can be expressed as follows:
Gy = kapi,j + Qo (6.7)
=K, 0+ % (6.8)
where k, is the slope of the linear expression and can be experimentally determined.
@, 1S the fiber orientation factor when the fiber orientation is uniformly distributed,

and is relevant to the ratio between thickness of UHPFRC element (h,) and the fiber
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length (1, ). For fibers in 2D plane (i.e., h, /1, close to 0), a,;, =0.64, while for in 3D
(ie, h/l; 5> 0), o, =0.5 [41].

6.3 Experimental program
6.3.1 Specimen preparation

As described in Section 6.2, in order to quantify the fiber content and orientation, two
indicators ( 4, ..., and p; ;) are proposed and the proportionality constant k, can be cal-

ibrated experimentally. Calibration is performed by testing specimens with different fiber
contents.

The UHPFRC2 mixture is used, and a total of 27 UHPFRC plates with a dimension of
200 x 200 x 10 mm? are fabricated. Additionally, to determine the compressive and ten-
sile properties of UHPFRC with varying fiber contents (0%, 1%, 2%, 3%, and 4%), three
cubic samples with dimensions of 40 mm and dog-bone samples are prepared. As shown
in Table 6.1, the specimens are categorized into three groups to investigate the effects of
casting direction and vibration on fiber distribution and orientation. Group 1 and Group
2 include horizontally and vertically cast specimens without vibration, respectively.
While in group 3, specimens are vertically cast with vibration for various time durations.
During mixing and casting, care is taken to ensure random fiber orientation within the
UHPFRC specimens. However, in Group 3, due to the vibration of the vertically cast
UHPFRC specimens, the fibers tend to sink and align horizontally at the bottom of the
plates. Inductance measurements are performed immediately after demolding (i.e., at the
age of 1 day) as the relative magnetic permeability is independent of the age and compo-
sition of the matrix. To determine the fiber content and orientation, the sensitivity of the
measurements is assessed by considering factors such as edge effects, surface painting,
and surface roughness of the UHPFRC plates. Furthermore, the impact of casting direc-
tion and vibration time on fiber distribution and orientation is investigated. Details of the
specimens are provided in Table 6.1.

Table 6.1 Details of all tested specimens.

i Dimension ibration ti

Group Spe::lljmen (LxBxt (mm%)) Fiber content (%) Casting direction Vlbr?;:?r?)tlme

H1-1 1 Horizontal

H1-2 1 Horizontal

H2-1 2 Horizontal

H2-2 2 Horizontal

H2-3 2 Horizontal
Groupl o 200 x 200 10 2 Horizontal

H3-1 3 Horizontal

H3-2 3 Horizontal

H4-1 4 Horizontal

H4-2 4 Horizontal
Group 2 V1-1 1 Vertical
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V1-2 1 Vertical -
V2-1 2 Vertical -
V2-2 2 Vertical -
V2-3 2 Vertical -
V2-4 2 Vertical -
V3-1 3 Vertical -
V3-2 3 Vertical -
V4-1 4 Vertical -
V4-2 4 Vertical -
V2-T1-1 2 Vertical 1
V2-T2-1 2 Vertical 2
V2-T2-2 2 Vertical 2
Group3  V2-T3-1 2 Vertical 3
V2-T3-2 2 Vertical 3
V2-T5-1 2 Vertical 5
V2-T5-2 2 Vertical 5

Note: For the specimen ID, the first letter represents the horizontal (H) or vertical (V) casting direction, the first
number denotes the fiber volume (%) and Tn (in group 3) represents vibration for n minutes. Finally, the last
number denotes the serial number of the plate for the same kind of specimen since at least two plates are tested
to ensure reliable test results. Four replicates for 2% UHPFRC are cast, as this mix is used in all beams. However,
only one specimen, vibrated for a minute, is tested as others failed during casting.

6.3.2 Testing process

The testing process is divided into three main steps. Firstly, the I-shaped ferrite magnetic
probe (shown in Figure 6.1 (b)) is calibrated to measure fiber distribution, and the U-
shaped ferrite magnetic probe is calibrated to measure the fiber orientation indicator. Alt-
hough both probes can detect fiber distribution, only the I-shaped probe is used in this
study given its better precision and ability to minimize distortion in measurement that
occurs near the edges of specimens (i.e., edge effects [41]). After calibration, in the sec-
ond step, the effects of fiber content, casting direction, and vibration time are investigated
for their impact on fiber distribution and orientation measurements. Finally, some UHP-
FRC plates are selected for x-ray absorption imaging to assess fiber distribution and val-
idate magnetic probe measurements.

Calibration (fiber distribution and orientation)

The UHPFRC plates in group 1 and group 2 are selected to calibrate the I-shaped probe.
For horizontally cast specimens in group 1, measurements are performed only with
smooth (i.e., cast against mold) surface. For vertically cast specimens from group 2, since
both sides are cast against the mold and are therefore smooth, the inductance measure-
ment is done on both sides. The detailed measurement and k, determination procedures

are as follows:

(1) Asshown in Figure 6.2, 25 measurement points are arranged in a square matrix.
Each pair of adjacent points is 25 mm apart, and the distance from each side
measurement point to the edge of the specimen is 50 mm.
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(2) For each measurement point, the inductance is recorded in both the i and j direc-
tions to account for fiber orientation. The mean relative magnetic permeability
is then calculated. Finally, the mean values of relative magnetic permeability
from all 25 measurement points are averaged to determine the overall mean
Uy mean TOT the entire specimen.

(3) After measuring all UHPFRC plates in Groups 1 and 2, the relationship between
Uy e @nd fiber content (ranging from 0% to 4%)) is plotted. The proportionality

k, can then be determined as detailed in Section 6.2.2.

200

5 25 |25 |25 |/ 50

50

50 525 51/ 50
200

Unit: mm K
@) (b)

Figure 6.2 Fiber distribution measurement: (a) schematic view; (b) test image.

For fiber orientation measurements, the U-shaped ferrite magnetic probe is used. As
shown in Figure 6.3, the inductance is measured by aligning the probe with the measuring
direction starting at 0° (i.e., the i direction) and rotating in 15° increments until a full 360°
rotation is completed. This results in a total of 25 measurements per specimen. Theoreti-
cally, the inductance value at an angle 8 should be the same as at §+180°. Using equation
(6.2), p,; and , ; are calculated, and the fiber orientation indicator p, ; is determined

using equation (6.5). Additionally, the k, value for the U-shaped ferrite magnetic probe

is also determined when measuring UHPFRC plates with varying fiber contents (0-4%).

(@)

Figure 6.3 Fiber orientation measurement: (a) measurement arrangement (angles and direction); (b)
test image.
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Sensitivity analysis of inductance measurement

The edge effect can occur when a measurement point is near the edge of the specimen.
In such cases, the magnetic field generated by the probe extends beyond the UHPFRC
specimen, which can reduce the inductance value if there is no ferromagnetic material
outside the measurement area. To ensure reliable measurements, as recommended by
Nunes et al. [41], the minimum edge distance for both probes must be determined. The
testing procedures in this study involve the following steps:

(1) Two plates (V2-2 and V4-2 plates) are used. The I-shaped and U-shaped probes
are placed at the center of each plate to measure their initial inductance values.

(2) Subsequently, as shown in Figure 6.4, 10 mm of UHPFRC is removed from the
edge of the specimen in 6 steps, reducing the plate size from 200 mm to 80 mm.
Inductance is measured after each removal.

(3) Once the measured inductance starts to decrease, it indicates the onset of the
edge effect and the minimum edge distance can be determined.
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Figure 6.4 Test protocol to study the edge effect and determine minimum edge distance of the probes.

The surface roughness affects the accuracy of the measurement since it reduces the con-
tact area between probes and the UHPFRC plates. A lower inductance value is measured
for a rougher surface and such unfavorable effect is confirmed by Nunes, et.al [41]. In the
current study, the effect of surface roughness is studied by testing two horizontally cast
UHPFRC plates (H1-2 and H3-2 specimens). For horizontally cast UHPFRC specimens,
the cast surface is generally rougher than the cast against mold surface. The cast surface
is smoothened by a sandpaper. Therefore, for one plate, the inductance measurement is
conducted on cast, sanded and smooth (cast against mold) surface.

The white paint (coating) on the UHPFRC surface may alter the magnetic permeability
due to its different magnetic properties, potentially affecting the inductance measurement.
Four plates with different fiber contents (V1-2, V2-1, V3-1, V4-1) are selected to measure
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inductance at 45° intervals. Firstly, inductance is measured for each specimen without
paint. Subsequently, as shown in Figure 6.5, a thin layer of white painting is applied on
the surface of the specimen and inductance is measured again. Finally, by comparing
inductance measurements before and after painting, the effect of white paint is analyzed.

L

() (b)

Figure 6.5 Test process to study the effect of white painting: (a) specimens painted in white; (b)
inductance measurement.

Parameters influencing fiber distribution and orientation

The casting direction can alter the flow pattern of fresh UHPFRC, causing fibers to align
with the flow direction and affect the fiber dispersion and orientation. In this study, as
shown in Figure 6.6, two types of molds, are prepared for horizontal and vertical casting
of UHPFRC. The I-shaped and U-shaped probes are then used to measure inductance in
specimens from Group 1 (horizontally cast) and Group 2 (vertically cast). The fiber dis-
tribution and orientation for all specimens are analyzed and compared to assess the impact
of the casting direction.

Casting direction

Casting direction

(@) (b)
Figure 6.6 UHPFRC casting direction: (a) Horizontal casting; (b) vertical casting.

Vibration during casting can affect the fiber distribution of fresh UHPFRC, causing fi-
bers to concentrate at the bottom of the specimen and potentially leading to segregation.
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To quantify this effect, specimens in Group 3 are cast vertically and vibrated on a vibra-
tion table at 100 Hz for various time intervals (1 min, 2 min, 3 min, and 5 min). After
hardening and demolding, the same testing procedures are used with the I-shaped and U-
shaped probes to measure fiber distribution and orientation. The results are then compared
to evaluate the impact of vibration.

Validation process

Since the electromagnetic method does not provide direct observation of steel fibers in-
side UHPFRC elements, x-ray imaging is performed on 10 specimens with different fiber
contents to validate the reliability of the probe measurements. The fiber distribution and
orientation from inductance measurements are compared with the fiber distribution ob-
served through x-ray imaging. The V2-T5-1 specimen is also selected to examine fiber
segregation due to vibration.

X-ray imaging provides the 2D distribution of fibers in UHPFRC elements, which is ac-
ceptable given that the fiber length (13 mm) exceeds the plate thickness (10 mm). How-
ever, overlaps of fibers in the 2D images hinder accurate calculation of the actual fiber
content. Therefore, this study focuses on a qualitative comparison between probe meas-
urements and x-ray images rather than a quantitative analysis of local fiber contents.

Prior to imaging, the UHPFRC plate is fixed by placing it vertically in a styrofoam holder
and wrapping it with a plastic strip (Figure 6.7). The plastic strip is used because its low
density allows x-rays to penetrate without creating artifacts. The holder with the sample
is then positioned for scanning. A high resolution of 60 um is used to distinguish the steel
fibers, which have a diameter of 200 pm.

N e

[

Figure 6.7 CT scanning of UHPFRC plate.
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6.4 Testresults and validation
6.4.1 Mechanical properties of UHPFRC with different fiber volume

The material test results for UHPFRC with different amount of fibers, including compres-

sive strength, tensile strength (first cracking f, and post-crack tensile strength f , and

cracking strain &, and tensile strain capacity ¢, ) and E-modulus, at an age of 28 days

are listed in Table 6.2. In Figure 6.8, the stress-displacement relationship under tension
and the cracking pattern of UHPFRC mixtures with varied fiber contents are shown.
When the fiber content is increased from 0 to 2%, the mechanical properties of UHPFRC
are improved, in which the compressive strength, elastic modulus, peak tensile strength,
and tensile strain capacity are increased by 39%, 23%, 88%, 488%, respectively. As ex-
pected, steel fibers have a most substantial influence on the tensile properties of UHPFRC.
However, when the fiber content reaches a certain value (2% in current study), adding
more steel fibers does not affect significantly the mechanical properties of UHPFRC,
possibly due to the reduced workability and fiber agglomeration at high fiber volume.
From Figure 6.8, it is also found that generally the tensile behavior of UHPFRC is gov-
erned by the amount of steel fibers. When the fiber content is lower than 1%, the tensile
behavior of UHPFRC can be divided into two phases: linear elastic and strain softening
phases (shown in Figure 6.8 (a) and (b)). In the initial stage, specimens exhibit linear
elastic behavior until the cracking tensile strength is reached. Subsequently, UHPC (with-
out steel fibers) experiences a brittle failure. Compared to UHPC, the low amount of steel
fibers (< 1%) enables UHPFRC a much-prolonged softening branch, therefore the frac-
ture energy is significantly improved. When the fiber content is more than 2%, assuming
uniform fiber orientation, after the linear elastic phase, the specimen exhibits a short stage
of load increase as the cracks widen, due to the fiber bridging effect prior to the softening
stage. The tensile behavior is nearly the same for UHPFRC with fiber contents ranging
from 2 to 4%. In addition, for all UHPFRC, irrespective of the fiber content, the crack
patterns under tension are the same, with the deformation being localized in a single crack.

Table 6.2 Mechanical properties (average + standard deviation) of UHPFRC with varied fiber content.

Compressive Elastic First Cracking  Peak tensile Tensile strain

Mixture strength modulus  cracking strength strain strength capacity
(MPa) (GPa) (MPa) (%) (MPa) (%)

UHPC 107.1+13.2  35.5%4.2 6.0£1.0 0.017£0.001  6.0£1.0  0.017+0.001

UHPFRC (1%) 132.9411.9  39.045.2 9.4+0.7 0.025£0.004  9.4+0.7  0.025+0.004
UHPFRC (2%)  149.245.4 43.744.9 11.1+0.9 0.026+£0.005 11.3+0.6 0.10+0.08
UHPFRC (3%)  155.5+4.3 45.0+2.8 9.1+1.0 0.027£0.003  12.1+1.1 0.20+0.09
UHPFRC (4%)  159.3+4.6 45.4+1.3 11.3+0.5 0.025+0.001  11.8+0.7 0.14+0.05
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Figure 6.8 Stress-displacement behavior of UHPFRC with varied fiber content (left) with crack
patterns (right): (a) UHPC; (b) UHPFRC (1%); (c) UHPFRC (2%); (d) UHPFRC (3%); () UHPFRC
(4%).

6.4.2 Fiber content and ky factor calibration
As described in Section 6.2.2 and Section 6.3.2, k, is a calibration constant and can be

determined based on UHPFRC plates with different fiber contents. The results are plotted
in Figure 6.9. Itis found that a fitted linear equation 4, ... = 2.6082V, +1 best represents

the relationship between the mean relative magnetic permeability ( z, ..., ) and the fiber
content V, (ranging from 0 to 4%). It should be mentioned that the highest variation is

found in 2% UHPFRC plates, which might be caused by an uneven fiber distribution
during casting due to the relatively high fluidity of the mixture.
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Figure 6.9 k, factor for the I-shaped probe.

After determining K, factor, the local fiber contents for each specimen can be calculated.

Results for UHPFRC plates of varying fiber contents, cast horizontally, are shown in Fig-
ure 6.10. For example, the H1-1 specimen theoretically has 1% fiber content, but the local
fiber content varies, with a maximum of 1.22% and a minimum of 0.98% (Figure 6.10
(@)). It is observed that as the fiber content increases, the variation in local fiber content
also grows, from 0.24% to 0.93%. This is likely because higher fiber content reduces
UHPFRC flowability, increasing the potential for fiber agglomeration.
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Figure 6.10 Fiber content contour plots for plate with different fiber content: (a) H1-1; (b) H2-1; (c)
H3-2; (d) H4-1.

6.4.3 Determination of fiber orientation

As described earlier, p, ; is fiber orientation indicator to reflect the preferential fiber ori-

entation. With the use of U-shaped probe and following the measurement procedures from
Section 6.3.2, the fiber orientation for each specimen can be determined. Results of

and p,; at varied measurement angles are shown in Figure 6.11. Figure 6.11 (a) shows
that, regardless of fiber content in UHPFRC plates, the x4, ; values measured at every

angle for the same plate are nearly identical, indicating a random fiber orientation. This
is further supported by the p, ; results in Figure 6.11 (b), where the p, ; values are rela-

tively small (within 12%). As described in Section 6.2.2, a more random fiber orientation
corresponds to a p, ; value closer to 0, although a slight preferential fiber orientation is

noted at 60° for the H3-1 specimen. As the fiber content increases, the measured 4, ;

value also increases, since more fibers lead to a higher inductance.
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Figure 6.11 Fiber orientation indicators in UHPFRC plates with different fiber contents: (a) ., and

(b) p,; atvaried measurement angle.
6.4.4 Sensitivity analysis of inductance measurement

The edge effect
Figure 6.12 shows the changes in s, ... and Az, ... /Al with reduced UHPFRC ele-

ment size for I-shaped and U-shaped probes. As seen in Figure 6.12 (a), the measured
M, mean USING the I-shaped probe remains nearly constant (only a 0.3% reduction) when

the specimen size decreases from 200 mm to 100 mm, indicating a minimum edge dis-
tance of 50 mm. Figure 6.12 (b), the measured 4, .., With the U-shaped probe remains

stable (less than a 1% decrease) until the specimen size is reduced to 120 mm, after which
M, e StArts to decrease significantly, reflecting a minimum edge distance of 60 mm.

The U-shaped probe requires a larger minimum edge distance compared to the I-shaped
probe due to its larger measurement area.
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Figure 6.12 The variation of » . and Ag, .. /Al with the reduced size of UHPFRC element: (a) I-
shaped probe; (b) U-shaped probe.

The surface roughness

Inductance measurements for the H1-2 and H3-2 plates are conducted on three surface
conditions: cast (rough) surface, sanded surface, and smooth surface. Figure 6.13 (a) re-
veals that fibers are oriented randomly in all three surface conditions, with the plotted
curves being nearly circular. However, the value is significantly lower for the rough sur-
face compared to the smooth surface, due to reduced probe contact and lower magnetic
intensity, as well as possible fiber segregation along the thickness of the plates. Manual
smoothening by sand paper had minimal effect, unlike by using specialized grinding
equipment as performed in [41]. Figure 6.13 (b) shows that fiber contents are significantly
lower under the rough condition—by 54% and 31% for H1-2 and H3-2 plates, respec-
tively. This indicates that surface roughness greatly affects fiber content measurements.
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Figure 6.13 The effect of surface roughness: (a) y,; at varied measurement angle, (b) measured
fiber contents.
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The white paint (coating)

Figure 6.14 shows the measured fiber contents for four UHPFRC plates with and without
painting. The average fiber content slightly decreases (by less than 4%) after painting,
indicating that the effect of the white paint is minimal. If a thicker non-ferromagnetic
layer is present between the UHPFRC plates and the probes, the impact could be more
significant, as noted in [226], where a 90% attenuation is observed with a distance greater
than 24 mm between the UHPFRC and probe.
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3.0 2.725%
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Figure 6.14 The effect of white painting.
6.4.5 Factors affecting fiber distribution and orientation

The effect of casting direction

Figure 6.15 shows the local fiber content for eight UHPFRC plates cast either horizontally
or vertically with varying fiber contents. For horizontally cast plates (Figure 6.15 (a), (b),
(c), (d)), the fiber content varies randomly across different regions, with no clear trend as
the fiber content increases. This randomness is mainly due to the placement position of
the fresh UHPFRC during casting.

