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SUMMARY

SUMMARY

The most urgent need in concrete strengthening and repair works is long-
term durability. Shrinkage compatibility between base concrete and strengthening
material, and a general understanding of shrinkage mechanisms that serve as a
foundation to predict cracking risk are a prerequisite for durable repairs in concrete
structures. High performance cementitious materials are particularly prone to early-
age shrinkage cracking while the tensile strength of the material is not fully
developed yet. On the material side, improved tensile strain capacity of the
strengthening material has the potential to mitigate macrocracking, but the material
may still remain susceptible to shrinkage cracking. Cracking, beyond the immediate
reduction in tensile capacity, increases the permeability of the strengthening or
repair layer which may initiate a vicious cycle of cracking — corrosion, or freeze-
thaw damage — more cracking — accelerated deterioration — spalling or

delamination.

In the current work, first, the strengthening potential of high performance
cementitious  strengthening materials for concrete has been evaluated
experimentally while placing particular focus on their tensile behavior
(strengthening effect, tensile strain capacity, strain hardening, cracking pattern)
because it is the tensile properties of the material that allow the material to resist
(macro-) cracking. The repair potential of emerging new materials such as alkali
activated materials (AAM) has also been looked into because they represent a major
trend in current material development. However, the understanding and
characterization of shrinkage mechanisms, and the prediction of the increased
shrinkage cracking potential of high performance materials are severely
underresearched. Therefore, in the continuation, autogenous shrinkage behavior of
ordinary Portland cement concrete (OPC), Portland Composite cement Concrete
(PCC) and alkali activated slag concrete (AASC) undergoing heat curing have been
evaluated and modeled, with the intention to contribute to shrinkage and cracking
risk predictions for high performance strengthening materials, whose shrinkage
behavior has largely been uncharacterized. Focus of interest has been placed on the

early age autogenous deformation behavior.
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SUMMARY

On the material front, the tensile ductility and strain hardening behavior of
the strengthening material have been identified as the most important markers for
excellent structural performance. Extensive testing of promising materials and
material combinations has been performed, with an emphasis on the tensile
characterization and cracking of these materials. The second part of the work
started out as a standalone project with the aim to adjust a maturity concept based
shrinkage prediction model for Portland composite cement concretes. However, in
the experiments unsystematically occurring autogenous expansion has been found

in both PCC and AASC.

Specific repair mortars have not been tested for shrinkage; however, the large
amounts of slag or fly ash incorporated in them, the possible alkali activation, the
refined pore structure, the significantly increased percentage of mesopores
(particularly in AAM), the lack of internal restraint due to no coarse aggregates
present, the larger paste volume, and the effects of possible heat curing all forecast
significant issues with the autogenous deformation behavior of these materials. The
expansion appears to be triggered by heat curing; however, the temperature
gradients causing it are not necessarily large. Swelling has been observed even at
ambient temperature in literature. In the experimental data presented here, the
expansion in both PCC and AASC is of a magnitude that is non-negligible and has
a potential to mitigate part of the shrinkage stresses, but currently cannot be

predicted by autogenous shrinkage prediction models.

Keywords: concrete strengthening, strain hardening, microcracking, tensile
behavior, shrinkage cracking, autogenous deformation, expansion, swelling,

maturity concept

v



SAMMANFATTNING

SAMMANFATTNING

Det mest akuta behovet av forstirknings- och reparationsarbeten av betong
har att gora med langsiktig bestindighet. Krympkompatibilitet mellan basbetong
och forstarkningsmaterial och en allmin forstielse av krympningens mekanismer,
som utgdr grunden for att forutsiga sprickrisker, dr en forutsittning for hallbara
reparationer av betongkonstruktioner. Hogpresterande cementmaterial dr sarskilt
utsatta for krympsprickor vid tidig dlder da materialets draghillfasthet dnnu inte ir
fullt utvecklad. Pa materialsidan har en forbittrad deformationstérmaiga hos
forstirkningsmaterialet potential att reducera makrosprickor, men materialet kan
fortfarande vara kinsligt for krympsprickor. Upprickning orsakar, utover den
omedelbara minskningen av draghillfasthet, en 6kning av permeabiliteten hos det
forstairkande eller reparerande skiktet som kan initiera en ond cirkel av
sprickbildning - korrosion eller skador av frysning och upptining - mer
sprickbildning - accelererad nedbrytning - spjilkning eller delaminering.

[ det aktuella arbetet har forstirkningspotentialen for hogpresterande
cementbaserade forstarkningsmaterial utvirderats experimentellt. Fokus har lagts pa
beteendet 1 dragriktningen (forstarkningseffekt, tojningstormaga, tdjningshardnande,
sprickbildning), eftersom det dr dessa egenskaper som ger materialet formdgan att
motstd (makro)sprickbildning. Reparationspotentialen hos nyutvecklade material
som alkaliaktiverade material (AAM) har ocksd undersokts eftersom de ir viktiga
exempel pa trender 1 materialutvecklingen. Emellertid saknas till stor del forskning
om fOrstielse och karaktirisering av mekanismer for krympning och den okade
risken for krympsprickor hos hogpresterande material. Foljaktligen utvirderas och
modelleras 1 fortsittningen autogena krympningsbeteenden hos  vanlig
Portlandcementbetong (OPC), Portland kompositcementbetong (PCC) och
alkaliaktiverad slaggbetong (AASC), som genomgir virmehirdning. Avsikten ar att
bidra till krympnings och sprickriskprogoser tor hogpresterande bindemedel, vars
krympningsbeteende 1 stor utstrackning har varit okategoriserade. Fokus har lagts pa

det autogena deformationsbeteendet vid tidig dlder.

Pa  materialsidan  har  tOjningsformagan och de  tdjningshardnande
egenskaperna hos forstairkningsmaterialet identifierats som de viktigaste markorerna

tor det strukturella beteendet hos materialet. Omfattande testning av lovande

v



SAMMANFATTNING

material och materialkombinationer har utforts, med tonvikt pd beteende 1
dragriktningen och sprickbildning hos dessa material. Den andra delen av arbetet
startade som ett fristiende projekt med malet att anpassa en mognadsbaserad modell
tor krympningsberikning for betonger av portlandkompositcement. I experimenten
har emellertid osystematiskt forekommande autogen expansion hittats 1 bade PCC
och AASC.

Specifika reparationsbruk har inte testats for krympning. Emellertid kan
problem med det autogena deformationsbeteendet forutspas hos dessa material pa
grund av de stora mingderna slagg eller flygaska som finns 1 dessa, den mojliga
alkaliska aktiveringen, den fina porstrukturen, den signifikant okade andelen
mesoporer (sarskilt 1 AAM), bristen pa inre tving pd grund av att grovre ballast
saknas, den hogre pastavolymen och effekterna av mdjlig virmehirdning.
Expansionen verkar utlosas av virmehirdning. Emellertid ir temperaturgradienterna
som orsakar det inte nodvindigtvis stora. I litteraturen har svillning observerats
iven vid rumstemperatur. [ de experimentella data som presenteras hir ar
expansionen for bide PCC och AASC av en storlek som inte kan férsummas och
har en potential att mildra en del av krympspanningarna, men expansionen kan {or

nidrvarande inte forutspds av autogena krympningsmodeller.

Nyckelord: betongforstirkning, tdjningshardnande, mikrouppsprickning,
dragbeteende, krympsprickor, autogen deformation, expansion, mognadskoncept
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NOTATION AND SYMBOLS

NOTATION AND SYMBOLS

ELt, ETt
i, tre
th, STt
Ein Erm

f‘L me

m,

ng, ng

Young’'s modulus of the grid in longintudinal (0°)/transversal (90°)
direction; tested value

ultimate stress in the grid in longitudinal/transversal direction; tested
value

strain at failure in the grid, longitudinal/transversal direction; tested
value

Young’s  modulus  of the pure carbon  fiber in
longintudinal/transversal direction; manufacturer-given

ultimate stress in the pure carbon fiber in longitudinal/transversal
direction; manufacturer-given

strain at failure in the pure carbon fiber, longitudinal/transversal
direction; manufacturer-given

Young’s modulus of concrete

compressive strength of concrete

tensile strength of concrete

yield strength of steel

first cracking stress of concrete/mortar

post-cracking stress of concrete/mortar

tensile strain capacity of concrete

tensile strain capacity of steel

tensile strain capacity of FRP

free-, or fully coupled total deformation (AD+TD)
autogenous deformation

thermal deformation

thermal expansion/contraction coefticient
temperature sensitivity factor, or the “temperature effect on
autogenous shrinkage”

maximum temperature in the concrete sample up to time “t”

fitting parameters in the employed shrinkage model

relative time development or time distribution of autogenous
shrinkage

equivalent time, maturity, or concrete age

time after mixing
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NOTATION AND SYMBOLS

totart - start time of autogenous shrinkage specified in real time after mixing
ty - curvature parameter in the shrinkage model
NsH - curvature parameter in the shrinkage model

xil



ACRONYMS AND SHOR'T DEFINITIONS

ACRONYMS AND SHORT DEFINITIONS

OPC stands for Ordinary Portland cement Concrete — any Concrete made with
Type I cement.

SCM refers to supplementary cementitious materials such as fly ash, granulated blast

furnace slag, limestone, and silica fume.

PCC, Portland Composite cement Concrete is concrete made with Type II cement.
Type II cements use fractions of SCMs or pozzolans to replace part of the clinker. PCC

performs better against sulfate or chloride attacks.

AAM is an umbrella term for Alkali Activated Materials; paste, mortar, or concrete
that are made by “activating” a wide range of aluminosilicate precursor materials (slag, fly
ash, metakaolin etc.) with a strongly alkaline solution to produce a hardened binder,

offering a more sustainable alternative to Portland cement binders.
GGBS - ground granulated blast furnace slag

AAS — alkali activated slag, a particular instance of AAM in which the latent
hydraulic properties of GGBS are activated with an alkali component

AASC — alkali activated slag concrete

AD or autogenous deformation (contraction or expansion) is the dimensional
change of a cementitious material caused by chemical shrinkage in a sealed environment;

i.e., without moisture exchange to the environment.
C-S-H: calcium-silicate-hydrate gel in concrete

C-(A)-S-H: calcium aluminosilicate hydrates, or partially aluminum replaced C-S-
H gel, similar but not identical to the C-S-H gel observed in OPC/PCC, exhibiting
nanocrystallinity. There are differences to C-S-H in terms of, e.g., atomic packing density
and porosity.

N-A-S-H: fully polymerized, amorphous gel phase observed in geopolymers. N
stands for sodium (Na).

Xl



ACRONYMS AND SHOR'T DEFINITIONS

AD swelling — autogenous expansion; a term often used in literature
TD stands for thermal deformation.

CTE, the coefficient of thermal expansion (or contraction) is often used

interchangeably with TDC — thermal dilation coefficient in literature

PMM and PMC stand for polymer-modified mortar or concrete, often referred to
as “polymer concrete”; a cement mortar, or concrete, in which part of the Portland cement
has been replaced by polymeric admixtures. These mortars/concretes harden faster than
ordinary mixes; they can have significantly higher compressive strength, and modulus of
elasticity. Creep is lower and resistance to freezing/thawing cycles is enhanced.

FRP refers to fiber-reinforced polymer. It is a composite material, which consists of
a polymeric matrix reinforced with glass-, carbon-, or aramid fibers. For structural
engineering applications, the matrix is typically epoxy. AFRP, GFRP, and CFRP denote
aramid-, glass-, or carbon fiber-reinforced polymers, respectively.

AR-glass: alkali-resistant glass (fiber, or textile)

PVA, polyvinyl-alcohol fibers are high-performance reinforcement fibers for
concrete and mortar. They are unique in their ability to create a molecular (hydrogen) bond
with cement during hydration.

FRC and FRM are general terms describing different types of fiber-reinforced
concrete, and fiber-reinforced mortar. The short, discrete, and randomly oriented fibers
increase the structural integrity. Fibers include steel, glass, synthetic, and natural fibers,
among others.

TRM and TRC refer to textile-reinforced mortar, or concrete. The “textile” is
typically alkali-resistant glass, or carbon textile, aligned in the direction of the principal
stresses for maximum efficiency. The textile is only partially penetrated by the mortar phase.
Technically, it is more correct to use the term “mortar” rather than “concrete”, because in

TRC there are no coarse aggregates. The maximum grain size is normally Tmm or less.

MBC refers to mineral-based composite. It consists of a polymer-modified
mortar phase (binder) and a stiff CFRP grid (reinforcement). The surface of the concrete
structure is first roughened by sandblasting or other means, such as jackhammers, grinding,
hydro-jet blasting, needle gunning. Then, a surface primer is applied on the roughened
surface to reduce moisture transport from the polymer-modified mortar to the base
concrete. This 1s followed by the application of the first layer of mortar. A CFRP grid is

placed on the mortar and covered by a second layer of mortar.

Xiv



ACRONYMS AND SHOR'T DEFINITIONS

SFRC, steel fiber-reinforced concrete is the most commonly used fiber-
reinforced concrete. Steel fibers are added to enhance tensile strength, first
cracking strength, toughness, and energy absorption capacity. After first cracking, it

exhibits tension-softening behaviour, i.e., a decaying load capacity.

Strain hardening, or “plastic hardening” is the contribution of a
cementitious matrix to the load-deformation response of a structural member. It is more
accurate to refer to the mechanism as pseudo strain hardening, differentiating it from the
“real” strain hardening observed in metals. The pseudo strain-hardening behaviour in
SHCC:s is achieved by the sequential development of matrix multiple cracking. In
metals however, it is based on dislocation micromechanics in the plastic deformation

regime.

HPFRCC denotes high-performance fiber-reinforced cementitious composite.
HPFR CCs exhibit excellent overall “high performance” tensile behaviour. Since the term
is too general, HPFRCCs have been renamed to SHCC (strain-hardening cementitious
composite) lately. Their distinctive feature of is the high ultimate tensile strain capacity up
to 6%. This pseudo-ductility is achieved by the sequential multiple cracking of the matrix

while undergoing strain-hardening behaviour after first cracking.

ECC, engineered cementitious composite, is a major subclass of SHCC. The design
principle ECCs is based on micromechanics and fracture mechanics. ECC uses randomly
oriented, short (8-12mm) polymeric fibers (typically, PVA, or polypropylene) in low
amounts (less than 2 vol. %), or in certain cases, hybrid fibers, and high volumes of fly ash.
It can be tailored to suit particular structural needs (low shrinkage mixes, high early age
strength, etc.), or application methods (sprayable). PVA-ECC is the most typical form of
ECC. It contains PVA fibers up to 2 vol. %. R-ECC refers to an ECC member with
internal steel reinforcement (bars or welded grids). TR-ECC stands for textile-reinforced

ECC. The textile is similar to that in textile-reinforced concrete.

WST, wedge-splitting test, is a well-established test method to perform stable
fracture mechanics tests on brittle or quasi-brittle materials. Compared to a uniaxial tensile
test, WST also provides information on the softening part of the load-deformation curve
after peak load. It does not ensure a uniform tensile stress field since there is bending in the
specimen.

COD stands for crack opening displacement; here specifically in the wedge-splitting
test. In the WST (above), a specimen with a starter slit on top is being split into two halves,
by means of a rigid steel wedge that is pressed down vertically. The COD is the opening of

the crack, measured at the top of the starter slit.
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INTRODUCTION

1 INTRODUCTION

1.1  Background and motivation

Much of the built environment consists of concrete, which is the single most
widely used construction material. With the volume of buildings and infrastructure
built from concrete worldwide, in recent years, there has been a great deal of

research aimed at improving the durability of concrete structures.

It is well-known that concrete is a brittle material which results in cracking
when the tensile stresses exceed the tensile strength of the material, which is
generally only about 10% of the compressive strength. Cracking in concrete can be a
consequence of shrinkage, thermal contraction, large differential temperatures
within the concrete body, external or internal restraints, too large deformations, or
applied loads. One of the most common reasons for cracking is shrinkage. Concrete
is particularly prone to cracking at a very young age. Early-age cracking due to
shrinkage (Figure 1-1) can present a significant problem in concrete because the
tensile strength of the material is still developing while volume changes are already
taking place due to the combined eftect of heat of hydration, the binder hydrating,
and the outer surfaces drying out. Restrained volume changes in concrete will

drive tensile stress development.

Figure 1-1: Plastic shrinkage cracking of concrete (concretenetwork.com)
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Beyond it being unsightly, the cracking of concrete may severely affect the
durability performance and service life of structures since it contributes to the
corrosion of the reinforcement, it aggravates freeze-thaw cycles resulting in quick
deterioration, and facilitates alkali-aggregate reactivity. Severe cracking often calls
for costly measures to fix. As a result, research aiming at the prevention of
shrinkage cracking and predicting early-age cracking risk has been on the rise (Holt
2001, Yuan and Wan 2002, Bentur and Kovler 2003, Holt and Leivo 2004,
Cusson and Hoogeveen 2008, Tongaroonsri 2009).

One way to restore damaged or deteriorated concrete to extend its service
life is repairing it by a casting a bonded overlay on top. This involves removal of
the damaged top layer of the concrete and replacing it with a new repair layer. A
similar technique to this is often used for strengthening concrete structures (Figure
1-2) in cases when the load capacity needs to be increased due to increased
demands, unexpected loading conditions (blast explosions, earthquakes), or changes
in utilization. Steel fiber reinforced concrete, textile reinforced concrete (TRC),
high performance concrete (HPC) or specific, tailored repair materials are often
used for this purpose. Cementitious binders can also be used in combination with a
fiber reinforced polymer (FRP) component. Such strengthening systems are applied
on the roughened concrete substrate in a several mm thick layer where the FRP
component is embedded into the strengthening mortar (Blanksvird 2007, 2009,
Tiljsten and Blanksvird 2007, Blanksvird et al. 2008).

— Roughened concrete surface

[
— Second layer of mortar
| ~ CFRP grid

First layer of mortar

Figure 1-2: Shear strengthening of a concrete beam (Blanksvdrd et al. 2009)
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The most urgent need in concrete strengthening and repair works is long-
term durability (Bentz et al. 2015). The success of such an overlay type
strengthening system hinges on good compatibility with the base concrete, in terms
of elastic moduli, bond strength, diftusion properties, chemical compatibility,
thermal expansion coefficients, etc. (Vaysburd et al. 2014, Courard et al. 2015), the
integrity of the old substrate, proper surface preparation, and moisture saturation
levels (Garbacz et al. 2013, Bissonnette et al. 2014).

As (Vaysburd et al. 2014) suggest, an ideal way to approach concrete repairs
is to think in terms of a three-phase system (Figure 1-3). The long-term durability
will depend on the properties of both the substrate and the repair material, and the

transition phase (interface) between the two.

Existing Phase Repair Phase
Transition Phase

=

Figure 1-3: Three phase system, a prerequisite for monolithic action in concrete repairs
(Vaysburd et al. 2014)

Incompatibility between the base concrete and the strengthening/repair
material can ruin the system, resulting in debonding or spalling especially if the load
is applied parallel to the bond line. One particularly important aspect of
compatibility is shrinkage compatibility because restrained shrinkage develops in the
relatively large paste of the repair mortar volume, due to the absence of coarse
aggregates. The newly cast repair or strengthening layer has a tendency to shrink at
a high rate, while the base concrete acts as a rigid foundation that restrains these
movements. The differential movements cause tensile stresses in the repair- or
strengthening material and compressive stresses in the base concrete (Figure 1-4)
that may cause the repair layer to crack; in the worst case, already in the pre-loaded

state, rendering it useless as a strengthening material, and prone to degradation. If
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stresses continue to accumulate as the shrinkage builds up and the tensile strength
or the interfacial bond strength is exceeded, interface delamination between the

repair material and the base concrete occurs.

Humidity gradient
Edge lifting Cracks Edge lifting
i s A
r ! [ R
Crack S . 1
E == TR | Qverlay T e

45 S Bond between overlay
and base concrete

."~| Base concrete

Figure 1-4: Ciritical effects of shrinkage for bonded overlays, inducing cracks and edge-lifting
(Blanksvdrd 2009)

Generally speaking, shrinkage incompatibility is more associated with cement
based mortars, since shrinkage happens in the cement phase, while the polymer
modified mortars show better compatibility, and epoxy resin mortars (that consist
of a resin, a hardener, and aggregates) have shown to have the best shrinkage
compatibility with the base concrete (Hassan et al. 2001).

Yet, the quantification and, particularly, the prediction of the development of
shrinkage, and/or evaluating cracking risk in high performance repair mortars
appears to be a major gap in research; with shrinkage data rarely available, and most
often limited to drying shrinkage. In some high performance repair materials, there
are certain ways to reduce, or mitigate some of the shrinkage. These include
shrinkage reducing admixtures (SRA), internal curing by means of lightweight
aggregates (LWA), or the use of chopped fibers. Fibers are added to achieve better
mechanical performance, with shrinkage- and cracking reduction being a favorable
side effect. Several of the best performing repair mortars incorporate short, chopped
fibers (polyvinyl alcohol, or sometimes, polyethylene) which are added in order to
enhance the fensile strain capacity and force the material to exhibit tensile strain
hardening accompanied by multiple cracking with controlled, tight crack widths
(L1 et al. 2000, Wang and Li 2005, Li 2008, Sahmaran and Li 2010, Maalej 2012).

Materials with enhanced deformation capacity can resist shrinkage cracking:
while they may develop numerous, very fine cracks, the crack widths are very

tight; from a durability point of view, cracked engineered cementitious composites
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(ECC) can still be treated as uncracked (Weimann and Li 2003). In a newly
developed ECC mix with a tensile strain capacity of 2.5%, the measured drying
shrinkage strain at 28 days was only 110-240 microstrains (less than 10% of the
tensile strain capacity), while in traditional ECCs the 28-day drying shrinkage is
around 1200 microstrains (Zhang et al. 2009). However, the required consistency
and workability suitable for repair work require the use of large amounts of SCMs
and different types of chemical admixtures (plasticizers, shrinkage reducing
admixtures, retarders etc.) that are all known to influence the developing pore
structure and make the shrinkage behavior more complex. Emerging new, clinker-
free materials that are being evaluated with regard to their strengthening material
potential (Torgal et al. 2015), such as alkali activated materials (AAM), where
cement has been replaced by slag, fly ash, or metakaolin and the pozzolanic
properties have been “activated” by a highly alkaline chemical activator solution,
have likely very complex shrinkage behavior (Bernal and Provis 2014, Lee et al.
2014) due to microstructure and differences in the hydration processes and -

products when compared to ordinary Portland cement binders.

Shrinkage can be divided into plastic-, chemical-, autogenous-, drying-, and
carbonation shrinkage. Plastic shrinkage occurs in the fresh state, before the solid
skeleton has been formed, and is highly dependent on the evaporation rate.
Carbonation shrinkage is associated with calcium hydroxide (Ca(OH),) conversion
into denser calcium carbonate (CaCOs) after exposure to carbon dioxide present in
the atmosphere. Drying shrinkage makes up the bulk of the total shrinkage, in
normal strength concretes, and mortars. The main factors that influence drying
shrinkage are the age at the beginning of drying, the relative humidity of the
environment (that influences the rate of evaporation), and specimen size.
Autogenous shrinkage is the dimensional change of a cementitious material caused
by chemical shrinkage (Figure 1-5) in a sealed environment; i.e., without moisture
exchange with the surroundings. Autogenous shrinkage is associated with internal
water loss (self-desiccation) accompanying the hydration of the binder and it has
generally been regarded as “insignificant” for ordinary concretes where the drying
shrinkage plays the dominant role. However, it has shown to be a concern in high-
strength, or high-performance concretes with a relatively low water-to-cement

ratio.
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Chemical Autogeneous
shrinkage | Subsidence shrinkage
T Bleeding ; ! chemical
water T Pore || shrinkage
Water Water
Water
Cement
Cement
Cement

Placing Setting Hardening

Figure 1-5: Definition of autogenous shrinkage (Tazawa et al. 2000, Mihashi and Leite
2004)

Shrinkage behavior that is fundamentally understood and predictable is
essential to predicting and reducing cracking risk in concrete. Furthermore, as
stated before, shrinkage compatibility (which assumes understanding of the
shrinkage behavior of the overlay material) is a prerequisite to durable repairs and
successful ~ strengthening work. Finally, it is easy to see that an 1ideal
strengthening/repair material needs to be “crack free” in its preloaded state. Crack
free means that the shrinkage mechanisms have been understood and the material

has been optimized to exhibit controlled shrinkage.

1.2 Aim, objectives, and research questions

The overall aim of the current PhD work has been twofold. First, the
strengthening effect of an array of cementitious systems suitable for repair purposes 1is
investigated, with particular attention to tensile strength- and strain capacity to
create a robust and durable repair. Shrinkage performance, which is a prerequisite
to good compatibility with the base substrate was not looked into directly, but
identified as a research gap that needs to be addressed.