In vertically cast plates (Figure 6.15 (e), (), (9), (h)), the fiber content locations are also
random when fiber content is below 2%. However, for fiber contents above 2%, fibers
tend to accumulate more at the top of the specimens. This accumulation may be due to
fibers agglomeration, caused by the plate thickness being smaller than the fiber length.
Additionally, for both casting directions, the difference between V,__, and V,,,, becomes

more pronounced when the fiber content exceeds 2%, likely due to reduced flowability
and fiber segregation.
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Figure 6.15 Fiber content contour plots for horizontally cast plates (top) and vertically cast plates
(bottom) with increasing fiber volume from left to right: (a) H1-1; (b) H2-1; (c) H3-1; (d) H4-1; (e) V1-
1; (f) V2-1; (g) V3-1; (h) V4-2.

Figure 6.16 presents the effect of casting direction on fiber orientation for the eight UHP-
FRC plates. The results show that, regardless of the casting direction, the value ,; var-

ies slightly at different measurement angles, with the curve resembling a circle. The max-
imum value p, ; is below 10% for all specimens except H3-1, where o, ; *12% and fi-

bers are oriented preferentially at 60°. Thus, the casting direction has a negligible impact
on fiber orientation.
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Figure 6.16 Fiber orientation plots for plates with different fiber content and casting direction: (a) g,

The effect of vibration

and (b) p,; atvaried measurement angle.

Figure 6.17 shows the fiber content distribution for four vertically cast 2% UHPFRC
plates with varying vibration time. Vibration time significantly affects fiber distribution.
With one minute of vibration, the fibers remain randomly distributed (Figure 6.17 (a)).
However, with vibration time exceeding 2 minutes, noticeable fiber segregation occurs.
Most fibers, due to their higher density, sink to the bottom of the plates. As vibration time
increases, segregation becomes more pronounced, with fiber content increasing at the
bottom and larger areas showing fiber content as low as 0-0.5%.
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Figure 6.17 Fiber content contour plots for plates with 1min, 2min, 3min and 5min duration of
vibration: (a) V2-T1-1; (b) V2-T2-1; (c) V2-T3-1; (d) V2-T5-1.

The fiber orientation results for those four UHPFRC plates with different vibration time
are also presented (Figure 6.18). The increase of vibration time greatly decrease the mag-
nitude of , ; at different measurement angle and 4, ; is highest at 90° (or 270°) and

lowest at 0° (or 180°) (Figure 6.18 (a)). This is due to the fiber segregation at the bottom
of the elements. As shown in Figure 6.19 (a), at the 90°, the U-shaped probe is closest to
the fiber segregation area among all measurement angles, and therefore the inductance
intensity is higher and results in a larger 4, ;. On the contrary, the farthest distance to

fiber segregation area at 0° (or 180°) leads to the lowest 4 ; among all measurement
angles (Figure 6.19 (b)). This is further confirmed by the o, ; results shown in Figure
6.18 (b). o, ; becomes larger as the vibration time increases and the highest p, ; value
is obtained at 90° or 270°. But it should be noticed that the high p, ; value is caused by

fiber segregation but does not indicate that the fibers have a preferential orientation at 90°
or 270°. For vibrated specimens, x-ray imaging will additionally be used to evaluate the
fiber orientation.
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Figure 6.18 Fiber orientation plots for vertically cast 2% UHPFRC plates with different vibration time:
(@) 4, and (b) p,; atvaried measurement angle.
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Figure 6.19 4 ; for vertically cast 2% UHPFRC plates with fiber segregation: (a) y,; at 90° or 270°
(b) ,; at0°or 180°.

6.4.6 Validation by x-ray imaging

X-ray images and fiber content contour plots from the electromagnetic method for seven
plates are compared (Figure 6.20).To avoid edge effects, measurements start 50 mm from
the edge, focusing on the central 200 mm x 100 mm area of each plate. Generally, the
magnetic probe measurements align well with x-ray imaging results. Fiber content and
casting direction do not show significant impact on fiber dispersion.
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For plates without vibration, H3-1 and V3-2 (Figure 6.20 (e) and (f)) exhibit significant
differences in local fiber contents. Both x-ray images and contour plots based on electro-
magnetic method indicate that fibers are concentrated at the top, with fewer at the bottom.
However, the most significant effect is from vibration. Figure 6.20 (g) shows that after
five minutes of vibration, the V2-T5-1 plate exhibits severe fiber segregation, with most
fibers settling at the bottom and almost none at the top.
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Figure 6.20 Fiber content contour plots for plates with different casting directions, fiber contents and
vibration time: (a) H1-1; (b) V1-1; (c) H2-4; (d) V2-3; (e) H3-1; (f) V3-2; (g) V2-T5-1.

Due to 2D representation, x-ray images do not provide fiber contents. To reflect the local
fiber distribution, fiber area percentages are calculated and compared. For example, for
the V2-T5-1 specimen (Figure 6.21), the following steps are taken:

(1) Higher resolution x-ray imaging is performed on the central top, middle, and
bottom of the plates.

(2) ImageJ software is used to enhance the contrast between fibers and the matrix.
(3) The number of fibers (N ) and the area of each fiber ( A, ) are counted. Thus,
the total area of fibers ( A, = N x A, ) can be obtained. Given the known scanning

area A, the fiber area percentage ( A, = A / A) can then be calculated for each

scanning area.

181



6.4 Test results and validation

Central top

Figure 6.21 Individual CT scan of central top, middle and bottom part of V2-T5-1 plate and contrast
enhancement through image J tool.

A comparison between area percentages ( A, ) computed from x-ray data and local fiber
contents (V, ) obtained from the electromagnetic measurements is shown in Table 6.3.

Although x-ray images provide only fiber area percentages rather than exact local fiber
contents, there is a correlation between the two. Generally, a higher fiber area percentage
in a plate region corresponds to a higher local fiber content. For instance, in the V2-T5-1
specimen, the top region has only 1.5% fiber area, aligning with a fiber content of 0.03%,
while the bottom region shows a significant 61% fiber area, corresponding to a fiber con-
tent of 3.05%.

Table 6.3 Comparison between area percentages from CT results and local fiber content from
electromagnetic method for seven tested specimens.

Central top Central middle Central bottom
Specimen Area Fiber contents Area Fiber contents Area Fiber contents
name percentages %) percentages %) percentages %)
(%) (%) (%)
H1-1 33.2 1.13 30.9 1.07 28.6 1.08
V1-1 26.6 0.85 32.0 0.90 315 0.97
H2-4 42.8 1.77 41.7 2.04 40.2 1.96
V2-3 36.4 1.30 37.1 1.59 314 1.29
H3-1 51.4 3.26 46.1 3.04 47.0 2.83
V3-2 50.1 3.19 48.8 3.26 45.7 2.63
V2-T5-1 15 0.03 15.1 0.88 61.0 3.05

Based on the test results in Table 6.3, an exponential equation is proposed to establish the
relationship between the A, and V,, as shown in Figure 6.22. The proposed equation is

described as follows:

V, =0.27(e”®* —1) (6.9)
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Figure 6.22 Comparison of the test results and predicted results by equation (6.9).

6.5 Beam test and discussion

After calibration of magnetic probes and validation of its effectiveness to measure the
fiber dispersion inside the specimens, the magnetic method is applied to measure the fiber
distribution in hybrid beams, especially the beams tested after FT cycles. However, it
should be noted that longitudinal reinforcement in the strengthened beams may influence
the inductance measurements, as fiber content was calibrated on UHPFRC plates. Given
that the effective penetration depth of magnetic probes developed in [227,228] was 25
mm whereas the reinforcement is placed at the depth of (30mm) from the surface, proba-
bly the influence is negligible. However, this should be investigated in future for the spe-
cific probes developed at TU Delft.

6.5.1 Measurement layout for hybrid beam

Figure 6.23 illustrates the layout for measuring fiber distribution in beam specimens. Due
to the larger size of the UHPFRC panels (1400 x 200 x 10 mm?®) compared to the smaller
UHPFRC plates (200 x 200 x 10 mm?), measurements are taken 50 mm vertically and
100 mm horizontally for beam specimens. Although a total of 42 measurement points is
performed, only the 30 points within the effective span (highlighted by the pink rectangle
in Figure 6.23) are critical, as these points affect the shear behavior of the beams. The
measurement procedures for these points follow the same methods used for the smaller
UHPFRC plates, as described in Section 6.3.2.

UHPFRC
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-

JE
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50 10013 - 50
* 200 500 500 200—
; 1400 )

@ Fiber content measurement point

Figure 6.23 Layout of fiber distribution measurement for beam specimens (unit: mm).
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6.5.2 Beam test results

Figure 6.24 shows the fiber distribution within the effective span for CIS and EB beams
subjected to freeze-thaw action, as well as the horizontally-cast ST-M2-EB-HC beam.
For each beam, results are shown for two lateral UHPFRC plates.

In the vertically-cast beam specimens, noticeable fiber segregation is observed due to vi-
bration during casting, with most fibers settling at the bottom. In contrast, the ST-M2-EB-
HC beam exhibits a more uniform fiber distribution throughout both the length and height,
with a global fiber content of around 1.5% and local fiber content ranging between 1% and
2%. The minimal variation in local fiber content indicates little to no segregation in hori-
zontally cast lamellas in ST-M2-EB-HC specimen.
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Figure 6.24 Local fiber distribution for different tested specimen: (a) ST-M2-EB-HC; (b) ST-M2-EB;
(c) ST-M2-EB-30; (d) ST-M2-EB-75; (€) ST-M2-EB-120; (f) ST-M2-CIS; (g) ST-M2-CIS-30; (h) ST-
M2-CIS-75; (i) ST-M2-CIS-120.

6.5.3 Discussion
As discussed in Section 6.5.2, the degree of fiber segregation varies among specimens.
To quantify this segregation, the fiber distribution across all specimens is analyzed. The
contour plots in Figure 6.24 show that fibers predominantly segregate in the height direc-
tion.

To measure this, the local fiber content along the height of cast-in situ and epoxy-bonded
strengthened beams is averaged, as detailed in Table 6.4 and Table 6.5, respectively. A
method to quantify the fiber segregation degree is used, also referred to as the fiber dis-
tribution coefficient [39,229].

0(X) = ,/Z(Xi’+_l) (6.10)

a=e*"% (6.11)
Where « is the fiber distribution coefficient (segregation degree); ¢(x) is the coeffi-

cient of variation; x, is the fiber content at each height of the UHPFRC specimen, in %;
X is the average content of the fiber, in %; n is the total number of measurement points

along the height (e.g., n =3 in current research).

The segregation degree for each UHPFRC panel is calculated using Equations (6.10) and
(6.11), with the results summarized in Table 6.6 and Table 6.7. Here, the values of «

range from O to 1, where a lower « indicates more severe fiber segregation.

For the CIS beams, as presented in Figure 6.25 (a), the ST-M2-CIS-75 specimen exhibits
the lowest « , indicating the most severe fiber segregation. This is in line with the lowest
shear resistance for the strengthened beam (74.1 kN). Conversely, the ST-M2-CIS-30
specimen shows a relatively low o of 0.49 but achieves the highest shear resistance
among the CIS beams.
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For epoxy-bonded specimens, the shear capacity is primarily influenced by the fiber dis-
tribution within the UHPFRC laminates due to the strong bonding quality of the epoxy

resin. As shown in Figure 6.25 (b), there is a strong correlation between the « value and

the peak load of epoxy-bonded specimens, with a higher o resulting in a higher peak
load. The ST-M2-EB-75 and ST-M2-EB-120 specimens have similar « value, resulting
in only a slight difference in peak loads (around 4%). Additionally, due to different cast-
ing directions, ST-M2-EB shows the lowest & and peak load, while ST-M2-EB-HC
shows the highest o and peak load. Thus, a uniform fiber distribution is critical for en-

hancing the shear resistance of UHPFRC-RC structures, highlighting its importance in
strengthening RC structures with UHPFRC.

Table 6.4 Fiber distribution along the height of cast in-situ specimen.

Cast in-situ beam specimens

Height

ST-M2-CIS ST-M2-CIS-30 ST-M2-CIS-75 ST-M2-CIS-120
Panel 1 Panel 2 Panel 1 Panel 2 Panel 1 Panel 2 Panel 1 Panel 2
200 - - - - - - - -
150 0.74% 0.61% 0.59% 0.51% 0.42% 0.31% 0.53% 0.70%
100 1.63% 1.22% 1.23% 0.90% 0.33% 0.14% 0.92% 1.20%
50 2.99% 3.02% 3.36% 3.07% 2.07% 1.15% 3.71% 2.46%
0 - - - - - - - -
Table 6.5 Fiber distribution along the height of epoxy-bonded specimen.
Heiaht Epoxy-bonded beam specimens
g ST-M2-EB ST-M2-EB-30 ST-M2-EB-75 ST-M2-EB-120 ST-M2-EB-HC
Panel1 Panel2 Panell Panel2 Panell Panel2 Panell Panel2 Panell Panel?2
200 - - - - - - - -
150 021% 030% 0.25% 0.26% 0.32% 0.21% 0.44% 053% 145% 1.63%
100 0.34% 1.46% 0.79% 0.82% 0.78% 1.93% 1.22% 092% 1.38% 1.43%
50 410% 4.46% 3.15% 3.13% 3.03% 3.46% 3.25% 3.71% 153% 1.45%

0 - -

Table 6.6 Segregation degree for cast in-situ specimens.

Cast in-situ beam specimens

Specimen ID ST-M2-CIS ST-M2-CIS-30 ST-M2-CIS-75 ST-M2-CIS-120
Panel ID Panel1  Panel2  Panell Panel2 Panell Panel2 Panell  Panel 2
X (%) 1.79 1.62 1.73 1.49 0.94 0.53 1.72 1.45
o(x) 0.52 0.63 0.69 0.75 0.85 0.83 0.82 0.51
a 0.60 0.53 0.50 0.47 0.43 0.44 0.44 0.60
a 0.56 0.49 0.43 0.52
Peak load (kN) 83.7 105.3 74.1 88.7
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Table 6.7 Segregation degree for epoxy-bonded specimens.

Epoxy-bonded beam specimens

Spelcl'jme” ST-M2-EB ST-M2-EB-30  ST-M2-EB-75  ST-M2-EB-120  ST-M2-EB-HC

Panel ID  Panel1 Panel2 Panell Panel2 Panell Panel2 Panell Panel2 Panell Panel?2
X (%) 1.55 2.07 1.40 1.40 1.38 1.87 1.64 1.72 1.45 1.50

o(X) 1.16 0.85 0.90 0.89 0.86 0.71 0.72 0.82 0.04 0.06
a 0.31 0.43 0.41 0.41 0.42 0.49 0.48 0.44 0.96 0.94
o 0.37 0.41 0.46 0.46 0.95
Peak load
(kN) 90.1 99.5 108.9 105.2 133.1
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Figure 6.25 Comparison of the segregation degree and the peak load: (a) Cast in-situ specimens;
(b) epoxy-bonded specimens.

6.6 Analytical methods for mechanical properties of UHPFRC

Since fiber distribution significantly influences the material properties of UHPFRC, it is
necessary to predict the mechanical response of UHPFRC, especially its compressive
strength, elastic modulus, as well as the tensile behavior, based on fiber content and ori-
entation. In the current study, due to small thickness of the plate it can be assumed that
the fibers are oriented randomly in 2D plane and therefore the mechanical properties
mainly depend on fiber content of UHPFRC.

6.6.1 Compressive strength and elastic modulus

Compressive strength

UHPFRC consists of matrix and steel fibers, and its compressive strength can be consid-
ered as a linear combination of the contributions from both components. The impact of
steel fibers on the compressive strength of UHPFRC is influenced by the fiber volume.
When the fiber content is below 2%, the compressive strength increases with higher fiber
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content. However, beyond 2%, the flowability is reduced due to large amounts of fibers,
and the strength cannot be significantly improved. Consequently, as proposed in [230],
the compressive strength of UHPFRC can be estimated using the following formula:

2

| |
fc = fm +a fm d_fvf —a, fm d_fvf (612)

f f
where f_ isthe compressive strength of UHPFRC; f  isthe compressive strength of the

matrix; |, and d, are the fiber length and diameter, respectively; V, is the fiber volume;
a, and a, are two coefficients, which reflect the positive and negative influence of the

fibers, respectively, and need to be determined by regression method.

Based on the test results in Table 6.2, as shown in Figure 6.26, the a, and a, are deter-
mined to be 0.41 and 5.68 by fitting analysis and the following equation is obtained:
I I
f =f +041f d—'vf ~5.68f d—fvfz; 0<V, <4% (6.13)
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Figure 6.26 Comparison of the test results and predicted results by equation (6.13).
Elastic modulus
Previous studies [231] have shown that there is a correlation between elastic modulus and
compressive strength of UHPFRC, and the elastic modulus of UHPFRC increases with
the increase in compressive strength. Many empirical equations [230] have been proposed

to predict the elastic modulus based on its compressive strength, typically following a
similar functional form:

E, =a,(f,)* (6.14)
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where E_ is the elastic modulus of UHPFRC. a, and a, are two coefficients and can

be determined by fitting analysis based on the test results in Table 6.2 (Figure 6.27). The
following equation is obtained:

E, =1.54(f,)*" (6.15)
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Figure 6.27 Comparison of the test results and predicted results by equation (6.15).

6.6.2 Tensile behavior

The fiber volume in UHPFRC significantly influences its mechanical behavior, leading
to two types of responses: strain-softening (low fiber volume, e.g., less than 1% in this
study) and strain-hardening (e.g., more than 2% in this study). To achieve strain-harden-
ing behavior in UHPFRC, the minimum (critical) fiber volume (V, . ) must be met [232].

fer

According to Fantilli et al. [233], the V, .. can be calculated as follows:

fer

2A. (k.)? E ) p.k
V1 P YT 6.16)
, Ecpf kB Af Es (kc)2

where A and p, represent the cross sectional area and perimeter of single fiber, respec-

tively; E, and E_ represent the E-modulus of matrix and fiber, respectively. k, and k
are bond and cohesive parameters, respectively; k, =2550MPa/mm for straight steel
fibers (I, =13mm, d, =0.2mm); k_, defined as f, /w,_, equals to 500 MPa/mm in cur-
rent study.

With the above input parameters, the calculated critical fiber volume is 1.75%. Therefore,
only when V; >V, _ (1.75%) in current study, the strain hardening behavior can be acti-

vated. Two constitutive stress-crack opening models, which represent strain softening and
strain hardening UHPFRC, SS-UHPFRC and SH-UHPFRC, respectively, are proposed.
As shown in Figure 6.28,the tensile stress-strain relation until the peak tensile strength
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(f, for SS-UHPFRC and f, for SH-UHPFRC) and the tensile stress-crack opening re-

lation at the softening stage can be described in the two stages for SS-UHPFRC and three
stages for SH-UHPFRC as follows:
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Figure 6.28 Two tensile constitutive models: (a) SS-UHPFRC; (b) SH-UHPFRC.
Stage I: Linear elastic (O-A): when the tensile strain is in the range of ¢ < ¢, the ten-
sile stress-strain relation can be described as:
_ fct E
Oy =—".& OF By.6 (6.17)

ct

Where f, is the cracking tensile strength (also the peak tensile strength for SS-UHP-

FRC); &, is the elastic limit tensile strain; E, is the tensile elastic modulus.