Second, the work aims to expand the basic understanding and knowledge on
the early-age shrinkage deformation behavior of cementitious materials, ranging
from ordinary and composite Portland cement concretes (OPC/PCC) to clicker-free
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alkali-activated slag (AAS), in the hope that part of the findings (shrinkage
mechanisms and their significance) can be generalized and extended to repair
mortars that incorporate the same materials but in larger fractions and with larger
paste volume. Only autogenous shrinkage is being focused on. The materials tested
are partly determined by the project limitations (OPC/PCC), and partly chosen
due to the recent shifting interest in the research of strengthening- and repair
materials towards more sustainable, environmentally friendly solutions (alkali
activated materials).

The following objectives have been set:

a) Characterize the strengthening effect and tensile behavior of a number of
selected cementitious strengthening systems to create a high performance
repair.

b) Contribute to a “database” of shrinkage data by performing extensive testing
under specific, frequently occurring curing conditions that have been

identified as relevant and not properly understood (variable heat curing).

C) Incorporate the effect of variable temperature heat curing into maturity
concept-based shrinkage models for early age cracking risk prediction. If

possible, generalize this model to cover mortars.
The following research questions have been identified:

RQ1. What materials are most suitable for strengthening concrete structures

with bonded cementitious overlays for optimum structural performance?

RQ2. How does the ductility of the mortar influence the strength, strain
capacity, and cracking behavior of the overlay? What are the impacts of the
material choice on durability?

RQ3. How does temperature curing influence the development of
autogenous shrinkage and the cracking risk in cementitious materials (OPC and
AAS)? What are possible implications on durability and performance of
strengthening systems based on Portland cement?
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RQ4. Are maturity concept-based models suitable to predict autogenous
deformation in cementitious materials? Could these models be used to predict

cracking risk of repair systems based on Portland cement?

1.3  Scientific approach

The first major section of the thesis is a critical state-of-the-art report. The
information has been structured in a comprehensive way, which led to finding gaps
in the current understanding worth to look into. In the next step, the research
questions were formulated, and an experimental program was built up around

them.

The objectives were, to a large extent, approached experimentally, providing
an extensive experimental test program which has been performed during the
current work. As part of the experimental program focused on tensile (and, to a
minor extent, fracture) characterization of repair systems with particular interest in
the post-peak behavior, two different test setups had to be developed (adapted); a
direct tensile test on dogbone-shaped samples and a wedge-splitting test. Shrinkage
tests were performed independently in the framework of a separate project. The

shrinkage modeling served as evaluation of the experimentally obtained data on

OPC.

1.4 Limitations

1.4.1 Strengthening

In the two papers relevant for strengthening, typical — commercial —
strengthening mortars and an ECC mix were tested. The testing was geared mainly
at the performance as repair material in terms of load- and deformation capacity.
The focus was placed on tensile behavior (strength, and deformation capacity)
because the tensile properties are the set of parameters that characterize the ability
of the material to withstand cracking, or prevent a crack from opening by bridging
it. Dynamic loading, fatigue, freeze-thaw performance etc. were not covered.
Shrinkage was covered, but at the time of writing, only on the state-of-the-art

level; mainly identified as a gap in current (2013) understanding.
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1.4.2  Shrinkage behavior

No shrinkage tests on repair mortars have been performed. The shrinkage
tests that are included in the thesis were performed as part of another, separate
project focusing on autogenous shrinkage in PCC. The tests were then
complimented with alkali activated slag. The alkali activated materials of choice,
for the shrinkage testing, were slag-based instead of fly ash. The AAS mixes were
not developed by the author; instead, they were provided by a colleague at LTU.
They have not been optimized for either shrinkage performance or strengthening
purposes. This limitation was imposed by the project proposals — the work has been
performed within the framework of two separate projects - and financial
limitations. State-of-the-art knowledge on how the results obtained for concrete

may or may not translate into mortar behavior has been discussed.

Drying, plastic, and carbonation shrinkage are beyond the scope of the
current work. Research has been limited to autogenous deformation. Deformation
measurement started at the earliest possible stage when the concrete could be
demolded. This largely removed autogenous strain before setting time. If the
concrete body is unrestrained, then (chemical) shrinkage before setting does not

generate stresses and hence, does not contribute to the cracking risk.

Stress and strain development in hardening concrete is volume dependent.
Heat development and heat generated stresses in mass concrete structures are more
prominent. The heat gradient towards an outer surface also causes difterential
autogenous shrinkage across the mass concrete. The applicability of the findings is
therefore limited to relatively thin structures, such as slabs, or concrete overlays;

potentially to strengthening or repair overlays.

1.5 Structure of the thesis

The thesis is written in the format of an article thesis in which printed or
reprinted journal papers are appended to a concise summary of the entire PhD

work. The summary consists of Chapters 1 — 7.

Chapter 1 serves as a general introduction. It clarifies the objective,

hypothesis, and research questions.

Chapter 2 aims to summarize previous work done on the research subject

in a critical and concise manner.
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Chapter 3 introduces the autogenous shrinkage model employed.
Chapter 4 presents an overview of the experimental program.

Chapter 5 summarizes the most important results from the experiments in a

condensed format, followed by the analysis of the data.

Chapter 6 relates the findings of the current work to the aim of the

research. It revisits and answers the research questions.
Chapter 7 concludes with recommendations for future research.

Chapter 8 lists all references.

1.6  Appended papers

Two papers have been selected from the Licentiate thesis, from the field of
strengthening of concrete with externally bonded, cementitious strengthening
systems. Furthermore, three papers are included to summarize the research carried
out in the second half of the PhD studies, following the Licentiate thesis.

Paper One

Orosz K, Blanksvird T, Tialjsten B and Fischer G (2010) From material level to
structural use of mineral-based composites—an overview. Advances in Civil

Engineering Vol. 2010, Article ID 985843.

The paper presents an overview of materials and techniques for
strengthening of concrete structures by means of externally bonded cementitious
strengthening systems, from material level (interfacial bond, strain hardening,

multiple cracking) to structural applications (full scale tests).

My contribution to the paper was planning the paper, writing the majority of the state-
of-the-art part, performing and evaluating the uniaxial tensile- and wedge splitting tests, and
writing the relevant parts of the paper.
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Paper Two

Orosz K, Blanksvird T, Tiljsten B and Fischer G (2013) Crack
development and deformation behaviour of CFRP-reinforced mortars. Nordic
Concrete Research Vol. 48, 49—-69.

Direct tensile testing on dogbone-shaped carbon fiber grid-reinforced
mortars has been carried out with ultimate load capacity, crack patterns,
deformation behavior, and ductility evaluated. The influence of the matrix ductility
and strain-hardening quality on shifting the failure mode from brittle to “ductile”

has been one of the most important conclusions drawn.

My contribution was performing and evaluating the tests, and writing the majority of

the paper.

Paper Three

Orosz K, Hedlund H, and Cwirzen A. (2017) Effects of variable curing
temperatures on autogenous deformation of blended cement concretes. Accepted

for publication to the Journal of Construction & Building Materials.

Early-age concrete shrinkage tests have been performed on blended Portland
cement based samples subjected to variable curing temperatures. The eftects of the
imposed temperature history on the autogenous deformation have been

investigated.
My contribution was performing and evaluating the tests, and writing the paper.

Paper Four

Orosz K, Hedlund H, and Cwirzen A. (2017) Maturity concept vs.
prediction of autogenous deformations. Submitted for publication to the Materials

and Structures.

The study focuses on the applicability of a commonly used, maturity
concept-based shrinkage model, developed for CEM 1 type binder to predict
autogenous deformations of blended cement, CEM II type concretes.

I contributed with testing, analyzing the test results, modeling, and writing the paper.
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Paper Five

Orosz K, Humad A, and Cwirzen A. (2017) Early-age autogenous
deformation of heat-cured alkali activated blast furnace slag. Submitted for
publication to the Journal of Advanced Concrete Technology.

Autogenous deformations developing in heat cured alkali activated
slag: (AAS) has been compared to the behavior of composite Portland Cement
(CEM II) mixes.

My contributions were performing the shrinkage testing, evaluating the shrinkage
results, evaluating the XRD tests together with the co-authors, and writing the paper.

1.7  Additional publications

Tiljsten B, Orosz K and Blanksvird T (2006) Strengthening of Concrete
Beams in Shear with Mineral Based Composites — Laboratory tests and theory. In:

Third International Conference on FRP Composites in Civil Engineering. Miami,
USA.

Orosz K, Tiljsten B and Fischer G (2007) CFRP strengthening with
mineral based composites loaded in shear. In: Proceedings of the 8th International

Symposium on Fiber Reinforced Polymer Reinforcement for Concrete Structures
(FRPRCS-8). Patras, Greece.

Tiljsten B, Orosz K and Fischer G (2007) Crack development in CFRP
reinforced mortar - An experimental study. In: The First Asia-Pacific Conference

on FRP in Structures. Hong Kong, China.

Orosz K (2013) Tensile behaviour of mineral-based composites. Luled
University of Technology, Department of Civil, Environmental and Natural

Resources Engineering. Licentiate Thesis.

Orosz K, Fjellstrom P, Jonasson J-E, Emborg M and Hedlund H (2014)
Evaluation of the Linear Logarithmic Creep Model. Nordic Concrete Research:
Proceedings of the XXII Nordic Concrete Research Symposium. 50, 417-420.
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Orosz K, Fjellstrom P, Jonasson J-E, Emborg M and Hedlund H (2014)
Evaluation of Thermal Dilation and Autogenous Shrinkage at Sealed Conditions.
Nordic Concrete Research: Proceedings of the XXII Nordic Concrete Research
Symposia. 50, 299-302.

Orosz K (2014) Strengthening of Concrete with Carbon Fibre Reinforced
Polymer (CFRP) Grids Bonded by Cementitious Binders. Nordic Concrete
Research: Proceedings of the XXII Nordic Concrete Research Symposia. 50, 207—
210.
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2 STATE OF THE ART

2.1  Cracking and deterioration of Portland cement based
systems

Over the last few decades, many advances in concrete technology have
been made in order to comply with the ever increasing demands in terms of
material performance. High performance concrete (HPC), ultra high performance
concrete (UHPC); and many other high performance cementitious materials
have been developed, offering improvements in compressive strength and higher
strength-to-weight ratio. Despite their advantages, high performance concretes
and mortars have been shown to be more susceptible to cracking, in particular,
at early ages. While cracks may develop for a variety of reasons, the underlying
reason 1s the inherently low tensile strength. Furthermore, when the material is
very young, its tensile strength is not fully developed yet, while relatively large
volume changes compared to ordinary Portland cement concrete are taking place

due to shrinkage mechanisms.

Shrinkage induced cracking is of increasing concern because it can severely
decrease concrete service life. A cracked structure is susceptible to chloride- and
carbonation induced corrosion. Repeated freeze-thaw cycles with the water
expanding in the cracks can contribute to rapid deterioration, such as surface scaling
(Figure 2-1) of the concrete cover; e.g., (Control of Cracking in Concrete - State
of the Art, 2006), especially in combination with aggressive environment

(deicing salts, sulfates, etc.).

Figure 2-1: Surface scaling of concrete
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Shrinkage is related to moisture loss to either evaporation, referred to as
plastic shrinkage (before setting), drying shrinkage (after setting), or the hydration
of the binder which generates autogenous shrinkage. Cracking in concrete can be a
consequence of any of these or a combination of them, taking place in either the
plastic/fresh or the hardened state. High autogenous shrinkage and restrained
thermal deformations render a structure particularly susceptible to early age

cracking.

Shrinkage takes place in two distinct stages. The definition of early age
cracking varies depending on the purpose of the study; some authors define it as the
first 24 hours after casting, e.g. (Holt 2001) while others use the term early age for
up to a month (Yoshitake et al. 2012); followed by long-term shrinkage. For
the purpose in this thesis, early age is defined as concrete that is no more than

two weeks old.

During early age cracking, first internal microcracks form on the aggregate —
mortar interface due to shrinkage stresses, which may extend and combine into
macrocracks. Early-age shrinkage cracking can progress into damage accumulation

across the entire structure (Li and Wang 2017).

2.2 Cracking of repair overlays and possible implications on
durability

Cracking in a structural element, for obvious reasons (material discontinuity,
softening), reduces the load capacity. Furthermore, a cracked surface layer allows
water and other corrosives (chemicals, salts) to penetrate into the structure,
eventually leading to reinforcement corrosion. Increased permeability leads to
further corrosion and deterioration in a chain reaction-like manner; (Wang et al.
1997). The eftects of cracking in an overlay type repair are magnified because there
is a larger cracking potential due to a relatively large surface exposed to drying out,
while simultaneously a repair layer is often thin enough to stop functioning as a
barrier to environmental damage if cracked. For a durable repair, it is
recommended to limit the cracking of the surface layer to within a threshold of 50-
100 pm (Wang et al. 1997, Wang and Li 2005, Umbreen-Us-Sahar 2015) to keep
the permeability low. From a durability point of view, certain repair materials, such
as cracked engineered cementitious composites (ECC) can still be treated as
uncracked (Weimann and Li 2003) even when fully cracked because of their
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extremely tight crack widths. Crack widths as tight as 60 um have been reported
under uniaxial tensile load by (Sahmaran et al. 2009). The typical crack widths of
ECC at crack saturation (fully microcracked, before localization) are around 80 pm
(L1 et al. 2002, Zhang and Leng 2008).

Direct correlation has been observed between material brittleness and
shrinkage in alkali activated slag mortars by (Duran Atics et al. 2009). It is assumed
that the higher shrinkage leads to significant microcracking in the matrix. The
formation of cracks, if the crack widths are not kept controlled, leads to increased
permeability and quick deterioration of the material. In contrast, in PVA-reinforced
fly ash-based geopolymers, crack widths nearly as tight as in ECC, ranging from
70-120 pum (loaded) have been reported by, e.g., (Nematollahi et al. 2015a).

2.3 Cementitious overlay strengthening systems

2.3.1 Materials

The following section is mostly a condensed extract from the Licentiate
thesis published in 2013, where strengthening systems have been looked into and
compared in great detail. The information presented here is selective to the context
defined by the Introduction.

Strengthening systems for concrete that employ inorganic, cementitious
binders can consist either of a standalone matrix, often reinforced with short fibers,
or an FRP (fiber reinforced polymer) component embedded into a cementitious
matrix. An example to the first one is engineered cementitious composites (ECC)
which is a micromechanically tailored (Li et al. 2001, Wang and Li 2003, Zhou
2011) fine-grained mortar with flowable consistency, intended both as standalone
material and for durable repairs in situations where the deformation capacity (tensile
ductility) and/or tensile strain hardening behavior are important. The fensile strain
hardening behavior (Figure 2-2) is accompanied by very fine microcracking
throughout the matrix. Up to 2%, oiled PVA fibers are responsible for the strain
capacity. Oiling is necessary to lessen the interfacial bond between fibers and matrix
so that a pullout response take place instead of fiber breakage — PVA has a low
modulus of elasticity. The tensile strain capacity can clearly been linked to a
reduction in shrinkage cracking. Since the strain capacity of a typical ECC is in the
3-6% range, it appears reasonable to prioritize ECC as a repair layer because it is

able to accommodate shrinkage deformations by forming very fine, multiple cracks
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without localized failure. This was illustrated by (Li and Li 2011) on high early
strength ECC which had a total shrinkage strain of less than 300 pe, significantly
lower than its tensile strain capacity of 3-6%. Furthermore, the fracture toughness
of the matrix is also tailored. Too high fracture toughness can adversely aftect the
strain hardening behavior and tensile ductility since high fracture toughness means
that significantly more energy is necessary for new cracks to propagate, which
works against the sequential microcracking of the matrix.

Strain hardening,
l multiple cracking

Localization

FRIETARIRIS
P A TT TR ThS

Tensile stress

uncracked

%‘su

Strain, deformation

T, [ L
%éji

plain concrete
or mortar

Figure 2-2: Definition of (A) brittle- [glass], (B) quasibrittle- [concrete and conventional
mortars|, (C) strain softening- [steel fiber reinforced concrete|, and (D) strain hardening

behavior [strain hardening cementitious composites| under tensile load (Fischer and Li 2002,
Matsumoto and Mihashi 2003)

ECCs use very high fractions of cement per volume. In recent years,
considerable amount of eftorts have been made to lower the CO2 emission that is
associated with cement production. Environmentally friendly alternatives that do
not compromise the strain hardening behavior and tensile ductility of ECCs are
desirable. Partial replacement of cement by SCMs has resulted in “green ECC”
(Yang 2008). The most recent research has been increasingly focusing on replacing
cement entirely, without compromising the high performance nature of ECC.
Recently, strain-hardening fly ash-based geopolymers have been developed (Shaikh
2013b, Ohno and Li 2014, Nematollahi et al. 2015a, 2015b, 2016, 2017, Choi et
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al. 2016, Shaikh and Zammar 2017) that use a fraction of chopped polymeric fibers
comparable to that in ECC (up to 2% by volume). These new materials exhibit
tensile strain capacity similar to that of ECC. However, other properties are either
not practical or optimized yet (low to moderate compressive strength) or not well
investigated/understood (durability). These studies, however, did not investigate
either the applicability of these new composites for strengthening/repair purposes
or the shrinkage behavior; instead, all are strictly focused on material
characterization (compressive/tensile strength, tensile strain hardening, deflection
hardening, and microcracking). Yet, these materials hold a promise as strengthening
materials: as (Li et al. 2000, 2000) emphasized, the ductility of a material can be
identified as one of the most important parameters that translate into actual
structural performance. This statement could be extended into strengthening
applications because the ductility of the strengthening material would prevent
unpredictable, sudden failure. Additionally, it renders the repair/strengthening
more durable and sustainable by keeping tight crack widths.

An example to the second approach is textile reinforced concrete (TRC),
which comprises of a very fine-grained, optimized, often polymer-modified matrix
and one or more directed layers of technical fabric or textile (HiuBler-Combe et al.
2004). The textile filaments are aligned to the direction of the tensile stresses.
Usually high-modulus FRP (AR-glass, PBO, or carbon) is used for reinforcement.
Low modulus fibers can also be used, such as polyethylene. Despite the fiber
choice, similarly to ECC, TRC exhibits tensile strain hardening (Colombo et al.
2012). Mix designs with partial replacement of cement by silica fume or fly ash
exhibit better bond strength between the textile and the binder because of the
denser microstructure (Mobasher et al. 2004). The matrix is able to penetrate the
textiles to some extent, and since there is no textiles are not impregnated but
consist of individual filaments, the degree of penetration is a major influencing
parameter determining the strength of the TR C system as the load transfer relies on

the fiber surface in contact with the cement phase (Jesse et al. 2008, Contamine et

al. 2010).

ECC has also been combined with technical textiles or fabrics, and stiff
carbon grids. A hybrid carbon-glass textile was used by (Dai et al. 2009) where the
ECC matrix provided ductile behavior, despite the textile being brittle, due to the
matrix being able to redistribute stresses and compensate for fiber breakage.

Another strengthening system, in the past often referred to as mineral based
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composites (MBC) employs a polymer-modified mortar and a stift carbon fiber grid
(Blanksvird 2007, 2009). Both components being quasibrittle, the resulting system
if an efficient and proven strengthening system, however, failure is sudden, often

accompanied by spalling of the strengthening layer.

Figure 2-3 presents one particular way of grouping cementitious materials, to
map possible base substrate- and strengthening material combinations.
The conventional approach focuses predominantly on material strength
(compressive strength). The greater the ductility of the strengthening material,
the greater its stress-bridging ability is. Ideal repair materials would, therefore,
appear in the top half — top right corner of Figure 2-3. The reasoning is that
minimizing the repair layer cracking (which is achieved by the increased ductility)
would likely correlate with a lessened risk of interfacial delamination on the

surface between the old concrete and the new layer.
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Figure 2-3: Classification of cementitious materials based on their ductility and strength.
Based on (Matsumoto and Mihashi 2003, Rokugo et al. 2009), expanded by the author
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2.3.2  Bond strength

As stated before, the success of strengthening hinges on the bond strength on
the interface between the concrete substrate and the strengthening layer. Other
possible failure modes, such as slippage in the plane of the technical fabric
embedded in the mortar phase are not discussed here further; however, they have

been elaborated on in the Licentiate thesis and in Paper 1.

Bond to the concrete surface is usually enhanced by means of surface
roughening and applying a primer (bond coating). As long as the base substrate and
the strengthening layer form a monolithic unit, the deformations remain
compatible. If the autogenous and drying shrinkage of the high performance matrix
are excessive, this leads to shrinkage severely restrained by the old concrete
substrate which can lead to cracking in the strengthening layer. In extreme cases,
bond can fail on the interface and the strengthening layer may debond from the
surface; in particular if the concrete surface is weak, which is common in

deteriorated structures.

Debonding has occurred in alkali activated slag mixes where the apparent
incompatibility can sometimes be unrelated to shrinkage properties. Shrinkage
compatibility is just one aspect of compatibility, albeit a very important one.
Compatibility with the base concrete must be sufficient in terms of thermal-,
chemical-, elastic moduli-, absorption-, diftusion properties compatibility, chemical
compatibility also. In a recent study where the potential of alkali activated materials
as repair material was evaluated (Kramar et al. 2016), it was found that the slag-
based mortar tested delaminated from the concrete surface during curing, rendering
it unsuitable as a strengthening material due to insufficient bond strength, albeit it
had the lowest shrinkage among all mixes. The likely causes have been identified as
chemical incompatibility due to either too low levels of soluble silica, or a chemical

reaction between the calcium hydroxide rich substrate reacting with the AAS.

2.4  Shrinkage behavior of cementitious materials

Since shrinkage has been identified as a major factor that influences
compatibility in repair or strengthening applications, the shrinkage behavior of
cementitious materials 1s described more in detail. Due to the vastness of

information available, only autogenous shrinkage behavior is considered further on.
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2.4.1 Autogenous deformation in OPC

Autogenous shrinkage (AS) is the dimensional change of cementitious
material caused by chemical shrinkage (Figure 1-5) in a sealed environment; i.e.,
without moisture exchange to the surroundings. The total volume of the products
of the hydration process is lesser than the initial volume of water and cement; this
results in a volume reduction. After initial set, without water being supplied from
the environment, self-desiccation, or internal drying of the paste occurs due to the
pressure in the capillary pores dropping as a consequence of internal water
consumption by the hydration process (Persson 1997, Tazawa et al. 2000, Holt
2001). Since by this stage the solid skeleton has already formed, the paste resists the
deformation. Internal cracking may develop because of the limited deformation
capacity of the hardening concrete. Factors known to have an effect on the AS at
early ages are the water-to-cement (w/c) ratio, the fraction of supplementary
cementitious materials (SCMs), the internal restraint from aggregates, fibers (if any),

chemical admixtures, and curing conditions.

With the recent increased use of high early strength-, high performance-,
and/or blended binder concretes, with low water/cement ratio the AS makes up
for a substantially larger part of the total shrinkage (Emborg 1989, Bjontegaard
1999, Hedlund 2000, Cusson and Hoogeveen 2008). It is significant enough to
induce micro- or macro cracking due to the increased paste volume and higher
binder content per unit volume. In a high performance concrete sample, AS
reached 250 microstrains by 24 hours of age (Cusson and Hoogeveen 2008) — this

presents a significant cracking risk if movements are restrained.

Typically, autogenous deformation (AD) manifests as shrinkage. Recent
research, however, has reported on cases where a substantial autogenous expansion
or “AD swelling”, as commonly referred to, has occurred. Autogenous expansion
in early age concrete/mortar typically — but not always — takes place in heat-cured
samples, after the cooling down stage. Earlier studies (Bjontegaard 1999) showed
that the natural cooling down phase from temperatures exceeding 50°C was
characterized by a reduced rate of AS and was followed by autogenous expansion.
The expansion started between 3-4 days of age and was attributed to “thermally
induced” shock of the deformation. The autogenous deformation in this study was
backcalculated by offsetting the total deformation assuming a constant thermal
coefficient (CTE) of 10x10™° 1/°C which did not account for the nonlinearity of the
CTE at early ages (see Chapter 5.4). Both the rate and the starting point of
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swelling appear to vary with the cooling down rate. Even when the same curing
path is used up to the peak temperature (60°C below), different rates of the cooling
down will result in entirely different autogenous behavior for several days
afterwards; see “60” vs. “60-cool” below. The autogenous deformation behavior
has also shown to be unsystematic where contraction and expansion do not show a
clear correlation with the curing paths/levels; e.g., “40” and “60” will expand but

“47” will experience monotonous shrinkage.
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Figure 2-4: Temperature histories and unsystematic (backcalculated) autogenous behavior.
Data from (Bjontegaard 1999)

Furthermore, the author also showed that regardless of the choice of more
“realistic” TDC values, the unsystematic tendencies observed in the autogenous
deformation did not improve substantially.

Recently, slow expansion of over 10 days in fly ash concretes (Figure 2-5)
was observed (Klausen 2016). The onset of swelling about coincided with the
maximum temperature and continued throughout the cooling down phase.
Swelling 1s prominent when AT < 20°C, regardless of fly ash content (listed in
Table 2-1). The Type I OPC reference sample, however, exhibited swelling after
undergoing a 30°C temperature change.