. f . .
E, can be either calculated as — or proposed empirical equation (6.15). Based on the

ct

test results in Table 6.2, quadratic equations are proposed to establish the relationship
betweenthe V, and g, and the relationship between V, and o . It should be noted that

the fitted equation (6.19) excludes the test results for 3% UHPFRC due to its large dis-
crepancy, and the proposed equations are described as follows:
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£y = &y +0.007707V, —0.001453V,%; 0<V, < 4% (6.18)
f,=f +390V, —0.65V,% 0<V, <4% (6.19)

Where f, is the matrix tensile strength and equals to 6 MPa; &, is the matrix tensile
strain limit and equals to 0.017% in current study.
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Figure 6.29 Comparison of the test results and predicted results by equation (6.18) and equation

(6.19).

Stage I1: Strain hardening stage (A-A' only for SH-UHPFRC): This stage involves a
multiple cracking process and is described by linear stress-strain relation between crack-

ing point (&, f,) and peak point (&, f,). Therefore, when &, <& <¢&,, the tensile
stress-strain relation can be described as:
f —f
o = f, +u'gt (6.20)
gpt —Eq

Where f, isthe peak tensile strength; ¢, is the tensile strain limit.

pt

Based on the test results in Table 6.2, following the same form of empirical equation to
predict the f as proposed by Wille et al. [234], quadratic equations are proposed to

establish the relationship between the V, and ¢, and the relationship between V and

f.., as shown in Figure 6.30 (a) and (b), respectively. It is found that when V, is in-

pt

creased, both ¢, and f, increase until the V, ~3%; thereafter, ¢, and f, decrease

if more fibers (V, >3%) are added. It should be noted that only when V, >V, _ (1.75%),

f.er

¢y develops; and when V, <V,  (1.75%), f, = f . Therefore, empirical equations are

f.er

proposed as follows:
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Ep = 0.537V, —0.086Vf2 -0.63%; 2<V, <4% (6.21)
2.
fp[ = f,, +3.929v, —0.624V,*; 0<V, <4% (6.22)
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Figure 6.30 Comparison of the test results and predicted results by equation (6.21) and equation

(6.22).
Stage I11: Strain softening stage (A-B-C for SS-UHPFRC and A'-B-C for SH-UHP-
FRC): This stage involves a downward stress-crack opening relationship from the peak
point (0, f, ), through residual strength point (w,, f,), and continue until reaching the
maximum crack opening w.... . This stage consists of two branches: For the first branch,
prior to the residual strength point (w,, f,), smeared cracking occurs, and tensile
strength linearly decreases and can be described as:

o ="f,+

A O<w<w, (6.23)

pt

where f is the residual tensile strength, w; is the crack opening corresponding to the
f.. W is the crack opening.

Based on the tensile test results in Figure 6.8, it is found that when V, > 2% , the meas-

ured w, is around 0.21-0.36 mm, therefore w, is taken as 0.3 mm; when V, <2%, a

quadratic equation is proposed to establish the relationship between V; and w, as shown

in Figure 6.31 (a). Quadratic equation is also used to describe the relationship between
V; and f, asshown in Figure 6.31 (b). It should be noted that the fitted equation (6.25)

excludes the test results for 3% UHPFRC due to its large discrepancy. Therefore, empir-
ical equations are proposed as follows:

W, =0.0006+0.118V, +0.016V,%; 0<V, <2% (6.24)
f =2.65+4.235V, —0.614V,% 0<V, <4% (6.25)
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Figure 6.31 Comparison of the test results and predicted results by equation (6.24) and equation

(6.25).
After the residual strength point (w,, f), the crack opening is continuously increased

mainly due to the formation of localized crack and a decreasing exponential function
[235,236] can be used to describe the fiber pull-out response as follows:

W-W,

— —G(
o = fu [1+01(%)3]e Ve Wy <WS W, (6.26)

max

where w,_ is the maximum crack opening, and c, and c, are coefficients obtained by

fitting the experimental curve shown in Figure 6.8. After fitting analysis in current study,
¢, and c, are obtained for UHPFRC with varying fiber contents, as listed in Table 6.8.

Table 6.8 Fitted parameters for UHPFRC with varying fiber contents.

Mixture ¢ G

UHPC 6.89 5.59
UHPFRC (1%) 15.00 3.88
UHPFRC (2%) 13.33 4,72
UHPFRC (3%) 1.86 3.04
UHPFRC (4%) 271.77 5.86

Based on the tensile test results in Figure 6.8, it is found that when V, >1% , the meas-
ured w,. can be taken as 6.5 mm, that is, half length of the steel fibers; when V; <1%,

a linear equations is proposed to quantify w, ., as a function of V, as follows:

w,, =0.05+6.45V,; 0<V, <1% (6.27)
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Figure 6.32 Comparison of the test results and predicted results by equation (6.27).

To validate the proposed constitutive models, the predicted tensile curves are compared
with experimental results for UHPFRC containing varying amounts of steel fibers, as
shown in Figure 6.33. The comparison demonstrates a good overall agreement between
the predicted and experimental curves, indicating that the proposed models can provide a
reasonably accurate estimation of the tensile behavior of the UHPFRC studied. This sug-
gests that the models are effective in capturing the key characteristics of the tensile re-
sponse for different fiber contents.
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Figure 6.33 Comparison of tensile response between test results and proposed model: (a) UHPC;
(b) UHPFRC (1%); (c) UHPFRC (2%); (d) UHPFRC (3%); (e) UHPFRC (4%).

6.7 Conclusion

This chapter explores the use of an electromagnetic NDT method based on induction
principles to estimate fiber distribution and orientation in thin UHPFRC elements. Two
magnetic sensors are calibrated using small-scale specimens with varying fiber contents.
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The impact of measurement conditions (e.g., edge effect, surface roughness, and white
paint) is evaluated. The influence of casting direction and vibration on fiber distribution
is studied, with the method's accuracy validated by x-ray imaging. After validation, the
method is applied to measure fiber distribution in hybrid UHPFRC-RC beams. Finally,
based on the assumption of random fiber orientation, analytical models are proposed to
predict the main mechanical properties (compressive strength, elastic modulus, and ten-
sile behavior) of UHPFRC based on fiber content. The following conclusions are drawn
from this investigation:

(1) The electromagnetic method is effective in estimating fiber content and orienta-
tion in thin UHPFRC elements; however, factors such as edge effects and surface rough-
ness can affect measurement accuracy. To ensure reliable predictions, a minimum dis-
tance of 50 mm between the measurement point and the element's edge is recommended,
when using the I-shaped probe. Additionally, a smooth surface is essential for optimal
contact between the magnetic sensors and UHPFRC. A thin layer of white paint has been
found to have a negligible impact on inductance measurements.

(2) The influence of casting direction and vibration time on fiber distribution and
orientation in UHPFRC is examined. Results indicate that horizontal casting ensures a
more uniform fiber distribution, while fibers tend to accumulate at the top during vertical
casting as the fiber length is larger than the thickness of the UHPFRC plate. Casting di-
rection has little effect on fiber orientation. The most significant influence is from vibra-
tion, with more severe fiber segregation observed as vibration time increases. In addition,
it should be noted that the viscosity of the mix (e.g., slump or spread) also affects fiber
distribution and orientation. Mixes with lower viscosity are more susceptible to fiber seg-
regation, particularly under vibration.

(3) NDT test results on beams confirm that vertically-cast beams exhibit significant
fiber segregation due to vibration, while horizontally-cast beams have a more uniform
fiber distribution. A method is then proposed to quantify fiber segregation, revealing a
strong association between segregation degree and shear load capacity. Higher segrega-
tion leads to lower load capacity, indicating that uniform fiber distribution in UHPFRC
effectively enhances the shear resistance in UHPFRC-RC structures.

(4) The accurate prediction of UHPFRC's key material properties, including com-
pressive strength, elastic modulus, and tensile behavior, requires precise fiber content
measurements. Based on empirical equations and current study results, new relationships
are proposed for predicting compressive strength and elastic modulus as functions of fiber
content. Additionally, two tensile constitutive models are developed to describe the be-
havior of strain-softening and strain-hardening UHPFRC. These models are validated
against experimental tensile curves. However, predictive equations are empirical, indicat-
ing a need for further development of models with a stronger physical basis.
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7.2 Material constitutive laws and finite element model

7.1 Introduction

Experimental results on evaluating UHPFRC as a shear strengthening material for rein-
forced concrete beams are presented in Chapter 4. Although some parameters, such as the
interface opening/sliding between UHPFRC and NC, are investigated, their effects have
not been sufficiently quantified experimentally. Therefore, the primary goal of Chapter 7
is to numerically study the influence of key parameters on the shear response of UHP-
FRC-RC beams to better understand the governing mechanisms. The findings will ulti-
mately aid in designing more effective materials by identifying critical material charac-
teristics to focus on during the design process.

The commercial finite element software ATENA 3D is utilized. Section 7.2 details the
material constitutive laws, with a focus on the tensile stress-strain relationship of UHP-
FRC. Section 7.3 validates the established finite element model by comparing it with
experimental results, primarily load-deflection responses and failure modes. Upon vali-
dation, Section 0 conducts parametric studies examining the influence of UHPFRC-con-
crete interface properties, the tensile constitutive law of the strengthening material, and
the non-uniform fiber distribution in UHPFRC. Finally, Section 7.5 presents the key find-
ings of the numerical investigation.

7.2 Material constitutive laws and finite element model

For the material modeling, a fracture-plastic model has been used to simulate the tensile
and compressive behavior of concrete and UHPFRC. For concrete, the compressive
strength, elastic modulus and splitting tensile strength as listed in Table 4.1 in Chapter 4
are used as input. For UHPFRC, compressive strength of 120 MPa and elastic modulus
of 45 GPa are used. To account for the effect of fibers, the tensile stress-strain relationship
of UHPFRC is defined as presented in Figure 7.1. A bilinear relationship is used to sim-
ulate the tensile stress-strain behavior of UHPFRC until the peak tensile strength (i.e.,
linear elastic phase and strain hardening phase). For the softening branch, generally two
functions are assumed: linear and bi-linear descending curves (referred to as (1) and (2)
in Figure 7.1 (b)) [237]. In this study, the linear descending function is adopted and the
crack opening W is converted to strain using the Equation (7.1):

w
& =&y +— (7.]_)

L

where &, is strain capacity at peak tensile strength f,, W is crack opening and L, is
characteristic length. As suggested by the ATENA manual, the characteristic length L,
(equal to the crack band size) is calculated as element size (h) projected in the crack

direction, so ~/2h for a diagonal crack, as recommended by Dutch Guidelines for Non-
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linear Finite Element Analysis of Concrete Structures [238]. To simulate the shear re-
sponse of beams with epoxy bonded UHPFRC, cast vertically and horizontally (ST-M2-
EB and ST-M2-EB-HC), the corresponding tensile stress-strain relationship of UHPFRC,
following the trend of tensile tests (Figure 4.7 (a) and Figure 6.8 (c)), are presented in
Figure 7.2. Figure 7.2 shows that although the same mixture (UHPFRC?2) is used for both
beams, the non-uniform fiber distribution in dog-bone specimens that are cast at the same
time as ST-M2-EB beam, result in poorer tensile performance compared to those cast
with ST-M2-EB-HC beam. Note that dog-bone specimens are always cast in the same
way (horizontally). The bilinear stress-strain function with the elastic modulus of 200
GPa and a yield stress of 550 MPa is employed to characterize the rebars.
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Figure 7.1 Typical tensile stress-strain curve for UHPFRC: (a) Elastic and strain hardening phases;
(b) Softening phase.
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Figure 7.2 Simulated simplified tension function along with the tested tensile response of UHPFRC
for ST-M2-EB and ST-M2-EB-HC, respectively: (a) Tensile stress-strain relationship of UHPFRC
(elastic and strain hardening phases); (b) Tensile stress-crack width relationship of UHPFRC
(softening phase).

In order to further explore the assumptions of the FE model, for ST-M2-EB beam, another
simulation method considering the fiber segregation is proposed. As indicated in Chapter
6, severe fiber segregation occurs in the ST-M2-EB beam and therefore, the laminate is
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segmented into four distinct layers along its height (Figure 7.3). Based on the fiber distri-
bution for two panels of ST-M2-EB (shown in Table 7.1), these layers are simulated with
different fiber percentage. The corresponding mechanical properties can be calculated
based on the analytical method proposed in Section 6.6, as summarized in Table 7.2 and
shown in Figure 7.4. It should be noted that as the difference in material properties of
UHPFRC is negligible when fiber contents are more than 2%, the same inputs are given

ifV, >2%.

200 mm,
150 mm
100 mm
50 mm
0

Figure 7.3 Layered UHPFRC laminates.

Table 7.1 Fiber distribution along the height of ST-M2-EB specimen.

. . ST-M2-EB
Height of specimen (mm) Panal 1 Panel 2
150-200 0.105% 0.15%
100-150 0.275% 0.88%
50-100 2.22% 2.96%
0-50 >4.10% >4.46%

Table 7.2 Mechanical properties of UHPFRC with varied fiber content predicted by analytical model
from Chapter 6.

Compressive  Elastic First Cracking  Peak tensile Tensile strain
Mixture strength modulus cracking strength strain strength capacity
(MPa) (GPa) (MPa) (%) (MPa) (%)

UHPFRC
(0.105%) 88.1 355 6.4 0.018 6.4 0.018
UHPFRC

(0.15%) 89.0 35.7 6.6 0.018 6.6 0.018
UHPFRC
(0.275%) 91.7 36.5 7.0 0.019 7.0 0.019
UHPFRC

(0.88%) 103.4 39.5 8.9 0.023 8.9 0.023
UHPFRC

(>2%) 120 45 10.1 0.022 11.2 0.156
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Figure 7.4 Simulated simplified tension function for UHPFRC with varied fiber contents.

After defining the material properties, a 3D FE model is developed for both the reference
and UHPFRC-strengthened beams, as shown in Figure 7.5. Given the 10 mm thickness
of the UHPFRC strengthening layer, 8-node 3D hexahedral elements with a 10 mm mesh
size are used for both UHPFRC and NC. Steel bars are modelled as reinforcement with
discrete truss elements. To simulate the experimental setup (Figure 3.10 (a)), two supports
(50 mm length, 20 mm thickness) are modelled as hinged and roller supports, and a load-
ing plate (70 mm length, 20 mm thickness) is applied only on the NC part. Both supports
and the loading plate are simulated as steel elements with a linear stress-strain relationship,
using an elastic modulus of 210 GPa and a Poisson’s ratio of 0.3. A perfect bond is as-
sumed between the rebars and NC, as well as between UHPFRC and NC, considering
that the epoxy resin provides a good bond. The load is incrementally applied under dis-
placement control with displacement increments of 0.15 mm, with reaction forces and
deformations monitored at the mid-span. The Newton-Raphson method is used to solve
the nonlinear equations.

Loading plate

NC
UHPFRC

Figure 7.5 Establishment of FE model.

7.3 Validation of the numerical model

Four beams are simulated for validation: two reference beams, without strengthening and
with the same width as strengthened beams (RB and RB (120)), and two strengthened
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beams with vertically and horizontally cast lamellas (ST-M2-EB and ST-M2-EB-HC).
For the ST-M2-EB beam, two methods, namely with uniform and nonuniform properties
of UHPFRC lamellas, as described in Section 7.2 are applied to simulate its shear re-
sponse. Figure 7.6 compares the numerical and experimental results for reference, RB
and strengthened ST beams, while Table 7.3 shows the maximum loads and their corre-
sponding deflection obtained from both experiments and simulations. The numerical and
experimental results are generally in good agreement, validating the effectiveness of the
3D FE model in capturing the structural behavior of UHPFRC-NC composite beams. The
peak load and the load-deflection trends for both RB and ST beams are similar. However,
the FE model predicts a higher stiffness than the experiments, resulting in lower mid-span
displacements at peak load.

The underestimation of deflection in the simulation may be due to the assumption of a
perfect rebar-concrete bond and neglecting the shrinkage effects in the model [239]. Ad-
ditionally, the use of smeared crack models tends to overestimate stiffness of RC beams,
as cracking is distributed uniformly across elements and high shear transfer is maintained
across crack surfaces, which delays stiffness degradation compared to experimental ob-
servations [240]. In contrast, discrete crack models represent cracks explicitly and capture
the initiation and propagation of cracks more realistically, resulting in more accurate stiff-
ness reduction [241]. However, a higher prediction of ductility is seen in ST-M2-EB-HC.
A possible reason is that the measured actual fiber content is 1.5% for ST-M2-EB-HC
(presented in Table 6.5 in Chapter 6), which is lower than assumed 2% fiber contents.
Therefore, with material properties of UHPFRC (2%) as inputs, an overestimation of ul-
timate load and deformation is observed. For the strengthened beams, additionally, the
higher stiffness could be attributed to the assumed homogeneity of UHPFRC in the model.
In practice, flaws during casting and non-uniform fiber distribution occur, which are not
captured by the model. This assumption of uniform UHPFRC properties may lead to stiff-
ness overestimation, particularly in unreinforced or under-reinforced UHPFRC laminates,
as also noted by Feng [242].

The cracking patterns and principal strain contours at failure from the numerical study
are compared with experimental observations (Figure 7.7). Only cracks wider than 0.1
mm are shown for clarity. The numerical crack patterns generally match the major shear
crack observed in experiments for both reference and strengthened beams. In simulation
of ST-M2-EB specimen, both methods can well capture the shear failure patterns. How-
ever, the first method, which uses the uniform material inputs for the entire lamella, re-
sults in an identical failure pattern on both the front and back sides of the ST beam. In
contrast, the second method, utilizing four-layer segmentation, simulates the slight vari-
ations in failure patterns between the front and back sides, providing a better match with
experimental results. This difference is likely due to the varying degrees of segregation
in the two sides of the beam. The numerical results also indicate that applying UHPFRC

202



Chapter 7 Numerical investigation on shear performance of UHPFRC-RC beams

alters the shape of the major shear crack and shifts the failure mode from shear to flexural
as the shear angle (the angle between the longitudinal axis of the beam and the compres-
sive strut) increases. Therefore, the predicted results are considered acceptable, particu-
larly regarding failure modes and peak loads. The model is used to further understand the

influence of key parameters.
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Figure 7.6 Experimental versus numerical load- mid-span deflection response for tested specimens;
noting that for ST-M2-EB beam, (1) denotes the simulated results with uniform material inputs from
dog-bone specimens and (2) denotes the simulated results obtained by four-layer segmentation.

Table 7.3 Comparison between test and FEM results.

Specimen 1D Peak load Deflection at the peak load
Test (kN) FEM (kN) FEM/Test Test(mm) FEM (mm) FEM/Test
RB 455 46.4 1.02 1.43 0.98 0.69
RB (120) 53.5 50.6 0.95 1.48 1.02 0.69
(1)93.3 1.04 2.26 1.89 0.84
ST-M2-EB 0.1 (2) 96.2 1.07 2.26 2.04 0.90
ST-M2-EB-HC 133.1 137 1.03 4.77 5.47 1.15
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Figure 7.7 Comparison of crack pattern together with principal strain at peak load for tested
specimens; nothing that for ST-M2-EB beam, (1) and (2) indicate crack patterns from uniform and
four-layer segmentation (non-uniform) properties of UHPFRC lamellas, respectively.

7.4 Parametric study

One of the main goals of this study is to assess the shear strengthening efficiency of con-
crete beams strengthened with UHPFRC under freeze-thaw (FT) cycles. Despite exposure
to 120 FT cycles, no significant degradation in UHPFRC's mechanical properties or the
bond at the interface is observed. Previous studies have indicated that significant freeze-
thaw cycles can degrade UHPFRC properties and weaken the bond between UHPFRC
and normal concrete [125,207,243]. Thus, a parametric study is conducted to explore po-
tential damage that might occur after freeze-thaw cycles, focusing on UHPFRC material
properties and the interface. Additionally, the impact of non-uniform fiber distribution in
UHPFRC on shear strengthening efficiency is also analyzed.