23



STATE OF THE ART

ANL FA (20/20)

; .

M

ANL FA (20/34)

N\AI\I&"A +16FA (2

0/20)

-100

g

.\.

v

ANL FA +28FA

(10/26)

-120

-140

& ANL FA (20/52)

ANL FA +16FA (20/50)

w“

%’_‘\.

Autogenous deformation [10¢]

-160

-180

ANL FA (10/43)

-200

168

336

ANL FA (20/59)

504

ANL FA +28FA (20/44)

ANL FA +16FA (20/45)

672
Maturity [h]

840

1008

—— ANL Ref. (20/62)

1176

1344

1512

Figure 2-5: Autogenous expansion in fly ash mixes by (Klausen 2016)

ANLFA | ANLFA | ANLFA
ANLRef. | ANLFA | = opy +16FA | +28FA
[kg/m3] [kg/m3] [kg/m3] [kg/m3] [kg/m3]
Cement’ 3723 365.3 324.1 284.3 229.8
FAcem 0.0 | 60.6 53.8 472 38.1
FAugaed 0.0 0.0 36.0 71.1 118.5
Silica 18.6 | 18.3 18.0 17.6 17.4

Table 2-1: Fly ash (FA) content in the mixes, from (Klausen 2016)

AD swelling in OPC concrete with 50% fly ash, w/c 0.30, under 20°C
isothermal conditions has been reported by others (Termkhajornkit et al. 2005).
The expansion occurred well after the concrete has cooled down; the temperature
in the sample did not reach 25°C at any point (Figure 2-6a). The swelling
was prominent at around day five and lasted for another 7-8 days. The authors
attributed the swelling to a possible ettringite formation. No swelling was
observed in mixes with only 25% fly ash.
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Figure 2-6: (a) temperature histories, and (b) autogenous deformations, as observed by
(Termkhajornkit et al. 2005). PR/BA, TU, and CA are different kinds of fly ash

AD swelling was also observed by (Maruyama and Teramoto 2011) in both
OPC cement paste and OPC with 30% and 45% blast furnace slag (Figure 2-7).
In that case, the curing temperature of 60°C was applied 50 hours after casting.
The AD swelling was observed for the entire duration of the cooling down
phase. A smaller but steady swelling was also observed in the OPC sample
cured at 40°C. The same authors observed autogenous expansion in OPC
mixed with 10% silica fume so consistently, beginning during the cooling oft
period that they concluded that the “gradual expansive behavior under
temperature descending period is an intrinsic property” of the paste tested

(Maruyama and Teramoto 2013).
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Figure 2-7: Autogenous expansion observed by (Maruyama and Teramoto 2011); (a)

OPC with 30% slag, (b) OPC with 45% slag; w/c 0.40
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Heating-cooling curing regime has been observed to cause AD swelling
during the cooling oft phase, lasting until the temperature levels oft (Viviani et al.
2007). Finally, AD swelling has been also linked to possible ettringite formation in

mixes made with coarser cements by (Bentz et al. 2001).

Despite the fact that the expansion has been observed worldwide, sometimes
sporadically, but often across several mixes/curing paths, the exact variables causing
it have not been identified in full. Most literature tackles the phenomenon on an
experimental level, if at all. Often, it appears to occur in certain mixes or under
certain curing conditions where it is not expected to appear by logic, and it may
not appear in cases where it is expected based on the rest of the tests; e.g., the “47”
sample in Figure 2-4. Considering that the parameters causing it are unclear,

currently, no models incorporating the phenomenon exist.

2.4.2  Shrinkage in alkali activated materials

Alkali activation means that the latent pozzolanic properties of a cement-free
binder, typically ground granulated blast furnace slag (GGBS) or fly ash (FA) or a
combination thereof, are “activated” by a highly alkaline solution. In a high
calcium system, alkali activation renders the aluminosilicate content of the slag into
a reactive form that, with the available water and the alkali and calcium ions,
produce primarily calcium silicate hydrates (C—S—H) and calcium-aluminosilicate
hydrates (C—A—S—H). Since the gel contains a certain amount of sodium (Na), it is
often referred to as (C—(IN)-A—S—H). The C-S-H has a lower Ca/Si ratio than the
corresponding phase in OPC (Gruskovnjak 2006). The exact type of gel that forms
ranges from predominantly OPC-like C-S—H phases to fully polymerized N-A—-S—
H type gels and depends on the calcium- and magnesium content of the system,
the type and pH of the activator, and the curing conditions (Fernandez-Jiménez et
al. 2003, Lodeiro et al. 2009, Garcia-Lodeiro et al. 2011, Puertas et al. 2011, Bernal
and Provis 2014). Alkali activated materials with a predominantly N-A-S-H gel are
commonly referred to as geopolymers, characterized by the presence of zeolites;
e.g., (Provis and Van Deventer 2009). Other precursors, such as metakaolin
(Vasconcelos et al. 2011, Chen et al. 2016), or pulverized rockwool and glass wool

(Yliniemi et al. 2016) have been also used successfully to create new, innovative
AAMs.

Research on shrinkage behavior of alkali-activated materials (AAM) is, at its

current stage, not comparable to the vast amount of information available on OPC.
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This 1s partly due to the fact that the mechanisms that cause shrinkage in OPC and
AAM are different due to the difterences in hydration process, the reactions that
take place, and the hydration products. Widespread industrial adoption, commercial
scale production, and standardization of design procedures employing AAM,
however, have been hindered by the lack of long-term performance/durability data

and the limited understanding of shrinkage behavior and the driving mechanisms

behind shrinkage.

Research focusing specifically on autogenous shrinkage in alkali-activated
materials 1s limited to a very small number of studies. The driving mechanism
behind the autogenous shrinkage in AAS is not clarified. Considering the range of
phases that can form in alkali-activated materials, the shrinkage mechanisms - both
the autogenous and the drying shrinkage behavior - are expected to be more complex
than those in OPC. Both autogenous and drying shrinkage in AAS have shown to
exceed that of comparable strength OPC (Collins and Sanjayan 2000, Neto et al.
2008, Cartwright et al. 2015); up to seven times larger (Bakharev et al. 2000).
Autogenous shrinkage increases with the addition of more slag and sodium silicate
(Lee et al. 2014); more slag results in reduced total porosity and a denser
microstructure (Lee et al. 2014). Different activators generate coarser or finer
capillary porosity (Haha et al. 2011) which 1s expected to have an impact on the
shrinkage behavior. Furthermore, recently, alkali resistant glass, carbon, and even
PVC fibers have been successfully incorporated into alkali-activated binders (Funke
et al. 2016, Vilaplana et al. 2016). The addition of carbon fibers up to 1 mass %
reduced (drying) shrinkage by up to about 60% depending on fiber length
(Vilaplana et al. 2016). The available information on the applicability of basalt fibers
is contradictory; according to (Funke et al. 2016), the basalt degraded in the high
pH environment, while they have been used successfully by others (Timakul et al.
2016). Finally, autogenous shrinkage in AAS has shown strong correlation with
brittleness. It was found by (Duran Atics et al. 2009) that sodium silicate activated
slag was more brittle than sodium carbonate activated slag. It was hypothesized that
the higher shrinkage would cause microcracking in the matrix, leading to a
reduction in tensile capacity. Sodium carbonate was recommended as an activator

because the use of it would result in comparable or lower shrinkage than OPC.

References about autogenous expansion are scarce. One notable reference

has been identified in which slow and long-lasting expansion was found both in the
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reference OPC mix and in AAS mixes, with and without shrinkage-reducing

admixtures (Figure 2-8).
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Figure 2-8: Free deformation in waterglass-activated slag mortars and OPC; data from
(Palacios and Puertas 2007)
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3 MODELING OF AUTOGENOUS SHRINKAGE IN
YOUNG CONCRETE

When starting out with the experimental work, one of the main objectives
was to incorporate the effects of variable temperature curing into the “HH model”
(described below) to describe the development of autogenous deformation in
young concrete in a way that can be used by industry for cracking risk prediction
for current mixes (blended cement mix designs, and possibly future binders
employing large fractions of SCM).

3.1 Decoupling deformations

During hydration, fully coupled autogenous deformation (AD) and thermal
deformation (TD) are recorded as free deformations; Eq. 1 and Eq. 2.

Eit = Esy T &7 (1)
& =a-AT (2)

Where ¢, is the total deformation, € is the thermal dilation, &gy is the
autogenous deformation, a is the coefficient of thermal expansion (CTE) and AT is
the temperature change. For a robust model capable to describe any conceivable
temperature history and to calculate shrinkage-induced stresses in the concrete, it is
fundamental to determine the relative importance of both AD and TD, and to be
able to model satistactorily both (Bjontegaard 1999).

The maturity concept assumes a time shift from real time to “concrete age”.
The equivalent age or concrete age can be calculated from compressive strength
data for each individual concrete mix. It has been used to compare autogenous
shrinkage of different temperatures where the rate of the hydration is difterent since

higher temperature accelerates hydration.

One of the most widely used shrinkage prediction models developed by
Hedlund (Hedlund 2000) in 1999 (Egs. 3—o6) has repeatedly proven to work well
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for normal- and high strength ordinary Portland cement concretes, but has recently
been shown to be inaccurate for certain newer types of blended cements containing
fly ash (Fjellstrom 2013, Orosz et al. 2014). This model, further referred to as “HH
model”, is based on an ultimate reference autogenous shrinkage (Eq. 3) which is
determined based purely on w/c and altered to account for the temperature effects

(Eq. 4.). The effects of heat curing are incorporated into a factor denoted as

Pt (T) temperature sensitivity factor (Eq. 5.) or the “temperature effect on autogenous

shrinkage” (Hedlund 2000). This expression accounts for the temperature in the
sample in relation to the maximum temperature in the sample, up to the time of
interest. It does not, however, account for how long that has been kept at a
certain level. In essence, it accounts for the amplitude of temperature (T) but not

the duration of it.

The following equations are used:

6. =(-0.65+13-(W/c)-10° (3)
Es = Eet /Bso (te ) ) IBST (T) “4)
Bor (T)=2,+2, -(1— exp[ -T,™ (t)/TJbl ) +a, -(1— exp[ -, (t)/T, }bz ) (5)

Beo (1) =exp (—[tso St~ ) ™ ) (6)

where E [-] = reference ultimate shrinkage, a fitting parameter
determined by the least square method; &g, [-] = autogenous shrinkage; [ (T) [-]

e . max . .
= temperature sensitivity factor; TC (t)[OC] = maximum temperature in the

concrete sample up to time t; t[s, h or d] = real time specified as time after

mixing; 8, &[] &[] B[ b TFCL T,[°C] = fitting

parameters; B, [-] = relative time development or time distribution of autogenous
shrinkage; t,[s, h or d] = equivalent time of maturity; g, [s, h or d] = start time
of autogenous shrinkage specified in real time after mixing; t,[s, h or d] and

Nsy [-]= curvature parameter; a fitting parameter determined by least square

method.
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3.2  Temperature sensitivity factor

It is well-known that deformation measurements recorded on samples that
undergo heat curing at isothermal temperature levels are larger than the
deformations of a sample that is stored at a chosen ambient temperature. In earlier
models, the absolute magnitude of curing temperature has been accounted for, but
not the duration or gradient of the heat curing. This is very clearly represented in
the so-called temperature sensitivity factor (Figure 3-1) incorporated into the
model used in this thesis, where it can be seen that for a certain isothermal
temperature level, the temperature sensitivity factor is unequivocally defined.

Whether a sample is being cured at 50°C for one day or one week would result in

the exact same f (T) factor. Whether a sample has been heated up to that

temperature “instantaneously” or over the course of five days is not incorporated
into the model either — which, considering that the importance of the first few days
into the curing is well-known, may be considered one of the decisive parameters
that is ignored.

B Temperature effect on
2.5 .
i — autogenous deformation
2 O w/C = 0.45, 0% SF
N ® w/C = 0.40, 0% SF
E 154 " o w/C=0.33,10% SF
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- A (Gutsch 1998)
05 — : A w/C = 0.40, 5% SF
7 I (Bjontegaard 1999)
0 T L T 1 ——— NSC (Average)
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Curing temperature, °C

Figure 3-1: Temperature sensitivity factor as a function of isothermal curing temperature

(Hedlund 2000)

3.3  Gaps in current knowledge

There are several other shrinkage prediction models; with the major driving
forces contributing to AS having been identified as the surface tension, capillary
depression, and capillary tension. The Tazawa and Miyazawa prediction model
developed in 1997 takes into consideration both w/c ratio and cement type (Long
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et al. 2011). Another model, referred to as the CEB-FIP model relates the AS to
the compressive strength, cement type, and concrete age, but it is only applicable to

normal strength concretes. It has also been shown to underestimate shrinkage,
(Long et al. 2011).