7.4.1 The effect of interface properties

Based on experimental results, a perfect bond is assumed in FE modeling because the
high bond strength between UHPFRC and normal concrete can be ensured with epoxy
resin. However, factors such as poor interface preparation, improper curing conditions,
and harsh environments can cause debonding in UHPFRC-RC composites. Since inter-
face behavior significantly affects the structural performance of UHPFRC-RC specimens,
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it is essential to investigate the impact of interface strength on the effectiveness of UHP-
FRC strengthening.

The ATENA interface material model treats the interface element as a zero-thickness el-
ement, allowing for simulation of the contact between UHPFRC and concrete. As shown
in Figure 7.8, the model uses a Mohr-Coulomb failure criterion with a tension cut-off and
typical interface behavior in tension and shear, resulting in opening and sliding displace-
ments at the interface. It should be noted that the constitutive behavior of the interface is
defined in the local coordinate system of the interface element. The interface sliding di-
rection corresponds to the tangential direction within this local coordinate system, while
the normal direction - perpendicular to the interface surface - describes the interface open-
ing or closing (i.e., separation or contact). The normal and tangential directions are auto-
matically determined based on the element geometry and follow the element's defor-
mation during the simulation. Key parameters defining interface behavior include normal
and tangential stiffness (K., and K, ), tensile strength ( f,), cohesion (C), and the coef-

ficient of friction (p). For numerical stability, minimum values for normal and tangential
stiffness (K™ and K™ ) are used, typically set to 0.1% of the initial normal and tan-

gential stiffness (K., and K, ), respectively.

ft (o

(a) (b) ()

Figure 7.8 Interface material model: (a) Mohr-Coulomb failure criteria with tension cut-off, (b)
interface behavior in shear and (c) interface behavior in tension [45].

Using ST-M2-EB-HC as a reference, the interface properties are varied. Parameters for
the interface strength between UHPFRC and normal concrete are defined in Table 7.4.
All the inputs are provided from previous research by Liu [244], in which the ranges of
interface parameters are summarized from the existing test results. To simulate interface
debonding and mixed failure modes (a combination of interface failure and concrete frac-
ture), two cases are defined for strengthened beams with UHPFRC: 'weak bond' and 'mod-
erate bond'. Additionally, to represent superior bond properties and to focus on concrete
fracture alone, a set of parameters is defined as 'strong bond', reflecting the maximum
interface strength summarized in [244].

In addition, to examine the impact of interface stiffness, two additional cases are defined:
'strong bond - low stiffness (SBLS)' and 'strong bond - moderate stiffness (SBMS)'. The
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SBLS case combines the tensile strength ( f,), cohesion (C), and friction coefficient (L)

from the 'strong bond' model with the interface stiffness ( K

nn?

K, ) from the 'weak bond'
scenario. The SBMS model uses the same f,, C, and p as 'strong bond' but assumes in-
terface stiffness equal to that of the 'moderate bond' case.

Table 7.4 Interface parameters for weak, moderate and strong bonds with varied interface stiffness.

K K

nn t
Interface bond type f, (MPa) C(MPa) u (NJmm?) (NI
Weak bond 25 1.6 11 100 1
Moderate bond 2.6 6 14 500 150
Strong bond 6 10 2 550 350
Strong bond — moderate stiffness (SBMS) 6 10 2 500 150
Strong bond — low stiffness (SBLS) 6 10 2 100 1

Using the ST-M2-EB-HC specimen as a reference, Figure 7.9 shows the simulated load-
deflection curves. Varying bond properties affect both the peak load and ductility of the
beam, while the initial stiffness remains constant. The peak load decreases as bond
strength reduces. The weak bond exhibits the earliest stiffness degradation in the load-
deflection response, leading to brittle failure due to premature delamination between
UHPFRC and normal concrete.

Moreover, interface stiffness significantly influences the peak load and ductility of the
strengthened beam, as seen when comparing the load-deflection responses of strong
bonds with varying stiffness levels. Higher stiffness contributes to the highest load, alt-
hough the deflection capacity is slightly reduced compared to the low stiffness. A lower
stiffness (e.g., in SBLS) allows greater displacement at the interface before failure. As a
result, SBLS experiences also greater stiffness degradation.

To further understand the role of interface properties, Figure 7.10 shows the final failure
patterns in UHPFRC laminates and RC sections, as well as the interface shear displace-
ment after the peak load. With a weak bond strength, the failure patterns in UHPFRC
laminate and the RC section are not the same (Figure 7.10 (a)) At lower loads, debonding
occurs rather than cracking, as evidenced by significant interface shear displacement (Fig-
ure 7.10 (b)). For moderate bond, localized delamination leads to partially incompatible
shear cracks between the UHPFRC and RC sections (Figure 7.10 (b)). In the 'SBLS'
model, very low interface stiffness results in large interface deformations, which cause
shear and splitting cracks to develop rapidly in the RC section, reducing the bonding area
and load transfer between UHPFRC and concrete. In contrast, 'SBMS' and 'strong bond'
models show fully developed shear cracks at the surface of UHPFRC layers, which, due
to strong bond, is reflected from cracks in concrete.

While the effect of bond strength on failure is clear—lower bond strength can lead to
early debonding and reduced capacity—the role of interface stiffness is less understood.
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Liu [244] suggests that high stiffness might be beneficial, but if stiffness is significantly
increased (e.g., ten times higher than in 'strong bond"), it could weaken shear resistance
due to potential localized delamination, as noted in previous research [10]. Therefore, a
more detailed investigation is needed to explore the relationship between interface stiff-
ness, fracture propagation, and structural response, including peak load, ductility, and

failure patterns.
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Figure 7.9 Experimental and simulated load-deflection response with different interface properties;
SBMS and SBLS refer to Strong Bond with Medium and Low Stiffness, respectively.
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Figure 7.10 Numerical results: (a) obtained final failure patterns (in UHPFRC laminate and RC part)

and (b) interface shear displacement [mm] immediately after peak load for different interface
properties

7.4.2 The effect of tensile properties of UHPFRC

In evaluating UHPFRC's material properties, the tensile behavior is crucial for the shear
performance of strengthened structures. Key tensile properties of UHPFRC include: (1)
initial elastic modulus ( E,, ), (2) peak tensile strength ( f,, ), (3) strain capacity (), and

(4) maximum crack opening (@, )-
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The simulated tension function for ST-M2-EB is used as reference, assuming E, =45
GPa, f,=8.0 MPa, f,=8.1 MPa, ¢,=0.45%, and », =4 mm, as presented in Figure

7.2 (a). It should be mentioned that only the investigated parameter is varied while other
parameters are kept constant.

Initial elastic modulus

The elastic modulus of UHPFRC can vary depending on its material composition. Figure
7.11 (a) shows that the elastic modulus ranges from 15 GPa to 60 GPa. Figure 7.11 (b)
illustrates how this variation affects the load-deflection response and failure modes. As
expected, a higher elastic modulus makes the composite structure stiffer. However, the
peak load and ultimate deflection show only minor differences—around 2% for peak load
and 16% for deflection. This relationship is not linear; a higher modulus does not consist-
ently increase peak load or deflection capacity. Additionally, the failure patterns and the
shape of the dominant shear crack (including shear angles) remain unchanged. Nonethe-
less, a lower elastic modulus in the strengthening material might be advantageous for
shear-critical members, as it enhances the deformational ability of beams and makes shear
cracks more noticeable (with larger crack widths) before sudden shear failure occurs.
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Figure 7.11 Influence of the elastic modulus of UHPFRC on the structural response: (a) Varied
elastic modulus, and it is ranged from 15 GPa to 60 GPa; (b) load-deflection response and the
corresponding crack patterns with principal strain.
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Peak tensile strength

Tensile strength of UHPFRC is a key factor influencing the structural behavior of hybrid
beams. Four peak tensile strength values ( f, ) are considered: 4 MPa, 6 MPa, 8.1 MPa

(as reference), and 10 MPa. The crack tensile strength ( f,, ) is calculated from peak ten-
sile strength using a constant ratio f, / f, =1.015 from reference tension function, as
plotted in Figure 7.12 (a).

Figure 7.12 (b) shows the load-deflection curves for hybrid beams with varying peak ten-
sile strengths. Compared to the 4 MPa, peak loads are increased by 8%, 19%, and 33%
for tensile strengths of 6 MPa, 8.1 MPa, and 10 MPa, respectively. This indicates that
higher tensile strengths in UHPFRC significantly enhance the peak load of the strength-
ened beams. The initial stiffness remains constant due to the unchanged elastic modulus.
As tensile strength increases from 6 MPa to 10 MPa, the beams exhibit larger defor-
mations, with up to a 60% increase seen at 10 MPa. However, this effect is not observed
when tensile strength increases from 4 MPa to 6 MPa. This discrepancy is explained by
the failure patterns: for all cases except 4 MPa, failure involves only one dominant shear
crack. With the strength of 4 MPa, a secondary shear crack develops before the main
shear crack fully forms. This secondary crack, caused by the lower tensile strength, re-
duces stress concentration at the dominant crack site and allows for greater deformation
before final shear failure.
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Figure 7.12 Influence of UHPFRC tensile strength on structural response: (a) Varied peak tensile
strength, ranging from 4 MPa to 10 MPa; (b) load-deflection response and the corresponding crack
patterns with principal strain.
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Strain capacity

It has been reported [131] that fiber bridging and strain hardening capacity impact signif-
icantly response of UHPFRC members. In a parametric study, the ultimate strain capacity
is varied from 0 to 2% (shown in Figure 7.13 (a)). In general, the higher the strain capacity,
the higher is the ultimate load and ultimate deflection.

As the strain capacity of UHPFRC (&, ) increases from 0.45% to 1% and 2%, the shear

capacity of the composite beam is increased by 8% and 26%, respectively. A more pro-
nounced enhancement is found in ductility, namely ultimate deflection is increased by 47%
and 110% with 1% and 2% strain capacity, respectively, compared to the 0.45% strain
capacity.

Comparison of crack patterns reveals that varying the strain hardening capacity does not
alter the final failure mode, including the angle and shape of the shear crack. However,
with increased strain capacity, particularly from 0.45% to 2%, the width of the dominant
shear crack becomes larger, as indicated by a greater number of damaged elements sur-
rounding the cracks, thereby providing more warning before final failure.

In contrast, when the strain capacity is varied from 0% to 0.45%, the shear crack widths
remain nearly the same. Additionally, in the case of zero strain capacity, the dominant
shear crack is observed to connect with a previously developed flexural crack.
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Figure 7.13 Influence of the strain hardening properties of UHPFRC on the structural response: (a)
Varied strain hardening capacity, and it is ranged from 0 to 2 %; (b) load-deflection response and

the corresponding crack patterns with principal strain.

To investigate whether tensile strength or strain capacity of UHPFRC has a greater impact
on the shear performance of UHPFRC-strengthened concrete beams, a comparative anal-
ysis is conducted on their effects on peak load and deflection, as shown in Figure 7.14 (a)
and (b). The coordinate ranges for the variables tensile strength ( f, ) and strain capacity

(&n ) in Figure 7.14 (a) and (b) are set based on the scope of the parametric study. As

previously mentioned, reference values of tensile strength ( f , =8.1 MPa) and strain ca-

pacity ( &, =0.45%) are used as benchmarks.

The comparison reveals trend as follows:

212

Peak Load: The peak load increases linearly with increases in either tensile
strength or strain capacity. However, enhancements in tensile strength leads to a
higher increase in peak load than similar improvements in strain capacity, indi-
cating that tensile strength contributes more significantly to the loading capacity
of the beams.
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o Deflection: The deflection behavior exhibits a threshold effect around the refer-
ence values. When tensile strength or strain capacity is below its respective ref-
erence, deflection increases slowly, with strain capacity showing a slightly
greater advantage in enhancing deflection. However, when tensile strength or
strain capacity exceeds their reference values, deflection begins to increase more
rapidly. Beyond these thresholds, strain capacity becomes more influential, con-
tributing to a more pronounced improvement in deflection.

These findings suggest that while both tensile strength and strain capacity contribute to
peak load and deflection enhancements, tensile strength exhibits a stronger influence on
peak load, whereas strain capacity becomes more influential in enhancing deflection, es-
pecially when beyond the reference values (strength of 8.1 MPa and strain capacity of
0.45%). This emphasizes the importance of optimizing both properties of UHPFRC in the
strengthening design of concrete beams with UHPFRC for optimal shear performance.
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Figure 7.14 Comparison of the effects of tensile strength (f, ) and strain capacity (&, ) on peak
load and deflection: (a) Effect on peak load; (b) effect on deflection at peak load.

Softening behavior

The strain softening phase is reported to have an influence on flexural behavior of beams
only after the formation of a macro-crack [131,245]. Since the peak load is almost reached
when the macro-crack forms, the softening phase might have a minor role in shear-critical
concrete members without shear reinforcement. However, due to the bridging effect of
steel fibers in UHPFRC, the load can still be transferred after the formation of a mac-
rocrack [246]. Therefore, a parametric study for the softening behavior of UHPFRC is
conducted in which the shape of descending branch and the ultimate crack opening are
varied, assuming the same tensile behavior for linear elastic and strain hardening phases.

One bilinear softening curve and three linear softening functions are considered, as pre-
sented in Figure 7.15. The bilinear function is characterized by the inflection point. Based
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on previous studies [131,247], the ratio of the crack width and tensile stress at the inflec-
tion point to the corresponding maximum crack width and peak tensile strength f, is

around 1/3. Therefore, the inflection point can be described as (W, /3, f, /3) and the

softening part is assumed to be bilinear descending curve, from peak point, through in-
flection point and finally to the ultimate crack opening (Wmax=4 mm). This is a similar
ultimate crack opening (Wmax) as observed in the direct tension test (referred to as Linear
— Wmax=4 mm). The linear slopes are characterized by different slopes and maximum
crack widths (referred to as Linear — Wmax=0.05 mm, Wmax=2 mm and Wmax=4 mm).
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Figure 7.15 Assumed four softening functions of UHPFRC in tension.

The simulated load-deflection response and crack patterns of hybrid beams with varied
softening functions, are shown in Figure 7.16. The softening branch of UHPFRC has a
negligible effect on the peak load and deflection. However, if the softening branch of
UHPFRC is not taken into consideration as represented by softening function linear —
Wmax=0.05 mm, lower simulated peak load and deflection are obtained as the contribution
of fracture energy of the UHPFRC is greatly underestimated. In addition, it can be clearly
seen that the softening branch of UHPFRC will mainly influence the post-peak behavior
of the hybrid structure. From the simulated cracking patterns at failure, it can be seen that
the beams with assumed softening functions show similar shear failure modes as observed
in the experiment (shown in Figure 7.7). Therefore, the UHPFRC softening part has limit
contribution in the failure patterns.
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Figure 7.16 Influence of the softening branch of UHPFRC on the load-deflection response and the
corresponding crack patterns with principal strain.

7.4.3 The effect of non-uniform fiber distribution in UHPFRC
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In Section 4.4.2, the load-deflection response for beams with vertically and horizontally
cast lamellas, ST-M2-EB and ST-M2-EB-HC, respectively, is compared. ST-M2-EB ex-
hibits much lower load and deformation capacity, resulting from the non-uniform fiber
distribution in UHPFRC laminates, as confirmed by fiber distribution measurements
shown in Figure 6.24. To quantify the influence of non-uniform fiber distribution on the
shear response of UHPFRC-RC beams, a parametric study is conducted, and five segre-
gation degrees are simulated.

Several assumptions are made: (1) the average fiber content is 2%; (2) both laminates
show the same fiber distribution; (3) higher fiber contents exist at the deeper position of
the beam; (4) Fiber content along the length is constant. Using the four-layer segmenta-
tion simulation method, the laminate is segmented into four distinct layers along its height
(Figure 7.3). These layers are simulated with different fiber distribution percentage and
corresponding fiber distribution coefficient « (calculated using the Equation (6.10) and
(6.11) in Section 6.5.3), shown in Table 7.5.

Table 7.5 Five assumed fiber distributions and corresponding fiber distribution coefficient « .

Height of specimen (mm) Fiber contents (%)
150-200 0 0 0 1 2
100-150 0 0 2 2 2
50-100 0 2 2 2 2
0-50 8 6 4 3 2
Average fiber content (%) 2 2 2 2 2
Coefficient of variation 1.73 1.22 0.71 0.35 0
Fiber distribution coefficient « 0.18 0.29 0.49 0.70 1

Based on the material test results shown in Table 6.2 in Chapter 6, the inputs for UHPFRC
with varied fiber contents can be obtained. As previously mentioned, the same input val-
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ues are used for cases where V, > 2% due to the insignificant difference in material prop-

erties of UHPFRC when the fiber content exceeds 2%. Three simulated simplified tension
functions, which represent the UHPC, UHPFRC (1%) and UHPFRC (>2%), are shown
in Figure 7.17.
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Figure 7.17 Simulated simplified tension function for UHPFRC with varied fiber contents.
Figure 7.18 shows the simulated load-deflection curves and crack patterns with principal
strain. It is evident that the non-uniform fiber distribution greatly influences the peak load
and ductility of the hybrid beam. When « is increased from 0.18 to 1 (representing uni-

form fiber distribution), the peak load and deformation is increased by 77% and 2.5 times,
respectively. Compared to the test results of ST-M2-EB-HC, it is found that a better pre-

diction of peak load and ductility is seen when « = 0.7 instead of a =1 though the stiff-
ness response is better predicted when « =1 (i.e., uniform fiber distribution). When «
is more than 0.49, it does not affect the structural behavior significantly. For the case
a =0.49, numerical-to-experimental peak load ratio and ductility ratio are 0.92 and 0.8,
respectively. Therefore, it is reasonable to conclude that a threshold value for & exists

(0.49 in current study) and the influence of non-uniform fiber distribution can be ne-
glected if above the threshold value.

Uneven fiber distribution will also affect the crack patterns. For varied o (Figure 7.18
(b)), it can be seen that when « >0.49, the beams show similar shear failure modes as
observed in the experiment. However, when the fiber segregates severely (e.g., with
a=0.18 and « =0.29), in addition to shear crack, a splitting crack also initiates and
propagates along the weaker side of the UHPFRC. The dominant shear crack when
« =0.18 even stops propagating to the bottom of the beams. It should be mentioned that
such obvious splitting crack results from significant material difference in assigned layers,

which is not observed experimentally. Unlike a sudden fiber content is applied in simu-
lations, the UHPFRC fiber content in the experiments gradually changes. To predict better
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the failure pattern for tested beams with fiber segregation, it is recommended to either
divide the beams into more layers or define a continuous varied material property of
UHPFRC along the height of the beams.
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Figure 7.18 Influence of the non-uniform UHPFRC fiber distribution on the structural response: (a)
load-deflection response; (b) corresponding crack patterns represented by the principal strain
distribution.

7.5 Conclusion

In this chapter, numerical simulation is conducted by using commercial software ATENA
3D. A 3D finite element model is established, and its accuracy is validated by comparing
the simulated load-deflection response and failure modes with experimental results. Ad-
ditionally, a parametric study is conducted, focusing on key factors such as the interface
properties between UHPFRC and concrete, the tensile constitutive law of UHPFRC, and
the effects of non-uniform fiber distribution in UHPFRC. The main conclusions drawn
from this study are as follows:
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7.5 Conclusion

(1) The interface property is one of the most important parameters affecting the shear
strengthening efficiency of UHPFRC. Through the numerical study, it is found that both
the bond strength and the interface stiffness will affect significantly the load capacity,
ductility and failure patterns. Without proper interface design, the composite structure
will fail at low loads and deformations.

(2) The tensile strength and strain hardening capacity of the strengthening material
enhance both the load and deformation ability. The tensile strength is more advantageous
to increase the load and a more significant deformation improvement is found with in-
creased strain hardening capacity. The elastic modulus of UHPFRC mainly influences the
initial stiffness, and the softening behavior of UHPFRC primarily affects the post-peak
behavior of the strengthened concrete beam, both having little impact on the shear load
and deformational capacity. Still, the peak load and deformational capacity are underes-
timated if the contribution of UHPFRC softening branch (i.e., fracture energy) under ten-
sion is not considered.

(3) Non-uniform fiber distribution affects material properties of UHPFRC, and fur-
ther determines the load-deflection response and failure pattern of the strengthened beams.
More uniform fiber distribution in UHPFRC leads to higher shear capacity and ductility
of the strengthened beams. However, a threshold value of fiber distribution factor exists.
If the fiber distribution factor is above the threshold value, more uniform fiber distribution
has little effect. If it is below, shear resistance decreases and the failure pattern changes.
Instead of shear failure, the composite structure fails due to combination of shear and
splitting cracks between UHPFRC lamellas with different fiber contents.
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8.2 Conclusions

8.1 Retrospection

Ultra-high performance fiber reinforced concrete, due to its excellent mechanical proper-
ties and superior durability, has been considered as a promising cementitious material for
repair/strengthening. However, studies on the strengthening performance of RC struc-
tures with UHPFRC in shear are limited. The objective of this research is to investigate
the shear behavior of RC structures strengthened with UHPFRC. The study primarily
focuses on two key aspects: the performance of the concrete-UHPFRC interface and the
material properties of UHPFRC, both of which play crucial roles for the strengthening
efficiency of UHPFRC.

In Chapter 3 and Chapter 4, the shear behavior of the reinforced concrete beam strength-
ened with UHPFRC is investigated. Many parameters are considered, including surface
saturation of existing concrete, casting direction of UHPFRC, differential shrinkage, and
different bonding techniques between UHPFRC and existing concrete. In addition, in or-
der to simulate the real exposure conditions, beams are also subjected to freeze-thaw cy-
cles prior to mechanical loads. Time-dependent deformation due to restrained shrinkage
and structural behavior under mechanical loads including load-(mid-span) deflection re-
sponse, fracture development, cracking kinematics, and the relative interface displace-
ments, are analyzed.

In Chapter 5, the potential of using active infrared thermography to detect interface de-
lamination between UHPFRC and concrete in strengthened beams is evaluated. A stand-
ardized testing method, including a post-processing method for delamination detection of
beams strengthened with UHPFRC is proposed using small-scale composite specimens.
The developed testing procedures and analytical methods are extended to examine the
interface performance in hybrid beams. In Chapter 6, the electromagnetic method is em-
ployed to assess non-uniform fiber distribution in thin UHPFRC laminates by estimating
fiber content and orientation. The reliability of this method is evaluated, taking into ac-
count the edge effect, surface roughness, and white paint. The influence of casting direc-
tion and vibration time on the fiber distribution of UHPFRC, is investigated, with accu-
racy verified through x-ray imaging. Analytical methods are proposed to predict the me-
chanical properties of UHPFRC based on fiber contents.

In Chapter 7, a numerical study is performed to analyze the impact of key parameters on
the shear response of UHPFRC-RC beams. The study specifically investigates the effects
of UHPFRC-concrete interface properties, the tensile constitutive law of the strengthen-
ing material, and the influence of non-uniform fiber distribution in UHPFRC.

8.2 Conclusions

Based on the current study, the main findings and conclusions can be drawn as follows:
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(1) Due to the significant autogenous shrinkage that appears at the early age of UHP-
FRC, shrinkage-induced stress must be considered to avoid the risk of early-age cracking
or delamination in concrete structures strengthened with in-situ cast UHPFRC (Sections
4.2 and 4.3).

(2) The moisture state of the concrete substrate affects the bond between the UHP-
FRC and normal concrete (NC). Air-dry substrate provide better interface performance
due to stronger surface interlock, whereas saturated surface dry substrate increase the risk
of localized delamination caused by restrained shrinkage (Sections 4.3 and 4.4).

(3) Both UHPFRC and NC show high durability under specified freeze-thaw condi-
tions with no significant material damage after 120 cycles. For reinforced concrete struc-
tures strengthened with UHPFRC, freeze-thaw cycles have minimal impact on shear per-
formance, with fiber distribution playing a more critical role in the overall structural re-
sponse (Sections 4.3 and 4.4).

(4) The bonding technique plays a crucial role in the shear strengthening efficiency
of UHPFRC. Compared to cast in-situ and mechanical anchorage techniques, epoxy
bonding provides a more robust system with negligible interface displacement, even un-
der freeze-thaw conditions (Section 4.3).

(5) The fiber distribution in UHPFRC panels significantly influences the shear
strengthening efficiency and casting direction of the UHPFRC affects its fiber distribution.
Horizontally cast panels achieve a more uniform fiber distribution, resulting in higher
load, deflection, and energy absorption capacity compared to vertically cast panels. Con-
sequently, vertical casting requires optimization of the mix design to ensure uniform fiber
distribution and minimize fiber segregation (Sections 4.3 and 4.4).

(6) Considering the key parameters (i.e., distance between specimen and lamp, op-
timal heating, and cooling time), a standardized testing procedure using active infrared
thermography (IRT) is established to detect the subsurface delamination in UHPFRC-
strengthened concrete structures. Two post-processing analytical models—one with prior
knowledge of sound areas and one without—are developed, and both methods are effec-
tive in detecting the location and size of defects, despite being sensitive to edge effect,
possible uneven heating, and environmental noise. While the methods perform well on
small-scale specimens, challenges persist when applied to hybrid beams, primarily due to
difficulties in achieving uniform heating across the beam surfaces (Sections 5.2~5.6).

(7) The non-destructive electromagnetic method is effective in estimating the fiber
content and orientation in thin UHPFRC elements. Factors such as edge effect, surface
roughness, and casting direction influence measurement accuracy. The casting direction
and vibration time influence the fiber distribution and orientation, with longer vibration
times causing more pronounced fiber segregation (Section 6.4).
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(8) The electromagnetic method, validated by x-ray imaging, provides useful in-
sights into fiber distribution in hybrid UHPFRC-RC beams and its influence on beams’
shear performance. Analytical models are developed to predict the compressive strength,
elastic modulus, and tensile behavior of UHPFRC as a function of its fiber content (Sec-
tions 6.5 and 6.6).

(9) The numerical investigation confirms that the interface properties between UHP-
FRC and NC are critical to the shear performance of the strengthened RC beams with
UHPFRC. Both the bond strength and the interface stiffness significantly affect the shear
response of the strengthened beams, highlighting the need for a proper interface design
to fully activate the UHPFRC strengthening efficiency (Section 7.4.1).

(10) The tensile strength and strain hardening properties of UHPFRC enhance the
structural performance, with tensile strength particularly improving load capacity and the
strain hardening property mainly improving the ductility. The elastic modulus and sof-
tening branch of the UHPFRC have negligible influence on the load and deformational
capacities of the strengthened beam. The elastic modulus mainly affects the initial stiff-
ness of the strengthened structure and the softening branch of UHPFRC primarily influ-
ences structural post-peak behavior. Still, the peak load and deformation capacity are un-
derestimated if the softening branch is not considered (Section 7.4.2).

(11) The non-uniform fiber distribution affects the load-deflection response and fail-
ure patterns of UHPFRC-RC beams. In general, higher uniformity will lead to larger shear
capacity and ductility, but there is a threshold value for fiber distribution factor beyond
which the effect is minor (Section 7.4.3).

8.3 Recommendation for future research

In order to better understand the shear performance of concrete structures strengthened
with UHPFRC, further research is recommended:

(1) The geometry and proportions of the beam in the current study are not realistic
(the beam size is much smaller than the representative beams in existing structures),
which can have a significant effect on the shear behavior. The role of size effect and
possible benefits of shear strengthening with UHPFRC for deep beams should be studied
in the future.

(2) For cast in-situ applications with UHPFRC, moisture exchange between UHP-
FRC and concrete is critical to the shear strengthening efficiency. Besides structural tests
in current research, studies at the microscale and mesoscale are needed to systematically
study the influence of moisture transport on the bond quality and microstructure develop-
ment of UHPFRC.
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(3) After exposure to specified freeze-thaw conditions in the current study, no obvi-
ous damage is observed in the material properties of UHPFRC and concrete, and bond at
the interface. However, in practice, for example, concrete bridges will face other harsh
conditions that are not tested in this study. To comprehensively assess the robustness of
the UHPFRC strengthening system, further investigations such as exposure to frost salt
scaling and high temperatures are needed. For example, given that epoxy is sensitive to
elevated temperatures, its bond performance under such conditions must be examined to
ensure the long-term durability of the system.

(4) With the use of active infrared thermography, the developed standardized testing
and post-processing methods are effective in detecting the delamination of hybrid UHP-
FRC-concrete structures. However, future research is still necessary to further improve
the detection accuracy for small delamination thickness and to reduce the influence of
noise, edge effect, and uneven heat distribution. For example, always including reference
sample next to the investigated sample could potentially improve detection accuracy.

(5) The internal reinforcement in the beams may influence the accuracy of induct-
ance measurements. However, this effect can be minimized if the reinforcement is located
deeper than the effective measurement range of the magnetic probe or if an adequate
concrete cover is provided. Additionally, calibrating the probes using specimens without
reinforcement may not fully reflect real beam conditions. Therefore, it is advisable to
perform calibration using specimens that more closely represent actual beam configura-
tions, ensuring reliable measurement performance under realistic conditions.

(6) Based on the fiber contents measured by electromagnetic method, analytical
methods are proposed to predict the mechanical properties of UHPFRC. However, some
predictive formulas are empirical and physical-based equations still need to be developed.

(7) Pilot tests on a real bridge strengthened with UHPFRC in shear, typically focus-
ing on the interface preparation prior to the application of UHPFRC and examination of
fiber distribution in UHPFRC after casting, are suggested to further investigate the on-
site application of UHPFRC under real exposure conditions.

223



8.3 Recommendation for future research

224



References

References

(1]

(2]

(3]

[4]

[5]

(6]

[7]

(8]

(9]

[10]

[11]

[12]

[13]
[14]

Douglas Hooton R. Future directions for design, specification, testing, and
construction of durable concrete structures. Cem Concr Res 2019.
https://doi.org/10.1016/j.cemconres.2019.105827.

Angst UM, Hooton RD, Marchand J, Page CL, Flatt RJ, Elsener B, et al. Present
and future durability challenges for reinforced concrete structures. Mater. Corros.,
2012. https://doi.org/10.1002/mac0.201206898.

El Kechebour B, Zeloum H. Choice between Retrofitting and Reconstruction of
Buildings in Reinforced Concrete after an Earthquake. Adv Mater Res 2015.
https://doi.org/10.4028/www.scientific.net/amr.1119.736.

Bruhwiler E. Rehabilitation of concrete bridges using Ultra-High Performance
Fibre Reinforced Concrete (UHPFRC). Life-Cycle Sustain. Civ. Infrastruct. Syst.
- Proc. 3rd Int. Symp. Life-Cycle Civ. Eng. IALCCE 2012, 2012.

Raza S, Khan MKI, Menegon SJ, Tsang HH, Wilson JL. Strengthening and repair
of reinforced concrete columns by jacketing: State-of-the-art review. Sustain
2019. https://doi.org/10.3390/su11113208.

Naaman AE, Wille K. The Path to Ultra-High Performance Fiber Reinforced
Concrete ( UHP-FRC ): Five Decades of Progress. Proc HiperMat 2012 (Kassel,
March 7-9, 2012) 2012.

Matos AM, Chaves Figueiredo S, Nunes S, Schlangen E, Barroso-Aguiar JL.
Durability of an UHPFRC under mechanical and chloride loads. Constr Build
Mater 2021. https://doi.org/10.1016/j.conbuildmat.2021.125223.

Sohail MG, Kahraman R, Al Nuaimi N, Gencturk B, Alnahhal W. Durability
characteristics of high and ultra-high performance concretes. J Build Eng 2021.
https://doi.org/10.1016/j.jobe.2020.101669.

Tahwia AM, Elgendy GM, Amin M. Durability and microstructure of eco-
efficient ultra-high-performance concrete. Constr Build Mater 2021.
https://doi.org/10.1016/j.conbuildmat.2021.124491.

Martin-Sanz H, Chatzi E, Briihwiler E. The use of Ultra High Performance Fibre
Reinforced cement-based Composites in rehabilitation projects: a review, 2016.
https://doi.org/10.21012/fc9.219.

Briithwiler E. “Structural UHPFRC”: Welcome to the post-concrete era !, 2016.
https://doi.org/10.21838/uhpc.2016.key.

SIA. 2052: Béton fibré ultra-performant (BFUP)-Matériaux, dimensionnement et
exécution. Swiss Soc Eng Archit 2016.

AFGC. Bétons Fibrés a Ultra-Hautes Performances: Recommandations 2013.

Yoo DY, Banthia N. Mechanical and structural behaviors of ultra-high-
performance fiber-reinforced concrete subjected to impact and blast. Constr Build
Mater 2017. https://doi.org/10.1016/j.conbuildmat.2017.05.136.

225



References

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

226

Voo YL, Foster SJ, Voo CC. Ultrahigh-Performance Concrete Segmental Bridge
Technology: Toward Sustainable Bridge Construction. J Bridg Eng 2015;20.
https://doi.org/10.1061/(ASCE)BE.1943-5592.0000704.

Reitsema AD, Lukovic M, Griinewald S, Hordijk DA. Future infrastructural
replacement through the smart bridge concept. Materials (Basel) 2020.
https://doi.org/10.3390/mal13020405.

Yu R, Song Q, Wang X, Zhang Z, Shui Z, Brouwers HJH. Sustainable
development of Ultra-High Performance Fibre Reinforced Concrete (UHPFRC):
Towards to an optimized concrete matrix and efficient fibre application. J Clean
Prod 2017. https://doi.org/10.1016/j.jclepro.2017.06.017.

Lukovi¢ M. Literature review on new concrete types; A start on exploring their
opportunities for Dutch infrastructure. Delft University of Technology; 2017.

Japan Society of Civil Engineers. Recommendations for Design and Construction
of High Performance Fiber Reinforced Cement Composites with Multiple Fine
Cracks (HPFRCC). Concr Eng Ser 2008.

Zhu Y, Zhang Y, Hussein HH, Chen G. Flexural strengthening of reinforced
concrete beams or slabs using ultra-high performance concrete (UHPC): A state
of the art review. Eng Struct 2020;205:110035.
https://doi.org/10.1016/j.engstruct.2019.110035.

Garg V, Bansal PP, Sharma R. Retrofitting of Shear-Deficient RC Beams Using
UHP-FRC. Iran J Sci Technol - Trans Civ Eng 2019.
https://doi.org/10.1007/s40996-019-00241-7.

Sine A, Pimentel M, Nunes S, Dimande A. Shear behaviour of RC-UHPFRC
composite beams without transverse reinforcement. Eng Struct 2022;257:114053.
https://doi.org/10.1016/J.ENGSTRUCT.2022.114053.

Sakr MA, Sleemah AA, Khalifa TM, Mansour WN. Shear strengthening of
reinforced concrete beams using prefabricated ultra-high performance fiber
reinforced concrete plates: Experimental and numerical investigation. Struct
Concr 2019. https://doi.org/10.1002/suc0.201800137.

Ji H, Liu C. Ultimate shear resistance of ultra-high performance fiber reinforced
concrete-normal  strength ~ concrete  beam. Eng  Struct  2020.
https://doi.org/10.1016/j.engstruct.2019.109825.

Hussein L, Amleh L. Structural behavior of ultra-high performance fiber
reinforced concrete-normal strength concrete or high strength concrete composite
members. Constr Build Mater 2015.
https://doi.org/10.1016/j.conbuildmat.2015.05.030.

Bastien-Masse M, Brihwiler E. Contribution of R-UHPFRC strengthening layers
to the shear resistance of RC elements. Struct Eng Int 2016.
https://doi.org/10.2749/101686616X14555429843924.

Bahrag AA, Al-Osta MA, Ahmad S, Al-Zahrani MM, Al-Dulaijan SO, Rahman
MK. Experimental and Numerical Investigation of Shear Behavior of RC Beams



[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]
[38]

References

Strengthened by Ultra-High Performance Concrete. Int J Concr Struct Mater 2019.
https://doi.org/10.1186/s40069-018-0330-z.

Sakr MA, Sleemah AA, Khalifa TM, Mansour WN. Shear strengthening of
reinforced concrete beams using prefabricated ultra-high performance fiber
reinforced concrete plates: Experimental and numerical investigation. Struct
Concr 2019;20:1137-53. https://doi.org/10.1002/suco.201800137.

Feng S, Xiao H, Li H. Comparative studies of the effect of ultrahigh-performance
concrete and normal concrete as repair materials on interfacial bond properties
and microstructure. Eng Struct 2020;222:111122.
https://doi.org/10.1016/j.engstruct.2020.111122.

Zhang Y, Zhu P, Liao Z, Wang L. Interfacial bond properties between normal
strength concrete substrate and ultra-high performance concrete as a repair
material. Constr Build Mater 2020;235:117431.
https://doi.org/10.1016/j.conbuildmat.2019.117431.

Valikhani A, Jahromi AJ, Mantawy IM, Azizinamini A. Experimental evaluation
of concrete-to-UHPC bond strength with correlation to surface roughness for
repair application. Constr Build Mater 2020.
https://doi.org/10.1016/j.conbuildmat.2019.117753.

Zhang Y, Zhang C, Zhu Y, Cao J, Shao X. An experimental study: various
influence factors affecting interfacial shear performance of UHPC-NSC. Constr
Build Mater 2020;236:117480.
https://doi.org/10.1016/j.conbuildmat.2019.117480.

Al-Osta MA, Isa MN, Baluch MH, Rahman MK. Flexural behavior of reinforced
concrete beams strengthened with ultra-high performance fiber reinforced
concrete. Constr Build Mater 2017.
https://doi.org/10.1016/j.conbuildmat.2016.12.094.

Valikhani A, Jahromi AJ, Mantawy IM, Azizinamini A. Effect of mechanical
connectors on interface shear strength between concrete substrates and UHPC:
Experimental and numerical studies and proposed design equation. Constr Build
Mater 2021. https://doi.org/10.1016/j.conbuildmat.2020.120587.

Sadouki H, Denarié E, Brihwiler E. Validation of a FEA model of structural
response of RC-cantilever beams strengthened with a (R-) UHPFRC layer. Constr
Build Mater 2017. https://doi.org/10.1016/j.conbuildmat.2017.02.090.

Daneshvar D, Behnood A, Robisson A. Interfacial bond in concrete-to-concrete
composites: A review. Constr Build Mater 2022.
https://doi.org/10.1016/j.conbuildmat.2022.129195.

Braam R. Concrete structures 2 L13 Example prestressed girder n.d.

Yumnam M, Gupta H, Ghosh D, Jaganathan J. Inspection of concrete structures
externally reinforced with FRP composites using active infrared thermography:
A review. Constr Build Mater 2021.
https://doi.org/10.1016/j.conbuildmat.2021.125265.