Despite the earliest observations of autogenous expansion dating back to the
late 90s, (Bjontegaard 1999), to the author’s knowledge, no current model taking

into account the possibility of autogenous expansion exists.

Another significant gap in knowledge is the incorporation of variable
temperature levels into prediction models. There is no clear agreement whether the
maturity concept can be applied to describe AD development under variable
temperature curing conditions, which is a prerequisite to successtul decoupling of
AD and TD. It was suggested that the maturity concept based on effective age
could be used by addition of a temperature-correcting factor, (Hedlund and
Jonasson 2000). It should be possible to separate AD and TD in cement pastes,
based on the maturity concept, by offsetting the total deformation by thermal
deformation part (TD) as long as the temperature range is between 10°C and 40°C,
(Turcry et al. 2002). In contrast, others indicate that the maturity concept is
unsuitable, (Bjontegaard 1999, Jensen and Hansen 1999). Early models (Emborg
1989, Hedlund 2000) took into account the eftect of curing temperature as the
maximum curing temperature only. However, according to new data, the AD
development rate and its magnitude are strongly dependent on the curing
temperature history, (Bjontegaard 1999, Jensen and Hansen 1999, Bjontegaard and
Sellevold 2001, Hai and Zhu 2009, Klausen 2016).

A turther difficulty is that the AD behavior has been found to be unsystematic,
even when assuming realistic CTEs; see Figure 2-4. Others also emphasized that
higher temperature does not necessarily lead to higher AS (Lura et al. 2001).
Therefore, AD in a real structure cannot be predicted from isothermal test results
alone because the deformation depends on the specific imposed temperature
history.
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4 EXPERIMENTAL PROGRAM

This section briefly summarizes the choice and design of the test specimens

and procedures for both the strengthening work and the shrinkage testing.

4.1  Tensile characterization of strengthening materials

4.1.1 Materials

The reader is referred to Papers 1 and 2 or, alternatively, to the Licentiate
thesis (Orosz 2013) for a significantly more detailed description.

As stated in Chapter 1, the first half of the work presented in the thesis dealt
with strengthening work. Two test series have been carried out on the components
of what had been referred to as “Mineral Based Composites” at LTU (Blanksvird
2007, 2009).

Mainly the same materials were used for the two test series (albeit not in
all/the exact same combinations); a CFRP grid with two different grid spacing and
fiber amounts in each direction (“medium” and “small” grid), and as
binder/matrix, quasibrittle (commercial) mortars and a strain hardening engineered
cementitious composite (ECC). Grids with different spacing and fiber amount per
direction, placed in “strong” (favorable) and “weak” (rotated) directions in relation
to the direction of the loading have been tested. Detailed material data on the FRP

component can be found in Papers 1 and 2.

Only the ECC composition is given here in Table 4-1. The ECC is a
flowable paste with large amounts of fly ash (of unidentified chemical composition),
and 10mm long, chopped, randomly mixed in PVA fibers (1% by weight, or 2% by

volume).
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Fraction wt%
Type I cement 22
Fly ash 44
Sand (<0.15mm) 8
Quartz powder 100/22 8
Water 18
Superplasticizer (Melflux) 0.02
Oiled PVA fibers 1

Table 4-1: Mix composition of ECC

4.1.2  Test setup

The first test series was wuniaxial tensile tests carried out on large size
dogbone specimens (Figure 4-1) cast out of strengthening mortar, with a stiff, 2D
CFRP grid placed in the midplane. The bare strengthening material was tested in
an optimized setup with custom-made, double-hinged clamps to avoid bending of
the sample.

The uniaxial tests, while providing information on the strain hardening
behavior and the tensile strength (but not the other two, important parameters of the
post-peak behavior; the shape of the softening curve, and the fracture energy) are
known to be very sensitive for brittle or quasi-brittle materials. It is difficult to
ensure that cracking will happen in the prescribed (and monitored) test field,
preferably in the middle of the web of a dogbone specimen. There is a high risk of
cracks initiating where the web meets the bulk end of the specimen. Research by
(Naaman and Reinhardt 1995) has indicated that this risk exists even if the

transition between the test field and the bulk end is gradual (a concave arch).
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Figure 4-1: Dogbone samples with reinforcement configuration: (a) sample top view; (b)
sample side view; (c)-(d): “medium grid” (referring to grid spacing) configurations; (e)-(f):
“small grid” configurations

The second test series was an upscaled version of the wedge splitting tests
(WST) used in fracture mechanics. The toughness of concrete is usually evaluated
by means of the post-failure behaviour in tension, governed by the stress versus
crack width relation (6-w), the tension softening behaviour. It is a basic property of
the concrete described by the (a) tensile strength, (b) the shape of the softening
curve, and (c) the fracture energy, which corresponds to the area under the stress
versus crack width curve (Hillerborg et al. 1976). Knowledge of these parameters
enables estimations of shear capacity and brittleness in compression and tension.
While the WST is not a direct tensile test, it can provide valuable data on the tensile
and fracture behaviour. The WST, originally introduced by (Linsbauer and Tschegg
1986), and improved by (Brihwiler and H. 1990) is a fracture mechanics test
method, that has proven to be suitable for obtaining both splitting tensile strength
and an estimation of the fracture energy. The most prevalent advantage it offers
over uniaxial tensile tests is its stability; it always results in stable crack propagation
(Ostergaard et al. 2004). This is due to the low amount of elastic energy stored in

the specimen compared with the energy consumed by crack propagation.

The pre-notched WST samples (Figure 4-2) were reinforced with the same
strengthening material on both sides, then split into two halves to capture the first
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cracking load, peak load, tensile strain hardening behavior (if any), and post-peak

behavior (strain softening) until failure. Fracture energy was also calculated.
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Figure 4-2: WS'T specimens with grids placed in “strong” and “weak” directions

The WST setup has its inherent limitations. The main drawback compared
to uniaxial tests is that it does not create a uniform tensile field because the
specimen undergoes bending simultaneously. Furthermore, an inverse analysis
needs to be performed in order to obtain the tensile properties. However, even
without performing the inverse analysis, the test setup can be used to characterize
fracture energy, which is directly proportional to the area under the load-CMOD

curve.

4.1.3 Methods

The dogbone setup has simply been wupscaled based on literature
recommendations. The length of the test field was set to the longest possible to
ensure a high cracking potential, but short enough so that demolding the samples
would not break them at their weakest. Self-centering anchor clamps (fixtures)
have been developed and manufactured to ensure an even loading in pure tension.
A detailed description of the design of the anchor clamps is found in Paper 2.

The WST setup was purely experimental. Existing loading devices and setup
were used in a creative way. As stated earlier, the goal was purely to assess post-
peak behavior depending on mortar quality (quasibrittle vs. “ductile” mortars) and

grid orientation (behavior of grid joints); not the tensile capacity per se.
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Both test series were run displacement controlled. DIC measurements
(ARAMIS) completed the recorded load-deformation data to visualize strain fields
and quantify cracking patterns, crack development over time, crack density, and
crack widths up to failure. Inverse analysis for the WST has not been performed as

it was not necessary for the intended outcome.

4.2  Autogenous deformation behavior of PCC and AAS -

materials

4.2.1 Materials

The autogenous deformation behavior in both ordinary (OPC) and
composite Portland cement concrete (PCC) and alkali activated slag concrete
(AASC) was investigated in the second half of the PhD studies. The samples were
prepared with a blended, Type II/A type cement (“BAS” concrete) and Type I
cement (“ANL”). ANLFA is a control mix in which 30% of the ANL cement has
been replaced by fly ash. The alkali activated slag mixes are denoted as SC10, SS10,
and SS14, where SC is activated by 10% sodium carbonate, while SS10 and SS14
are activated by 10% and 14% sodium silicate solution (alkali modulus 1.00),
respectively. The following mix designs have been prepared (Table 4-2).

Fraction [kg/m®]/mix SC10 SS10 SS14 BAS 0.38 BAS ANL ANLFA

0.55 0.55 0.38
fly ash - - - - - - 126
slag 450 450 450 - - - -
0/4 1332 1332 1352 - - - -
4/8 331 331 331 - - - -
water, eff. 202.5 202.5 202.5 1529 198 187 168
cement - - - 470 360 340 294
0/8 - ~ - 975 1067 1072 928
8/16 - - - 790 733 398 844
16/27 - - - - - 401 -
activator 10% SC 10% SS 14% SS - - - -
alkali modulus 1.00 1.00 - - - -
pH of activator 11.2 13.7 13.7 - - - -
28-day cube strength 46 42 77 70 45 45 52
[MPa]

Table 4-2: Mix designs. Alkali activated slag (SC10 — SS14), OPC (ANL and ANLFA), and
PCC (BAS) concretes
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The most important physical and chemical properties of the binders are
tabulated in Table 4-3.

Property/amount BAS ANL slag fly ash”
Blaine-fineness 450 m*/kg 310 m*/kg 500 m*/kg N/A
Setting time 150 min 160 min N/A N/A
Compact density 3000 kg/m> 3200 kg/m’> 2950 kg/m’  N/A
CaO 55.4% 64.1% 48.9% 5.9%
SiO, 24.0% 22.4% 24.2% 47.6%
AL O, 6.7% 3.7% 7.9% 23.3%
Fe,O; N/A 4.5% 0.8% 5.3%
MgO 2.8% 1.2-1.5% 6.6% 1.5%
K,O 1.3% N/A 1% 1.2%
SO, 3.4% 2.4% 2.5% N/A
Ti0O, N/A N/A 6% 1.2%
MnO N/A N/A 1.2% 0.05%
Water-soluble Cr*" <2 ppm <2 ppm N/A N/A
C;A 5.2% 2.1 N/A N/A
CsS N/A 48% N/A N/A
C,S N/A 28% N/A N/A
C4AF N/A 13.8% N/A N/A

Table 4-3: Physical and chemical properties of the binders

*Not available at the time of writing Papers 3-5.

4.2.2  Test setup
The test setup was adopted from (Hedlund 2000). Concrete and alkali

activated slag concrete cylinder samples (@=80mm, h=300mm) were cast in pairs;
one sample cured at ambient temperature, and one undergoing a certain forced
path of heat curing that mimics “realistic” curing conditions. The curing consisted
of an isothermal plateau at 35°C, resp. 50°C for a preset time (1, 3, and 5 days,
depending on temperature level), then a cooling down part at a steady rate,
followed by isothermal curing at ambient temperature (20°C). The general test
setup 1s pictured in Figure 4-3.
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The temperature paths varied depending on materials. For PCC, different

temperature levels were tested (Figure 4-4), while for AASC, only one temperature

path (50°C for 3 days, referred to as 50-3D) was employed to compare the
behavior of PCC vs. AASC. This was a limitation imposed due to both time

constraints and financing of the AASC part of the testing.

Figure 4-3: Free deformations test setup

All samples were demolded 8 hours after casting. A pair of symmetrically

mounted linear variable differential transformers (LVDTs) of the type Schaevitz

type 010 MRH was used to record the deformations over a time period of two

weeks. The two-week duration of the tests was chosen as suitable based on earlier
tests (Hedlund 2000, Fjellstrom 2013). Temperatures (ambient-, water bath-, and
in the center of the samples) were recorded with thermocuples.

Temperature [°C]

60
= — - — isothermal ref. (20°C)
50 — — — 6°C for 5 days [6-5d]
35°C for 1 day [35-1d)]
(3—E—€) 50°C for 1 day [50-1d]
40 & —&—@ 50°C for 3 days [50-3d]
30
204
L /
/
10
_ _ _ _ _ /
0 ! | ! | ! | | \ ! | |

0 2 4 6 8 10 12
Time after casting [days]

Figure 4-4: Forced temperature paths
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After mounting the LVDTs, the deformations were zeroed at 8.5 hours, and
the samples were sealed in a waterproof metal encasing lowered in a heated/cooled

water bath to record coupled autogenous shrinkage and thermal deformations.

4.2.3 Methods

The coupled free deformations were analyzed both as total deformation
(Papers 3 and 5) and — for PCC - as decoupled autogenous and thermal
deformations, using a convenient shrinkage model (Paper 4).

The shrinkage model (Hedlund 2000), described in Chapter 3 uses a constant
thermal expansion/contraction coefticient (CTE) where the CTE is actually one of
the fitting parameters calculated within a reasonable, given range for hardened
concrete. Beyond this, manual decoupling was also attempted, where a range of
different CTEs were assumed based on literature. Decoupling has only been
attempted for the PCC samples because the kind of information necessary to
perform such decoupling (real time — equivalent time conversion and knowledge of
early-age CTE development) for AASC, at the time of research, was largely
unknown.
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5 RESULTS AND ANALYSIS

5.1 Tensile behavior

results from the tensile characterization of the

of the
strengthening materials are dealt with, in a comprehensive form, together below.

An extract

Full results are presented in the appended papers.

Strain hardening behavior in uniaxial tension has been obtained with all
mortars; however, the plots of the quasibrittle mortars are jagged (Figure 5-1),
indicating the rupture of subsequent grid tows at each drop, while the use of ECC
results in an immediate redistribution of stresses which is indicated by the lack of
drops in load capacity as the grid tows rupture. Best performance, in terms of

ductility, has been achieved with the medium grid rotated crosswise.

0 deg medium grid 90 deg grid
= 20 T Vi90s
_-1 —— M2-908 =
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Figure 5-1: Load-axial elongation plots for (a) effect of strain hardening matrix with medium
grid in strong direction; (b) the effect of grid spacing: crosswise rotated grids with quasibrittle
matrices M1 and M2, small grid S, medium grid M.

Crack patterns have been monitored with DIC (Digital Imaging Correlation)
method (Figure 5-2). Both the grid spacing and the mortar quality had an influence
on the cracking pattern. More evenly distributed cracking patterns were obtained
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with the “small” grid and the ECC. The crack widths of the ECC specimens are
very small, ranging from 0.08 mm to 0.50 mm vs. crack widths for the quasibrittle
mortars  between 0.20 mm to 1 mm, depending on exact material
combination/grid orientation.

ECC-0-medium ECC-0-small

M2-90-small

M1-90-small

Figure 5-2: DIC strain images: crack patterns illustrating the mean number of cracks at
failure. Quasibrittle (M1, M2) vs. strain hardening mortars (ECC).

The primary results from the WST tests (Figure 5-3) reveal tensile strain
hardening behavior only with the grids being placed in the “strong” direction
(PMM-0 and ECC-0). No hardening was observed with grids rotated in a 45°
direction (PMM-45 and ECC-45).

Comparison

_ 80 -
< —— WST Refc
3 70 ~——WSTI1b (PMM-0)
5 —— WST2a (PMM-45)
=, 60 —— WST3a (ECC-0)
£ —— WST4c (ECC-45)
= 50
v
40 -
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20 -
10
0 T T T T
0 5 10 15 20 25
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Figure 5-3: COD (crack opening displacement) - splitting force relationships for quasibrittle
mortars (PMM) and ECC; with FRP grids placed in “strong” direction (0) and rotated in a
weak 45° angle (45)
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The lower load capacity and/or drops in load capacity were attributed to
shear failure due to the very limited deformation capacity of the stiff grid
intersections (Figure 5-4a). The ECC was able to counteract the large drops in load
capacity (ECC-45); however, no hardening could be achieved with the grid
rotated into its most vulnerable position. Furthermore, spalling of the mortar was
observed in some of the samples with the quasibrittle mortar (Figure 5-4b). The
ECC had the ability to redistribute stresses as the grid tows (or intersections) were
gradually failing. This 1s in line with the findings presented in e.g. (Dai et al. 2009).

(a) (b) (©

Figure 5-4: (a) shear deformation of the grid intersections, (b) spalling of the mortar, and (c)
multiple cracking of the ECC matrix

The strongest combination, both in terms of load capacity, and exhibiting
the most pronounced strain hardening was the sample (WST3a) analogous to the
ECC-0M in the “dogbone” tests; the combination of ECC with the medium grid
placed in its “strong” position. Peak splitting loads were increased by 30-110%
compared to the unstrengthened plain concrete reference sample, while the
calculated fracture energy was 7-11 times that of the reference sample; the lower
values correspond to the quasibrittle matrices, while the top of the range was
achieved by using ECC as binder.
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5.2  Autogenous deformation and modeling

Autogenous deformations have been evaluated in two distinct ways. First,
the total deformations were split into thermal and autogenous part either by the
employed model, or manually, by assuming a range of CTEs. Further, in the free
deformation plots the deformations are still fully coupled (AD+TD); however,
certain conclusions regarding the autogenous part can be drawn simply by the logic
that at the stages of the curing when the temperatures are stabilized and kept
constant, the deformation that is visible must be purely autogenous in nature.

5.3 Free deformations in PCC and AASC

Detailed results for every concrete mix and temperature level can be found
in Paper 3. For AASC results, the reader is referred to Paper 5. Here only a

comprehensive summary is given.

For PCC, the following trends have been observed, as illustrated on the
lower w/c PCC mix (Figure 5-6):

5.3.1 Autogenous shrinkage

It is known that AAS has a relatively long dormant period compared to OPC
(Figure 5-5), with a peak in adiabatic heat development at around 16 hours
(Gruskovnjak 2006). Therefore, the forced steering (determined based on
calorimetric tests performed on the PCC w/b 0.38 mix) caused a temperature rise
in the AAS at a faster rate than its own natural adiabatic heat development would
have progressed. This may have contributed to accelerated hydration early on and,
subsequently, larger deformations in the AAS.
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Figure 5-5: Heat flow calorimetry for AAS, OPC, and slag without activator, from
(Gruskovnjak 2006).

5.3.2 Autogenous expansion

Autogenous expansion can be identified for certain curing temperature paths
when both the heat curing at constant temperatures and the cooling down stage
have finished. After the times marked as AT=0 the samples are kept at ambient
temperature; therefore, the deformation observed is autogenous in nature since
there is no thermal component present. Past this point, strict shrinkage was
observed only in the sample that underwent cooling down (marked as w/c 0.38
6-5D). The two 50°C temperature levels resulted in distinct, non-negligible swelling
(Figure 5-6). The lower curing temperature level (35°C) resulted in marginal
expansion that lies within measurement error. As it can be seen from the behavior
of the 50-1D and 50-3D samples, during the duration of the tests, the expansion
has not leveled oft. Both the presence of autogenous expansion following a heat-
curing regime and the stage at which it occurs (past cooling down, beginning likely
already during cooling down) are in line with current literature, e.g., (Bjontegaard
1999, Bjontegaard and Sellevold 2001, Klausen 2016). It appears that higher
temperatures are more likely to cause this type of expansion. One study (Maruyama
and Teramoto 2013) concludes that “the general expansive behavior under

temperature descending period is an intrinsic property” of the cement pastes they

tested. The paste was prepared using a low heat Portland cement premixed with
10% silica fume.
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Figure 5-6: Effects of curing temperature on w/c 0.38 concrete, comparison

From the free deformation plots, it is difficult to draw conclusions about
when exactly the expansion begins. Most literature would agree that the expansion
is likely to begin already during cooling down. The reasons have been
hypothesized as thermal “shock” on the deformation (Bjentegaard 1999), or
possible ettringite formation, e.g., (Termkhajornkit et al. 2005). It has not been
clearly established whether this expansion has to do with the rate of the cooling
down because only one rate has been employed, but it can be said that if the
swelling has to do with condensation water reabsorption into the sample (a small
amount of condensation water developing within the air space between the sample
and the waterproof encasing due to rapid cooling down), then the rate of cooling
down may certainly have an impact. In (Bjontegaard 1999), a comparison between
applying the same curing temperature (60°C) but a different cooling down rate can
be found. Both curing paths resulted in expansion. However, in the (derived)
autogenous deformation of the sample cooled down at a much faster rate, a clear
inflection point could be observed where shrinkage turned into a distinct expansive
stage, while gradual cooling down resulted in swelling beginning slowly about

halfway into the cooling down stage, as it was illustrated in Figure 2-4.
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5.3.3  ““Thermal shock” of the deformation

A couple more conclusions can be drawn from the free deformation plots, as
tfurther elaborated in Paper 3. First, cold curing (6-5D) appears to have triggered
some kind of expansive behavior early into the curing; also shown in Figure 5-9.
No explanation to this phenomenon has been found in literature. It would require
further research to say with certainty whether this expansion is the result of an
“extreme” thermal shock (the sample being cooled down at a very steep rate
compared to the regular cooling down rate following heat curing), or whether
some kind of expansive hydration product is forming suddenly in larger amounts,

such as ettringite.

5.3.4 Nonlinear nature of early-age CTE

The second obvious conclusion is that the proportional temperature changes
during the cooling down stages produce non-proportional thermal jumps. By
thermal jump, the coupled (AD+TD) deformations during the cooling down stage
are understood. Naturally, the thermal jumps still have an autogenous component.
However, by comparing the shrinkage rates, for example, right before the thermal
jump and the expansion rates right after for both 50-1D vs. 50-3D, it can be
deduced that the thermal coefficient CTE appears to vary significantly over time,
depending on the curing regime imposed. This finding is also consistent with the
state-of-the-art; it is well-documented, albeit inconsistently, that the CTE of young
concrete varies due to different internal RH, hydration products/stages of
hydration, and possibly difterent pore systems developing as a result of different
curing regimes; e.g., (Cusson and Hoogeveen 2006, Sellevold and Bjentegaard
2006, Grasley and Lange 2007). The development of the CTE for the specific
mixes and curing paths in the testing program has not been investigated. However,

in Paper 3, some conclusions regarding the “implicit” CTE have been formulated.

5.3.5  Unsystematic shrinkage/expansion behavior

Furthermore, it can be seen that the development of shrinkage/expansion is
unsystematic. For example, curing at 35°C (35-1D) results in larger shrinkage by 14
days than curing at 50°C (either 50-1D or 50-3D). Cold curing appears to induce
an initial expansion (Figure 5-9) when common sense dictates that the rate of

hydration and the associated shrinkage should slow down.

The faster rate of shrinkage compared to the isothermally cured reference
sample 1s has been also observed by (Maruyama and Teramoto 2013). The authors
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published a study in which they observed an increased magnitude of autogenous
shrinkage in silica fume cement paste samples undergoing cooling down shortly
after mixing, followed by a larger increase at higher temperature histories. The
authors attributed the larger deformations to possible cracking within the concrete,

and warned that this behavior may “pose problems for winter construction”.

5.3.6 Expansive products
Within the framework of this PhD, no XRD analysis was performed to

confirm the presence of expansive products in PPC, such as ettringite. However,
XRD analysis has been performed in the second phase of the testing, when the
same test setup was extended to alkali activated slag concrete samples. The
substantial expansion in AASC prompted the need to look into hydration (and
geopolymerization) products in AASC. Morphologically, similar free deformation
curves have been obtained for AASC, but with both the contraction part and the

expansive parts much more pronounced, as illustrated below in Figure 5-7 (Paper 5
contains the full results).
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Figure 5-7: Free deformation in PCC vs. AASC, 50-3D temperature level, comparison

Here, PCC refers to the same BAS concrete sample with a w/c ratio of 0.38

“w/c 0.38 50-3D” sample in Figure 5-6. For AASC, no other temperature
levels were tested.

as the
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XRD analysis on AAS has confirmed the presence of certain expansive
products typical to AAS /AASC mixes. This, however, does not explain the
reasons of expansion in PCC. X-ray diftfractograms, with the analysis performed at
~170 hours after casting, are plotted in Figure 5-8. The main expansive product
identified, present in all three AAS mixes is identified as hydrotalcite
(Mg AL(CO;)(OH)16-4(H,O), which is a typical hydration product in AAS. It
forms readily in the presence of available MgO as a function of the activator type
and curing conditions; e.g., (Chen and Brouwers 2007, Haha et al. 2011, 2012, Gu
et al. 2014, Ke et al. 2016, Ye and Radlinska 2016, Myers et al. 2017).

HT hydrotalcite
C calcite
C,N CS CASH (CSH)
1\. N nahcolite
\’ HT k
C
C Cs
\ oy O HTCC
ey (d) SC10
HT CS
HT HT
\, CS bbb (c) SS14
%
o D551
N (a) slag
| l " | -
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20 (degrees)
Figure 5-8: X-Ray diffractograms for AAS; (a) unreacted slag, (b) heat-cured SS10;

(c) heat-cured SS14; (d) heat-cured SC10

The XRD analysis (more in detail in Paper 5) alone did not unequivocally
clarify the differences in the magnitude of the observed expansion in the different
AAS mixes. Further, it is only suspected that the hydration products causing the —
compared to AAS, little — expansion in the PCC sample could be ettringite
(Termkhajornkit et al. 2005) or possibly some brucite, although the MgO content

of the cement is rather low to encourage brucite formation.
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Another possible explanation for the expansion in the PCC sample is the
amount of gypsum present in the binder. The SO; content of a Type II cement
with less than 8% C;A is generally limited to 3%. The BAS cement contains 5.2%
C;A and its gypsum content is marginally over the limit; 3.4%. Too much gypsum
may cause expansion. It is also described in the US ASTM C 452 (ASTM 1995)
that expansion in mortars between 24 hours and 14 days is measured when SOj is
added to the cement in a fraction up to 7% (Advanced Concrete Technology,
2003).