227



References

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

228

Wang R, Gao X, Huang H, Han G. Influence of rheological properties of cement
mortar on steel fiber distribution in UHPC. Constr Build Mater 2017.
https://doi.org/10.1016/j.conbuildmat.2017.03.173.

Alabi DJ, Voss M, Ferraro CC, Riding K, Harley JB. Electromagnetic method
field test for characterizing steel fibers in ultra-high performance concrete
(UHPC). Constr Build Mater 2023.
https://doi.org/10.1016/j.conbuildmat.2023.130873.

Nunes S, Pimentel M, Sine A, Mokhberdoran P. Key factors for implementing
magnetic NDT method on thin UHPFRC bridge elements. Materials (Basel) 2021.
https://doi.org/10.3390/mal14164353.

Lukovic M, Ye G. Effect of moisture exchange on interface formation in the
repair system studied by X-ray absorption. Materials (Basel) 2016.
https://doi.org/10.3390/ma9010002.

Bentz DP, De la VVarga |, Mufioz JF, Spragg RP, Graybeal BA, Hussey DS, et al.
Influence of substrate moisture state and roughness on interface microstructure
and bond strength: Slant shear vs. pull-off testing. Cem Concr Compos 2018.
https://doi.org/10.1016/j.cemconcomp.2017.12.005.

Zhou J, Ye G, van Breugel K. Cement hydration and microstructure in concrete
repairs with cementitious repair materials. Constr Build Mater 2016.
https://doi.org/10.1016/j.conbuildmat.2016.02.203.

Cervenka V, Jendele L, Cervenka J. ATENA Program Documentation Part 1
Theory. Atena 2012.

The Riddle of Shear Failure and its Solution. ACI J Proc 1964.
https://doi.org/10.14359/7791.

Meda A, Plizzari GA, Rinaldi Z, Martinola G. Strengthening of R/C existing
columns with high performance fiber reinforced concrete jacket. Concr. Repair,
Rehabil. Retrofit. Il - Proc. 2nd Int. Conf. Concr. Repair, Rehabil. Retrofit.
ICCRRR, 2009. https://doi.org/10.1201/9781439828403.ch178.

Said A, Elsayed M, EI-Azim AA, Althoey F, Tayeh BA. Using ultra-high
performance fiber reinforced concrete in improvement shear strength of
reinforced  concrete  beams. Case Stud Constr Mater 2022.
https://doi.org/10.1016/j.cscm.2022.e01009.

Lantsoght EOL. How do steel fibers improve the shear capacity of reinforced
concrete  beams without stirrups? Compos Part B Eng 2019.
https://doi.org/10.1016/j.compositesh.2019.107079.

Jongvivatsakul P, Bui LVH, Koyekaewphring T, Kunawisarut A, Hemstapat N,
Stitmannaithum B. Using Steel Fiber-Reinforced Concrete Precast Panels for
Strengthening in Shear of Beams: An Experimental and Analytical Investigation.
Adv Civ Eng 2019. https://doi.org/10.1155/2019/4098505.

Yin H, Shirai K, Teo W. Prediction of shear capacity of UHPC-concrete
composite structural members based on existing codes. J Civ Eng Manag 2018.



[52]

(53]

[54]

[55]

[56]
[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

References

https://doi.org/10.3846/jcem.2018.6484.

Japan Society of Civil Engineers. Guidelines for Concrete: Standard
Specifications for Concrete Structures. Tokyo, Japan: 2010.

Yin H, Teo W, Shirai K. Experimental investigation on the behaviour of
reinforced concrete slabs strengthened with ultra-high performance concrete.
Constr Build Mater 2017. https://doi.org/10.1016/j.conbuildmat.2017.08.077.

American Concrete Institute. Building code requirements for structural concrete
(ACI 318-08) and commentary 2008.

BS EN 1992-1-1. Eurocode 2: Design of concrete structures - Part 1-1 : General
rules and rules for buildings. Br Stand Inst 2004.

CEB-FIP. Model Code 2010. 2010.

Noshiravani T, Brihwiler E. Rotation capacity and stress redistribution ability of
R-UHPFRC-RC composite continuous beams: An experimental investigation.
Mater Struct Constr 2013. https://doi.org/10.1617/s11527-013-0033-5.

Noshiravani T, Bruhwiler E. Analytical Model for Predicting Response and
Flexure-Shear Resistance of Composite Beams Combining Reinforced Ultrahigh
Performance Fiber-Reinforced Concrete and Reinforced Concrete. J Struct Eng
2014. https://doi.org/10.1061/(asce)st.1943-541x.0000902.

di Prisco M, Kanstad T, Plizzari G, Minelli F, Haus A. Eurocode 2 — Annex L —
European Harmonized Standard for Steel Fibre Reinforced Concrete. RILEM
Bookseries, 2022. https://doi.org/10.1007/978-3-030-83719-8_47.

Ruano G, Isla F, Sfer D, Luccioni B. Numerical modeling of reinforced concrete
beams repaired and strengthened with SFRC. Eng Struct 2015.
https://doi.org/10.1016/j.engstruct.2014.12.030.

Bhaduri T, Alnaggar M. Modeling of Steel Reinforced Ultra-High-Performance
Concrete (UHPC ) Beams Failure. Proc. Second Int. Interact. Symp. UHPC, 2019.

Dinh HH. Shear behavior of steel fiber reinforced concrete beams without stirrup
reinforcement. University of Michigan, 20009.

Sakr MA, El-khoriby SR, Khalifa TM, Nagib MT. Modeling of RC shear walls
strengthened with ultra-high performance fiber reinforced concrete (UHPFRC)
jackets. Eng Struct 2019. https://doi.org/10.1016/j.engstruct.2019.109696.

Safdar M, Matsumoto T, Kakuma K. Flexural behavior of reinforced concrete
beams repaired with ultra-high performance fiber reinforced concrete (UHPFRC).
Compos Struct 2016. https://doi.org/10.1016/j.compstruct.2016.09.010.

Martinola G, Meda A, Plizzari GA, Rinaldi Z. Strengthening and repair of RC
beams with fiber reinforced concrete. Cem Concr Compos 2010.
https://doi.org/10.1016/j.cemconcomp.2010.07.001.

Yin H, Shirai K, Teo W. Numerical model for predicting the structural response
of composite UHPC-concrete members considering the bond strength at the
interface. Compos Struct 2019. https://doi.org/10.1016/j.compstruct.2019.02.040.

229



References

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

230

Bastien-Masse M, Brihwiler E. Composite model for predicting the punching
resistance of R-UHPFRC-RC composite slabs. Eng Struct 2016.
https://doi.org/10.1016/j.engstruct.2016.03.017.

Zanotti C, Randl N. Are concrete-concrete bond tests comparable? Cem Concr
Compos 2019. https://doi.org/10.1016/j.cemconcomp.2019.02.012.

Momayez A, Ehsani MR, Ramezanianpour AA, Rajaie H. Comparison of
methods for evaluating bond strength between concrete substrate and repair
materials. Cem Concr Res 2005.
https://doi.org/10.1016/j.cemconres.2004.05.027.

Randl N. Design recommendations for interface shear transfer in fib Model Code
2010. Struct Concr 2013. https://doi.org/10.1002/suc0.201300003.

Morgan DR. Compatibility of concrete repair materials and systems. Constr Build
Mater 1996. https://doi.org/10.1016/0950-0618(95)00060-7.

Lukovic M, Ye G, Van Breugel K. Reliable concrete repair: A critical review.
14th Int Conf Struct Faults Repair, Edinburgh, Scotland, UK, 3-5 July 2012 2012.

Abu-Tair Al, Rigden SR, Burley E. Testing the bond between repair materials
and concrete substrate. ACI Mater J 1996.

Naderi M. Effects of cyclic loading, freeze-thaw and temperature changes on
shear bond strengths of different concrete repair systems. J Adhes 2008.
https://doi.org/10.1080/00218460802352934.

Austin S, Robins P, Pan Y. Shear bond testing of concrete repairs. Cem Concr
Res 1999. https://doi.org/10.1016/S0008-8846(99)00088-5.

Lopez-Carrefio RD, Pujadas P, Cavalaro SHP, Aguado A. Bond strength of
whitetoppings and bonded overlays constructed with self-compacting high-
performance concrete. Constr Build Mater 2017.
https://doi.org/10.1016/j.conbuildmat.2017.07.136.

Zanotti C, Banthia N, Plizzari G. A study of some factors affecting bond in
cementitious  fiber  reinforced repairs. Cem Concr Res 2014.
https://doi.org/10.1016/j.cemconres.2014.05.008.

Tayeh BA, Abu Bakar BH, Megat Johari MA. Characterization of the interfacial
bond between old concrete substrate and ultra high performance fiber concrete
repair composite. Mater Struct Constr 2013. https://doi.org/10.1617/s11527-012-
9931-1.

Tayeh BA, Abu Bakar BH, Megat Johari MA, Voo YL. Mechanical and
permeability properties of the interface between normal concrete substrate and
ultra high performance fiber concrete overlay. Constr Build Mater 2012.
https://doi.org/10.1016/j.conbuildmat.2012.06.013.

Haber ZB, Munoz JF, De la Varga |, Graybeal BA. Bond characterization of
UHPC overlays for concrete bridge decks: Laboratory and field testing. Constr
Build Mater 2018. https://doi.org/10.1016/j.conbuildmat.2018.09.167.



[81]

(82]

(83]

(84]

(85]

(86]

[87]

(88]

(89]

[90]

[91]

[92]

[93]

[94]

References

Ganesh P, Ramachandra Murthy A. Simulation of surface preparations to predict
the bond behaviour between normal strength concrete and ultra-high performance
concrete. Constr Build Mater 2020.
https://doi.org/10.1016/j.conbuildmat.2020.118871.

Semendary AA, Svecova D. Factors affecting bond between precast concrete and
cast in place ultra high performance concrete (UHPC). Eng Struct 2020.
https://doi.org/10.1016/j.engstruct.2020.110746.

Austin S, Robins P, Pan Y. Tensile bond testing of concrete repairs. Mater Struct
1995. https://doi.org/10.1007/BF02473259.

Bakhsh KN. Evaluation of Bond Strength between Overlay and Substrate in
Concrete Repairs. Thesis 2010.

Valipour M, Khayat KH. Debonding test method to evaluate bond strength
between UHPC and concrete substrate. Mater Struct Constr 2020.
https://doi.org/10.1617/s11527-020-1446-6.

Espeche AD, Leon J. Estimation of bond strength envelopes for old-to-new
concrete interfaces based on a cylinder splitting test. Constr Build Mater 2011.
https://doi.org/10.1016/j.conbuildmat.2010.09.032.

Silfwerbrand J. Shear bond strength in repaired concrete structures. Mater Struct
Constr 2003. https://doi.org/10.1617/13859.

Zhang Y, Zhang C, Zhu Y, Cao J, Shao X. An experimental study: various
influence factors affecting interfacial shear performance of UHPC-NSC. Constr
Build Mater 2020. https://doi.org/10.1016/j.conbuildmat.2019.117480.

Chestney MA. Concrete Patch Repair Bond Strength. Department of Civil
Building Engineering, Loughborough University, 1996.

Farzad M, Shafieifar M, Azizinamini A. Experimental and numerical study on
bond strength between conventional concrete and Ultra High-Performance
Concrete (UHPC). Eng Struct 20109.
https://doi.org/10.1016/j.engstruct.2019.02.030.

Perez F, Bissonnette B, Gagné R. Parameters affecting the debonding risk of
bonded overlays used on reinforced concrete slab subjected to flexural loading.
Mater Struct Constr 2009. https://doi.org/10.1617/s11527-008-9410-X.

Tsioulou OT, Lampropoulos AP, Dritsos SE. Experimental investigation of
interface behaviour of RC beams strengthened with concrete layers. Constr Build
Mater 2013. https://doi.org/10.1016/j.conbuildmat.2012.09.093.

Paschalis SA, Lampropoulos AP, Tsioulou O. Experimental and numerical study
of the performance of ultra high performance fiber reinforced concrete for the
flexural strengthening of full scale reinforced concrete members. Constr Build
Mater 2018. https://doi.org/10.1016/j.conbuildmat.2018.07.123.

Prem PR, Murthy AR. Acoustic emission and flexural behaviour of RC beams
strengthened with UHPC  overlay. Constr Build Mater 2016.
https://doi.org/10.1016/j.conbuildmat.2016.07.033.

231



References

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

232

Alaee FJ, Karihaloo BL. Retrofitting of Reinforced Concrete Beams with
CARDIFRC. J Compos Constr 2003. https://doi.org/10.1061/(asce)1090-
0268(2003)7:3(174).

Tanarslan HM, Alver N, Jahangiri R, Yal¢inkaya, Yazict H. Flexural
strengthening of RC beams using UHPFRC laminates: Bonding techniques and
rebar addition. Constr Build Mater 2017.
https://doi.org/10.1016/j.conbuildmat.2017.08.056.

Kazemi Kamyab M. Autogenous Shrinkage and Hydration Kinetics of SH-
UHPFRC under Moderate to Low Temperature Curing Conditions
2013;5681:295.

Courard L. Adhesion of repair systems to concrete: Influence of interfacial
topography and transport phenomena. Mag Concr Res  2005.
https://doi.org/10.1680/macr.2005.57.5.273.

Courard L, Piotrowski T, Garbacz A. Near-to-surface properties affecting bond
strength in concrete repair. Cem Concr  Compos 2014,
https://doi.org/10.1016/j.cemconcomp.2013.11.005.

Courard L. Parametric study for the creation of the interface between concrete
and repair products. Mater Struct Constr 2000.
https://doi.org/10.1007/bf02481698.

Chen Y, Matalkah F, Rankothge W, Balachandra A, Soroushian P. Improvement
of the surface quality and aesthetics of ultra-high-performance concrete. Proc Inst
Civ Eng Constr Mater 2019. https://doi.org/10.1680/jcoma.17.00009.

Kazemi-kamyab H, Denarié E, Brihwiler E, Wang BY, Thiéry M, Faure PF, et
al. Characterization of moisture transfer in UHPFRC-concrete composite systems
at early age. Proc 2nd Int Conf Microstruct Durab Cem Compos 2012.

Lukovic M, Ye G, Schlangen E, Van Breugel K. Moisture movement in cement-
based repair systems monitored by X-ray absorption. Heron 2017.

Zhang Y, Zhu P, Liao Z, Wang L. Interfacial bond properties between normal
strength concrete substrate and ultra-high performance concrete as a repair
material. Constr Build Mater 2020.
https://doi.org/10.1016/j.conbuildmat.2019.117431.

Martinola G, Sadouki H, Wittmann FH. Numerical Model for Minimizing Risk
of Damage in Repair System. J Mater Civ Eng 2001
https://doi.org/10.1061/(asce)0899-1561(2001)13:2(121).

Habel K, Charron JR, Denarié E, Brihwiler E. Autogenous deformations and
viscoelasticity of UHPFRC in structures. Part I: Experimental results. Mag Concr
Res 2006. https://doi.org/10.1680/macr.2006.58.3.135.

Li W, Huang Z, Hu G, Hui Duan W, Shah SP. Early-age shrinkage development
of ultra-high-performance concrete under heat curing treatment. Constr Build
Mater 2017. https://doi.org/10.1016/j.conbuildmat.2016.11.024.

Yoo DY, Banthia N, Yoon YS. Geometrical and boundary condition effects on



[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

References

restrained shrinkage behavior of UHPFRC slabs. KSCE J Civ Eng 2018.
https://doi.org/10.1007/s12205-017-0587-9.

Yoo DY, Banthia N. Mechanical properties of ultra-high-performance fiber-
reinforced concrete: A review. Cem Concr Compos  2016.
https://doi.org/10.1016/j.cemconcomp.2016.08.001.

Xie T, Fang C, Mohamad Ali MS, Visintin P. Characterizations of autogenous
and drying shrinkage of ultra-high performance concrete (UHPC): An
experimental study. Cem Concr Compos 2018.
https://doi.org/10.1016/j.cemconcomp.2018.05.009.

Habel K, Denarié E, Bruhwiler E. Time dependent behavior of elements
combining ultra-high performance fiber reinforced concretes (UHPFRC) and
reinforced concrete. Mater Struct Constr 2006. https://doi.org/10.1617/s11527-
005-9045-0.

Tsioulou OT, Agaoglu C, Lampropoulos AP. Restrained concrete shrinkage
effect on Concrete Elements strengthened with UHPFRC layers. 20th Congr.
IABSE, New York City 2019 Evol. Metrop. - Rep., 2019.
https://doi.org/10.2749/newyork.2019.0872.

Kheir J, Klausen A, Hammer TA, De Meyst L, Hilloulin B, Van Tittelboom K,
et al. Early age autogenous shrinkage cracking risk of an ultra-high performance
concrete (UHPC) wall: Modelling and experimental results. Eng Fract Mech 2021.
https://doi.org/10.1016/j.engfracmech.2021.108024.

Zhu 'Y, Zhang Y, Hussein HH, Liu J, Chen G. Experimental study and theoretical
prediction on shrinkage-induced restrained stresses in UHPC-RC composites
under normal curing and steam curing. Cem Concr Compos 2020.
https://doi.org/10.1016/j.cemconcomp.2020.103602.

Carbonell Mufioz MA, Harris DK, Ahlborn TM, Froster DC. Bond Performance
between Ultrahigh-Performance Concrete and Normal-Strength Concrete. J
Mater Civ Eng 2014. https://doi.org/10.1061/(asce)mt.1943-5533.0000890.

Wei Y, Guo W, Ma L, Liu Y, Yang B. Materials, Structure, and construction of
a low-shrinkage UHPC overlay on concrete bridge deck. Constr Build Mater
2023. https://doi.org/10.1016/j.conbuildmat.2023.133353.

LiuY, Wei Y, Ma L, Wang L. Restrained shrinkage behavior of internally-cured
UHPC using calcined bauxite aggregate in the ring test and UHPC-concrete
composite slab. Cem Concr Compos 2022.
https://doi.org/10.1016/j.cemconcomp.2022.104805.

Tayeh BA, Abu Bakar BH, Megat Johari MA, Voo YL. Utilization of ultra-high
performance fibre concrete (UHPFC) for rehabilitation a review. Procedia Eng.,
2013. https://doi.org/10.1016/j.proeng.2013.03.048.

Brihwiler E, Denarié E. Rehabilitation of concrete structures using Ultra-High
Performance Fibre Reinforced Concrete. Second Int. Symp. Ultra High Perform.
Concr., University of Kassel: 2008.

233



References

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

234

Charron JP, Denarié E, Briihwiler E. Transport properties of water and glycol in
an ultra high performance fiber reinforced concrete (UHPFRC) under high tensile
deformation. Cem Concr Res 2008.
https://doi.org/10.1016/j.cemconres.2007.12.006.

Torrent RJ. A two-chamber vacuum cell for measuring the coefficient of
permeability to air of the concrete cover on site. Mater Struct 1992.
https://doi.org/10.1007/BF02472595.

Benjamin A. G. Material Property Characterization of Ultra-High Performance
Concrete. FHWA 2006.

Guingot L, Dekhil D, Soulier P. Strengthening of Hydraulic Structures With
Uhpc. Toutlemonde F, Resplendino J, Eds Proceed-Ings Int Symp Ultra-High
Perform Fiber- Reinf Concr Marseille, Fr 2013.

Denarié E, Jacomo D, Fady N, Corvez D. Rejuvenation of maritime signalisation
structures with UHPFRC. RILEM-fib-AFGC Int. Symp. Ultra-High Perform.
Fibre-Reinforced Concr., 2013.

Feng S, Xiao H, Liu R, Liu M. The bond properties between ultra-high-
performance concrete and normal strength concrete substrate: Bond macro-
performance and overlay transition zone microstructure. Cem Concr Compos
2022. https://doi.org/10.1016/j.cemconcomp.2022.104436.

Tan LX, Semendary AA, Svecova D. Effect of Cyclic Temperature and Fatigue
Load on the Performance of Bond Strength at High-Strength Concrete-UHPC
Interface. J Mater Civ Eng 2023. https://doi.org/10.1061/jmcee7.mteng-13922.

Baloch WL, Siad H, Lachemi M, Sahmaran M. Effect of high temperatures on
hot-bonded SCC/ECC and SCC/UHPC composite systems. Constr Build Mater
2023. https://doi.org/10.1016/j.conbuildmat.2023.130507.

Guo X, Li H, Wang S. Effects of pre-corroded steel fibers on mechanical
properties and interface bond behavior of ultra-high performance concrete-
normal concrete. Constr Build Mater 2022.
https://doi.org/10.1016/j.conbuildmat.2022.129234.

Noshiravani T, Brihwiler E. Experimental investigation on reinforced ultra-high-
performance fiber-reinforced concrete composite beams subjected to combined
bending and shear. ACI Struct J 2013. https://doi.org/10.14359/51684405.

Tayeh BA, Abu Bakar BH, Megat Johari MA, Zeyad AM. Flexural strength
behavior of composite UHPFC - existing concrete. Adv. Mater. Res., 2013.
https://doi.org/10.4028/www.scientific.net/ AMR.701.32.

Habel K, Denarié E, Brihwiler E. Structural Response of Elements Combining
Ultrahigh-Performance Fiber-Reinforced Concretes and Reinforced Concrete. J
Struct Eng 2006. https://doi.org/10.1061/(asce)0733-9445(2006)132:11(1793).

Wu X, Yu S, Xue S, Kang THK, Hwang HJ. Punching shear strength of
UHPFRC-RC composite flat plates. Eng Struct 2019.
https://doi.org/10.1016/j.engstruct.2019.01.099.



[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

References

Lampropoulos AP, Paschalis SA, Tsioulou OT, Dritsos SE. Strengthening of
reinforced concrete beams using ultra high performance fibre reinforced concrete
(UHPFRC). Eng Struct 2016. https://doi.org/10.1016/j.engstruct.2015.10.042.

Du béton F. Structural Connections for Precast Concrete Buildings: Guide to
Good Practice. International Federation for Structural Concrete (fib); 2008.

Paschalis SA, Lampropoulos AP. Developments in the use of Ultra High
Performance Fiber Reinforced Concrete as strengthening material. Eng Struct
2021. https://doi.org/10.1016/j.engstruct.2021.111914.

Zhu Y, Zhang Y, Hussein HH, Chen G. Numerical modeling for damaged
reinforced concrete slab strengthened by ultra-high performance concrete (UHPC)
layer. Eng Struct 2020. https://doi.org/10.1016/j.engstruct.2019.110031.

AASHTO L. American Association of State Highway and Transportation
Officials Load-and-resistance factor design 2017.

Mohammed TJ, Abu Bakar BH, Muhamad Bunnori N. Torsional improvement
of reinforced concrete beams using ultra high-performance fiber reinforced
concrete (UHPFC) jackets - Experimental study. Constr Build Mater 2016.
https://doi.org/10.1016/j.conbuildmat.2015.12.160.

Noshiravani T. Structural Response of R-UHPFRC-RC Composite Members
Subjected to Combined Bending and Shear. EPFL; 2012.

Sakr MA, Sleemah AA, Khalifa TM, Mansour WN. Behavior of RC beams
strengthened in shear with ultra-high performance fiber reinforced concrete
(UHPFRC). MATEC Web Conf., 2018.
https://doi.org/10.1051/matecconf/201819909002.

Washer G, Fuchs P, Graybeal BA, Hartmann JL. Ultrasonic Testing of Reactive
Powder Concrete. IEEE Trans Ultrason Ferroelectr Freq Control 2004.
https://doi.org/10.1109/TUFFC.2004.1320767.

Hassan AMT, Jones SW. Non-destructive testing of ultra high performance fibre
reinforced concrete (UHPFRC): A feasibility study for using ultrasonic and
resonant frequency testing techniques. Constr Build Mater 2012.
https://doi.org/10.1016/j.conbuildmat.2012.04.047.

Tsioulou O, Lampropoulos A, Paschalis S. Combined Non-Destructive Testing
(NDT) method for the evaluation of the mechanical characteristics of Ultra High
Performance Fibre Reinforced Concrete (UHPFRC). Constr Build Mater 2017.
https://doi.org/10.1016/j.conbuildmat.2016.11.068.

Najm HM, Nanayakkara O, Sabri MMS. Destructive and Non-Destructive
Evaluation of Fibre-Reinforced Concrete: A Comprehensive Study of
Mechanical Properties. Materials (Basel) 2022,
https://doi.org/10.3390/mal15134432.

Al-Huri M, Ahmad S, Al-Osta MA. Evaluation of Compressive Strength of Ultra-
High-Performance Fiber-Reinforced Concrete Using Non-Destructive Tests.
Arab J Sci Eng 2022. https://doi.org/10.1007/s13369-021-06448-z.

235



References

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

236

Islam MM, Zhang Q, Jin Q. A review of existing codes and standards on design
factors for UHPC placement and fiber orientation. Constr Build Mater 2022.
https://doi.org/10.1016/j.conbuildmat.2022.128308.

Huang H, Gao X, Teng L. Fiber alignment and its effect on mechanical properties
of UHPC: An overview. Constr Build Mater 2021.
https://doi.org/10.1016/j.conbuildmat.2021.123741.

Zhao M, Li J, Xie YM. Effect of vibration time on steel fibre distribution and
flexural behaviours of steel fibre reinforced concrete with different flowability.
Case Stud Constr Mater 2022. https://doi.org/10.1016/j.cscm.2022.e01114.

Wang S, Yu L, Yang F, Xu L, Wu K, De Schutter G, et al. Effect of steel fiber
distribution on the mechanical properties of UHPC caused by vehicle-bridge
coupling vibration. Compos Part B Eng 2022.
https://doi.org/10.1016/j.compositesh.2022.110201.

LengJ, Yang J, Zhang Z, Du J, Zou Y, Zhou J. Effect of vehicle-induced vibration
on the strength, nano-mechanical properties, and microstructural characteristics
of ultra-high-performance concrete during hardening process. Cem Concr
Compos 2024. https://doi.org/10.1016/j.cemconcomp.2024.105487.

Barnett SJ, Lataste JF, Parry T, Millard SG, Soutsos MN. Assessment of fibre
orientation in ultra high performance fibre reinforced concrete and its effect on
flexural strength. Mater Struct Constr 2010. https://doi.org/10.1617/s11527-009-
9562-3.

Nunes S, Pimentel M, Carvalho A. Non-destructive assessment of fibre content
and orientation in UHPFRC layers based on a magnetic method. Cem Concr
Compos 2016. https://doi.org/10.1016/j.cemconcomp.2016.05.024.

Nunes S, Pimentel M, Ribeiro F, Milheiro-Oliveira P, Carvalho A. Estimation of
the tensile strength of UHPFRC layers based on non-destructive assessment of
the fibre content and orientation. Cem Concr Compos 2017.
https://doi.org/10.1016/j.cemconcomp.2017.07.019.

Shen X, Briihwiler E. Influence of local fiber distribution on tensile behavior of
strain hardening UHPFRC using NDT and DIC. Cem Concr Res 2020.
https://doi.org/10.1016/j.cemconres.2020.106042.

Trampczynski W, Goszczynska B, Bacharz M. Acoustic emission for
determining early age concrete damage as an important indicator of concrete
quality/condition before loading. Materials (Basel) 2020.
https://doi.org/10.3390/MA13163523.

Huang Y, Schlangen E, Lukovi¢ M. Strengthening of Reinforced Concrete Beams
with Ultra-high Performance Fiber-Reinforced Concrete in Shear. Int. Symp. Int.
Fed. Struct. Concr., Springer; 2023, p. 695-705.

Chen H, Nie X, Gan S, Zhao Y, Qiu H. Interfacial imperfection detection for
steel-concrete composite structures using NDT techniques: A state-of-the-art
review. Eng Struct 2021. https://doi.org/10.1016/j.engstruct.2021.112778.



[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

References

Kashif Ur Rehman S, Ibrahim Z, Memon SA, Jameel M. Nondestructive test
methods for concrete bridges: A review. Constr Build Mater 2016.
https://doi.org/10.1016/j.conbuildmat.2015.12.011.

Zhan H, Jiang H, Jiang R. Three-dimensional images generated from diffuse
ultrasound wave: detections of multiple cracks in concrete structures. Struct Heal
Monit 2020. https://doi.org/10.1177/1475921719834045.

Bernachy-Barbe F, Sayari T, Dewynter-Marty V, L’Hostis V. Using X-ray
microtomography to study the initiation of chloride-induced reinforcement
corrosion in  cracked concrete.  Constr  Build  Mater  2020.
https://doi.org/10.1016/j.conbuildmat.2020.119574.

Alshargawi M, Dawood T, Abdelkhalek S, Abouhamad M, Zayed T. Condition
assessment of concrete-made structures using ground penetrating radar. Autom
Constr 2022. https://doi.org/10.1016/j.autcon.2022.104627.

Scherr JF, Grosse CU. Delamination detection on a concrete bridge deck using
impact echo scanning. Struct Concr 2021.
https://doi.org/10.1002/suc0.202000415.

Lim MK, Cao H. Combining multiple NDT methods to improve testing
effectiveness. Constr Build Mater 2013.
https://doi.org/10.1016/j.conbuildmat.2011.01.011.

Raja BNK, Miramini S, Duffield C, Sofi M, Mendis P, Zhang L. The influence
of ambient environmental conditions in detecting bridge concrete deck
delamination using infrared thermography (IRT). Struct Control Heal Monit 2020.
https://doi.org/10.1002/stc.25086.

Gu JC, Unjoh S, Naito H. Detectability of delamination regions using infrared
thermography in concrete members strengthened by CFRP jacketing. Compos
Struct 2020;245. https://doi.org/10.1016/j.compstruct.2020.112328.

Gu J, Unjoh S. Image processing methodology for detecting delaminations using
infrared thermography in CFRP-jacketed concrete members by infrared
thermography. Compos Struct 2021;270:114040.
https://doi.org/10.1016/j.compstruct.2021.114040.

Xu Y, Hwang S, Wang Q, Kim D, Luo C, Yang J, et al. Laser active
thermography for debonding detection in FRP retrofitted concrete structures.
NDT E Int 2020;114:102285. https://doi.org/10.1016/j.ndteint.2020.102285.

Mac VH, Tran QH, Huh J, Doan NS, Kang C, Han D. Detection of delamination
with various width-to-depth ratios in concrete bridge deck using passive IRT:
Limits and applicability. Materials (Basel) 2019;12.
https://doi.org/10.3390/mal12233996.

Huh J, Mac VH, Tran QH, Lee KY, Lee JI, Kang C. Detectability of delamination
in concrete structure using active infrared thermography in terms of signal-to-
noise ratio. Appl Sci 2018;8:1-19. https://doi.org/10.3390/app8101986.

Milovanovi¢ B, Pecur IB. Review of active IR thermography for detection and

237



References

[171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]

[179]

[180]

[181]

[182]

[183]

[184]

238

characterization of defects in reinforced concrete. J Imaging 2016.
https://doi.org/10.3390/jimaging2020011.

Julio ES, Branco F, Silva VD. Structural rehabilitation of columns with
reinforced concrete  jacketing. Prog Struct Eng Mater 2003.
https://doi.org/10.1002/pse.140.

EN 1015-3. Methods of test for mortar for masonry. Part 3 Determ Consistence
Fresh Mortar (by Flow Table) 1999.

ASTM C191. Standard Test Methods for Time of Setting of Hydraulic Cement
by Vicat Needle. ASTM Int West Conshohocken, PA 2021.

Silfwerbrand J. Stresses and strains in composite concrete beams subjected to
differential shrinkage. ACI Struct J 1997;94:347-53.
https://doi.org/10.14359/485.

Zhou J, Ye G, Schlangen E, van Breugel K. Modelling of stresses and strains in
bonded concrete overlays subjected to differential volume changes. Theor Appl
Fract Mech 2008;49:199-205. https://doi.org/10.1016/j.tafmec.2007.11.006.

Beushausen H, Alexander MG. Localised strain and stress in bonded concrete
overlays subjected to differential shrinkage. Mater Struct Constr 2007;40:189-99.
https://doi.org/10.1617/s11527-006-9130-z.

American Society for Testing and Materials. Testing of Length Change of
Hardened Concrete. ASTM C 157-2016 2016.

Yoo D, Min K, Lee J, Yoon Y. Shrinkage and cracking of restrained ultra-high-
performance fiber-reinforced concrete slabs at early age. Constr Build Mater
2014;73:357-65. https://doi.org/10.1016/j.conbuildmat.2014.09.097.

Griinewald S. Optimization of a Slender Bridge inUHPFRC. RILEM-fib-AFGC
Int. Symp. Ultra-High Perform. Fibre-Reinforced Concr. UHPFRC 2013, 2013.

Meng W, Khayat KH. Effect of Hybrid Fibers on Fresh Properties, Mechanical
Properties, and Autogenous Shrinkage of Cost-Effective UHPC. J Mater Civ Eng
2018. https://doi.org/10.1061/(asce)mt.1943-5533.0002212.

Li Z, Zhang S, Liang X, Ye G. Cracking potential of alkali-activated slag and fly
ash concrete subjected to restrained autogenous shrinkage. Cem Concr Compos
2020. https://doi.org/10.1016/j.cemconcomp.2020.103767.

Standard B. Testing hardened concrete. Compressive Strength Test Specimens,
BS EN 2009:12390-3.

Huang H, Su A, Gao X, Yang Y. Influence of formwork wall effect on fiber
orientation of UHPC with two casting methods. Constr Build Mater 2019.
https://doi.org/10.1016/j.conbuildmat.2019.04.200.

Kwiatkowski KP, Stipanovic Oslakovic I, ter Maat H, Hartmann A, Chinowsky
P, Dewulf GPMR. Modeling Cost Impacts and Adaptation of Freeze—Thaw
Climate Change on a Porous Asphalt Road Network. J Infrastruct Syst 2020.
https://doi.org/10.1061/(asce)is.1943-555x.0000559.



[185]

[186]

[187]

[188]

[189]

[190]

[191]

[192]

[193]

[194]

[195]

[196]

[197]

References

Wang R, Zhang Q, Li Y. Deterioration of concrete under the coupling effects of
freeze—thaw cycles and other actions: A review. Constr Build Mater 2022.
https://doi.org/10.1016/j.conbuildmat.2021.126045.

Manawadu A, Qiao P, Wen H. Freeze-thaw durability of shotcrete-concrete
interface bonds in tension. Cold Reg Sci Technol 2023.
https://doi.org/10.1016/j.coldregions.2023.103798.

Tian J, Wu X, Zheng Y, Hu S, Ren W, Du Y, et al. Investigation of damage
behaviors of ECC-to-concrete interface and damage prediction model under salt
freeze-thaw cycles. Constr Build Mater 2019.
https://doi.org/10.1016/j.conbuildmat.2019.07.237.

Zhang J, LiH, Liu S, Sun L, Yang C, Zhang R. Effects of sulfate and freeze—thaw
cycles on the bond behavior of CFRP-concrete interface. Constr Build Mater
2023. https://doi.org/10.1016/j.conbuildmat.2023.130368.

Zhao H, Hu Y, Tang Z, Wang K, Li Y, Li W. Deterioration of concrete under
coupled aggressive actions associated with load, temperature and chemical
attacks: A comprehensive review. Constr Build Mater 2022;322:126466.
https://doi.org/10.1016/J. CONBUILDMAT.2022.126466.

Gao XL, Wu K, Guo YQ, Zhao YC, Guo JY. Experimental and numerical study
on flexural behaviors of damaged RC beams strengthened with UHPC layer using
the bonding technology of post-installed reinforcing bar. Constr Build Mater
2023. https://doi.org/10.1016/j.conbuildmat.2023.131835.

GOM Correlate 2019. n.d. https://www.gom.com/en/products/zeiss-quality-
suite/gom-correlate-pro.

Wei J, Wu C, Chen Y, Leung CKY. Shear strengthening of reinforced concrete
beams with high strength strain-hardening cementitious composites (HS-SHCC).
Mater Struct Constr 2020;53:1-15. https://doi.org/10.1617/s11527-020-01537-1.

Lampropoulos AP, Paschalis SA, Tsioulou OT, Dritsos SE. Strengthening of
reinforced concrete beams using ultra high performance fibre reinforced concrete
(UHPFRC). Eng Struct 2016;106:370-84.
https://doi.org/10.1016/j.engstruct.2015.10.042.

Zenisek M, Vlach T, Repka J, Pavli T. Segregation of steel fibres of UHPFRC.
Solid State Phenom., 2018.
https://doi.org/10.4028/www.scientific.net/SSP.272.166.

Liu J, An M, Wang Y, Han S, Yu Z. Research on the Relation between Slump
Flow and Yield Stress of Ultra-High Performance Concrete Mixtures. Materials
(Basel) 2022. https://doi.org/10.3390/mal15228104.

Huang H, Ye G. Examining the “time-zero” of autogenous shrinkage in
high/ultra-high  performance cement pastes. Cem Concr Res 2017.
https://doi.org/10.1016/j.cemconres.2017.03.010.

Ibrahim MA, Farhat M, Issa MA, Hasse JA. Effect of material constituents on
mechanical & fracture mechanics properties of ultra-high-performance concrete.

239



References

[198]

[199]

[200]

[201]

[202]

[203]

[204]

[205]

[206]

[207]

[208]

[209]

[210]

[211]

240

ACI Struct J 2017. https://doi.org/10.14359/51689717.

ASTM C1698-19. Standard Test Method for Autogenous Strain of Cement Paste
and Mortar. ASTM Int 2019.

Liang M, Chang Z, Zhang Y, Cheng H, He S, Schlangen E, et al. Autogenous
deformation induced- stress evolution in high-volume GGBFS concrete: Macro-
scale behavior and micro-scale origin. Constr Build Mater 2023.
https://doi.org/10.1016/j.conbuildmat.2023.130663.

Hafiz MA, Hajiesmaeili A, Denarié E. Tensile response of low clinker UHPFRC
subjected to fully restrained shrinkage. Cem Concr Res 2019.
https://doi.org/10.1016/j.cemconres.2019.105804.

Sun M, Bennett T, Visintin P. Plastic and early-age shrinkage of ultra-high
performance concrete (UHPC): Experimental study of the effect of water to
binder ratios, silica fume dosages under controlled curing conditions. Case Stud
Constr Mater 2022. https://doi.org/10.1016/j.cscm.2022.e00948.

Graybeal B, Brihwiler E, Kim B-S, Toutlemonde F, Voo YL, Zaghi A.
International Perspective on UHPC in Bridge Engineering. J Bridg Eng
2020;25:04020094. https://doi.org/10.1061/(asce)be.1943-5592.0001630.

Krahl PA, Carrazedo R, El Debs MK. Mechanical damage evolution in UHPFRC:
Experimental ~and  numerical investigation. Eng  Struct  2018.
https://doi.org/10.1016/j.engstruct.2018.05.064.

ASTM C666/C666M - 03. Standard test method for resistance of concrete to rapid
freezing and thawing 2008.

GB/T 50082. Standard for Test Methods of Long-Term Performance and
Durability of Ordinary Concrete 2009.

CEN/TR 15177. Testing the freeze-thaw resistence of concrete—Internal
structural damage 2006.

Zhou Z, Xie R, Qiao P, Lu L. On the modeling of tensile behavior of ultra-high
performance fiber-reinforced concrete with freezing-thawing actions. Compos
Part B Eng 2019. https://doi.org/10.1016/j.compositesh.2019.106983.

Zhong R, Ai X, Pan M, Yao Y, Cheng Z, Peng X, et al. Durability of micro-
cracked UHPC subjected to coupled freeze-thaw and chloride salt attacks. Cem
Concr Compos 2024. https://doi.org/10.1016/j.cemconcomp.2024.105471.

Wang F, Kan L, Yu J, Duan XZ. Systematic studies on behaviors of ultra-high
performance concrete subject to freezing and thawing cycles combining DIC
technology. Constr Build Mater 2023.
https://doi.org/10.1016/j.conbuildmat.2023.131580.

Zhou Z, Qiao P. Durability of ultra-high performance concrete in tension under
cold weather conditions. Cem Concr Compos 2018.
https://doi.org/10.1016/j.cemconcomp.2018.08.019.

Huang Y, Griinewald S, Schlangen E, Lukovi¢ M. Strengthening of concrete



[212]

[213]

[214]

[215]

[216]

[217]

[218]

[219]
[220]

[221]

[222]

[223]

[224]

References

structures with ultra high performance fiber reinforced concrete (UHPFRC): A
critical review. Constr Build Mater 2022;336:127398.
https://doi.org/10.1016/j.conbuildmat.2022.127398.

Gehri N, Mata-Falcon J, Kaufmann W. Automated crack detection and
measurement based on digital image correlation. Constr Build Mater 2020.
https://doi.org/10.1016/j.conbuildmat.2020.119383.

Gehri N, Mata-Falcdn J, Kaufmann W. Refined extraction of crack characteristics
in Large-scale concrete experiments based on digital image correlation. Eng
Struct 2022. https://doi.org/10.1016/j.engstruct.2021.113486.

Mészély T, Randl N. Shear behavior of fiber-reinforced ultra-high performance
concrete beams. Eng Struct 2018.
https://doi.org/10.1016/j.engstruct.2018.04.075.

Gu D, Pan J, Mustafa S, Huang Y, Lukovi¢ M. Shear transfer mechanism in
reinforced engineered cementitious composite (ECC) beams: Quantification of
Vs and V. Eng Struct 2022;261:114282.
https://doi.org/10.1016/J.ENGSTRUCT.2022.114282.

Korpa A, Kowald T, Trettin R. Phase development in normal and ultra high
performance cementitious systems by quantitative X-ray analysis and
thermoanalytical methods. Cem Concr Res 20009.
https://doi.org/10.1016/j.cemconres.2008.11.003.

Lukovic M. Influence of interface and strain hardening cementitious composite
(SHCC) properties on the performance of concrete repairs. 2016.

Li J, Wu Z, Shi C, Yuan Q, Zhang Z. Durability of ultra-high performance
concrete — A review. Constr Build Mater 2020.
https://doi.org/10.1016/j.conbuildmat.2020.119296.

Multiphysics C. Heat transfer module user’s guide. COMSOL Version 2014;4.

Lai WL, Kou SC, Poon CS, Tsang WF, Lai CC. Characterization of the
deterioration of externally bonded CFRP-concrete composites using quantitative
infrared thermography. Cem Concr Compos 2010.
https://doi.org/10.1016/j.cemconcomp.2010.03.008.

Nagy B, Nehme SG, Szagri D. Thermal properties and modeling of fiber
reinforced concretes. Energy Procedia, 2015.
https://doi.org/10.1016/j.egypro.2015.11.616.

Koetsier M. Potential of InfraRed Thermography for delamination detection in
hybrid concrete structures. BSc Thesis. Delft (Netherlands): Delft University of
Technology. 2021.

Huang Y, Schlangen E, Lukovi¢ M. Strengthening of Reinforced Concrete Beams
with Ultra-high Performance Fiber-Reinforced Concrete in Shear. Lect. Notes
Civ. Eng., 2023. https://doi.org/10.1007/978-3-031-32511-3_72.

Brisard S, Serdar M, Monteiro PJM. Multiscale X-ray tomography of
cementitious  materials: A  review. Cem  Concr Res  2020.

241



References

[225]

[226]

[227]

[228]

[229]

[230]

[231]

[232]

[233]

[234]

[235]

[236]

[237]

242

https://doi.org/10.1016/j.cemconres.2019.105824.

Ibarra-Castanedo C, Gonzalez D, Klein M, Pilla M, Vallerand S, Maldague X.
Infrared image processing and data analysis. Infrared Phys Technol 2004.
https://doi.org/10.1016/j.infrared.2004.03.011.

Li L, Xia J, Chin C, Jones S. Fibre distribution characterization of ultra-high
performance fibre-reinforced concrete (Uhpfrc) plates using magnetic probes.
Materials (Basel) 2020. https://doi.org/10.3390/mal3225064.

Li L, Xia J, Galobardes I. Magnetic probe to test spatial distribution of steel fibres
in uhpfrc prisms. fib Symp., 2018.

Sawicki B, Brihwiler E, Denarié E. Inverse Analysis of R-UHPFRC Beams to
Determine the Flexural Response under Service Loading and at Ultimate
Resistance. J Struct Eng 2022. https://doi.org/10.1061/(asce)st.1943-
541x.0003239.

Li Z, Zhang H, Wang R. Influence of steel fiber distribution on splitting damage
and transport properties of ultra-high performance concrete. Cem Concr Compos
2022. https://doi.org/10.1016/j.cemconcomp.2021.104373.

Yang J, Chen B, Nuti C. Influence of steel fiber on compressive properties of
ultra-high performance fiber-reinforced concrete. Constr Build Mater 2021.
https://doi.org/10.1016/j.conbuildmat.2021.124104.

Kim JC, Lim WY. Prediction of compressive strength and elastic modulus for
ultra-high-performance concrete. Constr Build Mater 2023.
https://doi.org/10.1016/j.conbuildmat.2022.129883.

Lin Z, Li VC. Crack bridging in fiber reinforced cementitious composites with
slip-hardening interfaces. J Mech Phys Solids 1997.
https://doi.org/10.1016/S0022-5096(96)00095-6.

Fantilli AP, Mihashi H, Vallini P. Multiple cracking and strain hardening in fiber-
reinforced concrete under uniaxial tension. Cem Concr Res 2009.
https://doi.org/10.1016/j.cemconres.2009.08.020.

Wille K, El-Tawil S, Naaman AE. Properties of strain hardening ultra high
performance fiber reinforced concrete (UHP-FRC) under direct tensile loading.
Cem Concr Compos 2014,48:53-66.
https://doi.org/10.1016/j.cemconcomp.2013.12.015.

Hiew SY, Teoh K Bin, Raman SN, Hung C-C, Chaen YX, Kong D, et al. A
unified tensile constitutive model for mono/hybrid fibre-reinforced ultra-high-
performance concrete (UHPC). Cem Concr Compos 2024;150:105553.

Shi Z, Su Q, Kavoura F, Veljkovic M. Uniaxial tensile response and tensile
constitutive model of ultra-high performance concrete containing coarse
aggregate (CA-UHPC). Cem Concr Compos 2023.
https://doi.org/10.1016/j.cemconcomp.2022.104878.

Lopez JA, Serna P, Navarro-Gregori J. Advances in the development of the first
UHPFRC Recommendations in Spain: Material classification, design and



[238]

[239]

[240]

[241]

[242]

[243]

[244]

[245]

[246]

[247]

References

characterization. UHPFRC 2017 Des Build with UHPFRC New Large-Scale
Implementations, Recent Tech Adv Exp Stand 2017.

Hendriks MAN, Roosen MA. Guidelines for nonlinear finite element analysis of
concrete structures. Rijkswaterstaat Tech Doc (RTD), Rijkswaterstaat Cent
Infrastructure, RTD 2019.

Huang Z, Tu Y, Meng S, Bagge N, Nilimaa J, Blanksvérd T. Validation of a
numerical method for predicting shear deformation of reinforced concrete beams.
Eng Struct 2019. https://doi.org/10.1016/j.engstruct.2019.109367.

Cervenka J, Cervenka V. On the uniqueness of numerical solutions of shear
failure of deep concrete beams. Comput. Model. Concr. Struct.,, 2010.
https://doi.org/10.1201/b10546-34.

Vandecruys E, Hendriks MAN, Van de Velde M, Lombaert G, Verstrynge E.
Dynamic stiffness parameter assessment of cracked reinforced concrete beams:
A numerical and experimental study. Eng Struct 2024;318:118758.

Feng Z, Li C, Yoo DY, Pan R, He J, Ke L. Flexural and cracking behaviors of
reinforced UHPC beams with various reinforcement ratios and fiber contents.
Eng Struct 2021;248:113266.
https://doi.org/10.1016/J.ENGSTRUCT.2021.113266.

Lu Z, Feng Z gang, Yao D, Li X, Ji H. Freeze-thaw resistance of Ultra-High
performance concrete: Dependence on concrete composition. Constr Build Mater
2021. https://doi.org/10.1016/j.conbuildmat.2021.123523.

Liu T, Charron JP. Determination of NSC-UHPC interface properties for
numerical modeling of UHPC-strengthened concrete beams and slabs. Eng Struct
2023. https://doi.org/10.1016/j.engstruct.2023.116385.

Spasojevic a., Redaelli D, Fernandez Ruiz M, Muttoni A. Influence of tensile
properties of UHPFRC on size effect in bending. Second Int Symp Ultra High
Perform Concr 2008.

Huang Y, Gu D, Mustafa S, Griinewald S, Lukovi¢ M. Shear behaviour of
reinforced concrete beams strengthened with ultra-high performance fiber
reinforced concrete (UHPFRC). Case Stud Constr Mater 2023.
https://doi.org/10.1016/j.cscm.2023.e02441.

Mezquida-Alcaraz EJ, Navarro-Gregori J, Serna-Ros P. Direct procedure to
characterize the tensile constitutive behavior of strain-softening and strain-
hardening UHPFRC. Cem Concr Compos 2021.
https://doi.org/10.1016/j.cemconcomp.2020.103854.

243






Acknowledgements

The journey of completing this PhD has been an extraordinary and unforgettable experi-
ence, spanning five and a half years of hard work, growth, and discovery at TU Delft in
the Netherlands. This period has been a rollercoaster of emotions—filled with moments
of joy, frustration, hope, and doubt. Every challenge and success along the way has left a
lasting imprint on this meaningful journey, shaping not just the outcome of my disserta-
tion but also my emotional resilience and determination. Reflecting on this journey, | am
deeply grateful to the people that have supported, guided, and inspired me. This disserta-
tion is not just the result of my individual effort but also reflects the encouragement, pa-
tience, and collaboration of many people. | take this opportunity to express my sincere
thanks to everyone who has been part of this incredible journey.

I would like to express my heartfelt gratitude to my promoters, Prof. Erik Schlangen and
Prof. Max Hendriks. Erik, I still vividly recall the first time we met in person at Wuhan
University of Technology. At that time, I introduced my master's research and shared my
aspirations for pursuing PhD research that integrates materials and structural applications.
That conversation laid the foundation for my doctoral research at TU Delft, focusing on
the structural applications of ultra-high performance fiber-reinforced concrete. Through-
out my PhD journey, your extensive experience and profound knowledge have consist-
ently guided me in identifying gaps in my research and finding solutions to overcome
them. You also provided invaluable assistance in resolving the challenges I faced during
experiments. Max, although you joined as my promoter midway through my PhD, your
unwavering support and kindness were always evident. You consistently offered the guid-
ance | needed, and it was you who suggested creating a detailed schedule for my PhD
defense, which allowed me to complete my research efficiently and successfully. Thank
you both for your mentorship and encouragement throughout this journey.

My deepest gratitude goes to my co-promoter and daily supervisor, Dr. Mladena Lukovic.
It was Erik who introduced me to your research, which aligned perfectly with my aca-
demic interests. After contacting you and sharing my research background, we collabo-
rated to develop a research proposal for my CSC application. With your invaluable sup-
port, I successfully secured the CSC scholarship, which enabled me to undertake my PhD
research at TU Delft. Upon my arrival in the Netherlands, you helped me adapt to my
new surroundings and gave me the time | needed to adjust to the academic environment
at TU Delft. Throughout my PhD journey, you consistently encouraged me to explore
new ideas and provided training in academic writing and research planning. Our weekly
meetings were filled with both debates and the joy of collaboration. Even when the
COVID-19 pandemic disrupted my experimental work, you did everything possible to
support me in overcoming the challenges. You have invested tremendous effort and ded-
ication into my PhD research. To me, you have been more than a supervisor - you have

245



been a collaborator and a true partner in this academic journey. Thank you for your un-
wavering guidance and support.

I would also like to acknowledge the Chairperson and the other committee members for
my PhD defense: Prof. Klaas van Breugel, Prof. Milan Veljkovic, Prof. Eugen Brihwiler,
Prof. Steffen Griinewald, and Prof. Simon Wijte. Thank you for your time and effort in
helping me improve the thesis. It is a great honor to have you all as part of my PhD
dissertation.

I would like to express my gratitude to Prof. Steffen Griinewald, who provided guidance
and support in mixture design for my PhD research, Dr. Sandra Barbosa Nunes, who
helped me develop the electromagnetic method and provided valuable comments on my
thesis, Dr. Branko Savija, who helped review part of my dissertation, and Dr. Hayo Hen-
drikse, who supported me during the freeze-thaw tests. |1 would also like to extend my
thanks to my supervisors during my master's period in China: Prof. Weiguo Wu and Prof.
XiangShao Kong, who encouraged and supported me in becoming an independent re-
searcher.

I am also deeply grateful to my colleagues in the Concrete Structures section. Together,
we have shared moments of joy, celebrated achievements, and supported each other
through challenges. Special thanks go to Shozab Mustafa and Dr. Hao Cheng for their
invaluable help in completing the freeze-thaw tests. I still vividly recall when | started my
PhD in 2019, and there were only a few PhD students in our section. It is truly inspiring
to see more motivated young researchers joining us, enriching our team with their energy
and dedication.

I would also like to express my gratitude to my colleagues and friends in Microlab. Alt-
hough I belong to a different section, I have received tremendous help and support from
all of you. Special thanks to Dr. Shan He, Chen Liu, and Dr. Mingfei Liang for assisting
me with tests for my PhD research. | am also sincerely grateful to Dr. Zhi Wan for intro-
ducing me to the sports center and inspiring me to embark on my fitness journey.

I would like to thank the technicians in the Concrete Structures section and Microlab.
Albert Bosman, Jakub Pawlowicz, and Ake Blom who helped me cast the samples and
prepare the beam experiments; Ton Blom and Maiko van Leeuwen who helped prepare
the material, cast the samples, and cut the specimens; and Arjan Thijssen, who assisted
me during the infrared thermography tests.

I would like to thank my friends at TU Delft: Dr. Yimeng Zhang (Dr. Ruixue Ai), Dr.
Xiuli Wang (Dr. Zhigiang Wan), Dr. Fenggiao Zhang (Dr. Lichao Wu), Dr. Weikang
Feng, Dr. Alberto Stella, and Yubao Zhou. Thank you for your comfort and advice when
| felt upset and lost.

246



I also owe my deepest gratitude to all the members of the "TUD Library Rolling King"
team during the writing process of my PhD dissertation: Dr. Xin Ren, Dr. Pan Fang, Dr.
Xiuli Wang, Dr. Yuexin Huang, Zhaochong Cai, and Dr. Yunzhong Zhou. We studied
together every day and organized fun activities when we felt tired. Although we come
from different faculties, we understood, cared for, and motivated each other. We worked
hard, and now we are all close to achieving our goals. | am deeply grateful for our perse-
verance and effort.

Finally, | owe my deepest appreciation to my dad (Renquan Huang), mom (Sanying Lin)
and brother (Yigiang Huang). You have always encouraged me to chase my dreams and
cared for my health instead of my achievements. Even though you may not fully under-
stand my research, you have always respected my choices and supported me wholeheart-
edly. I will love you forever.

FEMBEELCN), BB HK=%) MFF (BEX5R) , BRERR(NFREEK

BEEMNRE., 2RIMN—EFMKREZRETE, XOBENER MASFRFHHNRH.

BRIFMNILVERTBRERARTA, BRMNBELAEERNEE, HEoeEHxX
. Bz EZERAN.

Yitao Huang (3 ;%)

Delft, Mar 2025

247






Curriculum vitae

Yitao Huang

20-06-1992 Born in Ganzhou, China

Education

2011 - 2015 Undergraduate, Engineering Structure Analysis
Wauhan University of Technology
Wuhan, China
2015 —-2019 Postgraduate, Structural Engineering
Wuhan University of Technology
Wuhan, China
2019 — Present  PhD, Concrete Structures
Delft University of Technology
Delft, Netherlands
Thesis: Shear behavior of concrete structures
strengthened with ultra-high perfor-
mance fiber-reinforced concrete
(UHPFRC)
Promoters: Prof.dr.ir. Erik Schlangen
Prof.dr.ir. Max A.N. Hendriks
Co-promoter:  Dr. Mladena Lukovi¢

249



250



List of publications

JOURNAL ARTICLES:

[1]

[2]

[3]

[4]

[5]

Huang, Y., Griinewald, S., Schlangen E., & Lukovi¢, M. (2022).
Strengthening of concrete structures with ultra high performance fi-
ber reinforced concrete (UHPFRC): A critical review. Construction
and Building Materials, 336, 127398.

Huang, Y., Gu, D., Mustafa, S., Griinewald, S. & Lukovi¢, M.
(2023). Shear behaviour of reinforced concrete beams strengthened
with ultra-high performance fiber reinforced concrete (UHPFRC).
Case Studies in Construction Materials, 19, e02441.

Gu, D., Pan, J., Mustafa, S., Huang, Y., & Lukovi¢, M. (2022).
Shear transfer mechanism in reinforced engineered cementitious
composite (ECC) beams: Quantification of Vs and Vc. Engineering
Structures, 261, 114282.

Gu, D., Xu, H., Huang, Y., Zhu, Y., Pan, J., & Lukovi¢, M. (2024).
Shear Crack Kinematics in Reinforced Engineered Cementitious
Composite (ECC) Beams. Case Studies in Construction Materials,
19, e03587.

Wan, Z., Chang, Z., Xu, Y., Huang, Y., & Savija, B. (2023). Inverse
Design of Digital Materials Using Corrected Generative Deep Neu-
ral Network and Generative Deep Convolutional Neural Network.
Advanced Intelligent Systems, 5(1), 2200333.

251



CONFERENCE PROCEEDINGS:

[1]

[2]

252

Huang Y., Lukovic M (2022). Effect of freeze-thaw cycles on shear
resistance of reinforced concrete beams strengthened with UHP-
FRC[C]//Proceedings of the 14th fib PhD Symposium in Civil Engi-
neering. fib. The International Federation for Structural Concrete,
557-564.

Huang, Y., Schlangen E., & Lukovi¢, M. (2023). Strengthening of
Reinforced Concrete Beams with Ultra-high Performance Fiber-Re-
inforced Concrete in Shear. International Symposium of the Interna-
tional Federation for Structural Concrete, 695-705.



5 ‘
TU Delft