5.4 Decoupled deformations

Modeling (using the Model described in Chapter 3) and decoupling of
deformations are presented in Paper 4. An extract of the results is presented here.

Decoupling of deformations has only been performed for the PPC mixes. As
mentioned before, decoupling as post-processing requires first a timescale
conversion from real time to equivalent time/concrete age, which for AASC is not
teasible at the time of writing. A further prerequisite is the knowledge of the
development of the thermal coefticient which is expected to vary wildly for young
AAS/AASC. Due to the fact that besides hydration, geopolymerization is also
present, depending on the exact mix, activator type, and curing conditions,
hydration products difterent to OPC are expected along with a different pore
structure to form that further complicate the development of CTE.

Figure 5-9 through Figure 5-12 present the (graphical) results for the lower
w/c concrete mix prepared with Type II/A BAS cement. For data on the w/c 0.55
concrete and fitting parameters, the Reader is redirected to Paper 4.
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Figure 5-9: PCC w/c 0.38 cured at 6°C for 5 days vs. reference sample
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Figure 5-10: PCC w/c 0.38 cured at 35°C for 1 day vs. reference sample
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Figure 5-11: PCC w/c 0.38 cured at 50°C for 1 day vs. reference sample
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Figure 5-12: PCC w/c 0.38 cured at 50 °C for 3 days vs. reference sample
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In the figures above, “free def.” denotes the measured free deformations for
both the heat-cured and the isothermally cured reference sample, as indicated;
“calc.” stands for the best fitting achieved with the HH model, for both samples. For
the heat-cured sample, AD + TD splitting using the HH model was performed
marked with “heat-cured AD” and “heat-cured TD”, respectively. Finally, manual
splitting (marked as “AD manual split”) was performed by offsetting the recorded

free deformation with &;p, assuming a constant CTE of 10x10° 1/°C.

All fitting has been performed on a sample-per-sample basis. Ideally, at least a
pair of samples (heat-cured and isothermal reference sample) per mix and curing
temperature level would be attempted with the same set of parameters, but this was
not feasible so all fitting has been optimized fort the heat-cured sample only. From a
practical point of view, mass fitting across all samples of the same mix, regardless of
curing temperature level would be optimal to obtain a minimum number of fitting
parameters to perform shrinkage- and cracking risk predictions with. In practice,
however, no two samples of the same concrete mix have been possible to evaluate

simultaneously.

As it can be seen from the results, for blended cement concretes, overall,
even the “best fit” for autogenous deformation (AD) obtained with the HH model
did not provide a satisfactory approximation to the recorded free deformations. The
expansive stage cannot be adequately modeled because the core assumption of the
model is that the deformation of a heat cured sample can be related to that of a
reference sample (contraction) through two simple multiplication factors (Eq. 5.).
As it can be seen from all reference sample plots in Figure 5-9 through Figure
5-12, apart from a small expansion due to heat of hydration in the very beginning,
the deformation is always contraction through the entire range. From the manual
splitting (marked as “AD manual split” in all plots), it can be deduced that the “AD
manual split” and the behavior if the reference samples are simply not comparable
in terms of shape. In the reference samples, the calculated AS ranges from being
underestimated (w/c 0.55 50-1D in Paper 4) through good fit (e.g., Figure 5-12)
to significantly overestimated (e.g., w/c 0.38 6-5D in Figure 5-9 and, most
prominently, w/c 0.55 35-1D).

Depending on the exact temperature level, in some cases, the model gives an
acceptable fit until about halfway into the cooling down stage. Best fit for this part

1s obtained for the 35 °C temperature level, while worst fit is obtained for both 6
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°C samples that exhibit unexplained swelling right after having undergone cooling
down from 20 °C to 6 °C at a steep rate. Past halfway into the cooling down 1is the
part of the deformation path where several authors in literature have found that the
autogenous expansion begins, as summarized in the state-of-the-art part of the
thesis. Subsequently, this is the part where the HH model cannot approximate the
lab data with an acceptable precision. Furthermore, the “AD manual split” curves
reveal that autogenous expansion may, in fact, have begun earlier than in can be
seen in the free deformation plots. The “AD manual split” results are more
consistent with current literature that states that swelling begins already during
cooling down, not after. According to this manual splitting, even the 35 °C sample
swells significantly during cooling off. For all mixes, the swelling lasts for several
days after the temperatures have already stabilized. It must be emphasized here that
the “AD manual split” was still performed with an assumed constant CTE when it
1s known to be untrue. The development of CTE is heavily influenced by the
internal RH of the sample (Sellevold and Bjentegaard 2006). This is due to the fact
that the CTE of water is about seven times higher in comparison with hardened
concrete. In young concrete, CTE decreases sharply during the first hours after
casting due to large amounts of free water from 20x10°/°C to ~7x107°/°C at
around the setting time (Cusson and Hoogeveen 2006, Loser et al. 2010, Chu et al.
2012). Thereafter, it slowly increases due to self-desiccation (Sellevold and
Bjentegaard 2006), converging to the value characteristic of hardened concrete,
which is in the range of 9...12 x10°/°C. The reduction around setting time can be
related to the fact that before setting, the free water is continuous while as a solid

skeleton is being built up, this continuity is disrupted.

For a specific mix of interest and temperature path, CTE can be measured
“stepwise”, (Bjontegaard 1999). During the intervals where the temperature is kept
constant, only AD 1is recorded as a function of the entire temperature history
leading up to that point. Conversely, when an “instantaneous” thermal load is
applied in steps, ideally, pure TD can be measured. A similar method was applied
also for mortars (Loukili et al. 2000) and pastes (Sellevold et al. 2005, Maruyama
and Teramoto 2013).

Part of the sources of error in modeling is that the HH model employs a
constant thermal expansion/contraction coefficient (CTE). CTE values for
hardened concrete are published in literature, but data for early-age concrete are

rather limited and inconsistent. For young concrete, by now, a vast number of
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studies indicate that the CTE is highly nonlinear. This knowledge has not been
implemented in the HH model. However, according to (Bjontegaard 1999),
calculated AD did not become more consistent and most importantly, the swelling
did not disappear across multiple mixes when using more “realistic” CTE alone. This
suggests that the anomalies introduced by assuming a constant CTE are only part of
the problem. The core problem appears to be that swelling as a phenomenon is not

accommodated by the model.

Not surprisingly, for the cooled down sample (Figure 5-9) the model can
catch the rate of shrinkage after 96 hours (because the sample contracts at that
stage), but underestimates it by about 50 microstrains. For all other samples, the

expansion part cannot be modeled satisfactorily.

One of the known limitations of the HH model is that it only considers the
w/c ratio as the primary influencing factor that determines the AS, which has been
shown to underestimate the shrinkage and results in a large scatter for self-
compacting concretes (Long et al. 2011). Perhaps Eq. 3 could be updated to
incorporate SCM content and other factors that are known to influence autogenous
shrinkage. The other known problem is that in the original HH model, shrinkage
measurements were initiated at 24 hours of age. Before that, it is assumed that the
concrete is plastic and no stresses are developing. In the current test series, the
samples were demolded at 8 hours and the measurements zeroed (started) at 8.5
hours which age range has not been intended to be covered by the original model.
Considering that a significant percentage of AS occurs in the first 1-2 days of age,
this would partly explain the cases where the fit is unsatisfactory, both in terms of
expansion due to hydration heat and the subsequent contraction part. This is the
case for both w/c 6-5D and 50-1D samples, and the w/c 0.55 50-3D sample.

The errors in modeling manifest even more markedly when the
backcalculated thermal deformations (TD) are evaluated. TD is obtained by
simply offsetting the measured free deformation by the calculated AD. Naturally,
this results in calculated TD that is inconsistent with the imposed temperature
paths. In reality, samples are kept at isothermal ambient temperature once the
heat curing part finished. However, the calculated TD during isothermal
conditions is never a flat line as it should be. This is, however, simply an artifact
due to the AD part not being approximated properly - however, it serves as

an excellent visual checkpoint.
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6 DISCUSSION AND CONCLUSIONS

6.1 Research questions and answers

In Chapter 1, the following research questions have been formulated:

RQ1. What materials are most suitable for strengthening concrete structures
with cementitious strengthening systems (bonded overlays) for optimum structural
performance?

A1l. Based on the experimental work performed in the framework of the
Licentiate thesis (Papers 1 and 2), strain hardening mortars such as ECC have
exhibited better performance than quasibrittle ones both in terms of deformation
capacity and in their ability to reduce local stress concentrations in the grid joints,
which is in line with the literature (Dai et al. 2009). The better performance is
indicated by the finer and more evenly distributed cracks, as evidenced by DIC
strain images (Paper 2) and the absence of large drops in load capacity when grid
tows fail in a subsequent manner. Furthermore, the ECC samples exhibited
significant tensile strain hardening behavior — the contribution of the ECC matrix
over the load capacity of the embedded grid. ECC also prevented spalling of the
mortar, in line with the existing literature, by e.g. (Lim and Li 1997, Kanda et al.
2003), in specimens where with the same grid orientation and size, spalling of the
quasi-brittle mortar was observed in the wedge-splitting tests. It can also be said,
based on the state-of-the-art performed that from a durability point of view — a
prerequisite to long term structural performance — strain hardening materials hold a
promise because their fully microcracked state is often characterized by such tight

crack widths that, in terms of permeability, they can still be considered uncracked
(Weimann and Li 2003).

Although only stiff grids have been tested, based on the state-of the-art, a
flexible technical fabric would probably be an even more suitable material. A textile is
thinner, it is easier to work with and apply since it does not have a residual

curvature. The grid comes in rolls and it needs to be evened out and held in place

57



DISCUSSION AND CONCLUSIONS

in order to stay positioned in the midplane of the strengthening layer. There are no
fixed, brittle joints; therefore, the fabric allows for more deformation when loaded

in an angle other than fiber direction.

Higher first cracking strength, strain hardening over the polymer-modified,
quasibrittle mortar, smaller drops in load capacity after first cracking, and
significantly higher fracture energy have also been shown in the wedge splitting
tests. For in-depth information on the wedge-splitting tests, the reader is referred to
the Licentiate thesis (Orosz 2013).

It has been established on the level of the state-of-the-art part of this thesis
that certain alkali activated materials have a strengthening potential; in particular,
fully geopolymerized, fly ash-based strain hardening mortars with small fractions of
chopped PVA fibers; e.g., (Shaikh 2013a, Shaikh and Lu 2013, Shaikh et al. 2013,
Ohno and Li 2014, Nematollahi et al. 2015a). However, to the author’s
knowledge, no actual strengthening applications with strain hardening fly ash based
AAM have been studied yet. Only the current trends in material development can
be identified. Metakaolin-based geopolymers have been tested for concrete
retrofitting purposes, in combination with carbon fiber sheets by (Vasconcelos et al.
2011). Satistactory adhesion on the concrete — geopolymer interface has been
obtained; however, the adhesion strength between the geopolymer and the CFRP

was low.

RQ2. How does the ductility of the mortar influence the strength, strain
capacity, and cracking behavior of the overlay? What are the impacts of the material
choice on durability?

A2. Two test series have been conducted aiming to characterize the tensile
behavior. First, uniaxial tests were carried out on upscaled dogbone samples, on the
bare strengthening material (mortar + grid). The second test series, the wedge-
splitting test targeted specifically the deformation capacity and fracture behavior.
Both tests involved PMM (polymer-modified, quasibrittle) and ECC (engineered
cementitious composite, strain hardening) mortars and CFRP grids of different

geometry and fiber amount.

Both the dogbone and the wedge splitting tests resulted in specimens failing
with FRP rupture in accordance with earlier results from (Blanksvird, 2007),

indicating that there is a satisfactory bond within the system, both on the concrete-
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composite interface and within the mortar and the grid component. The
strengthening effect of the ECC exceeded that of the PMM by up to 42% (WST), and
up to 110% (direct tensile tests). First cracking strength was barely noticeably
improved by the ECC (direct tensile tests); however, up to 33% increase has been
achieved in the WST tests. Furthermore, the strain-hardening mortar has been
found to enhance both the load bearing-, and the in particular, the deformation
capacity. It has also been shown that the ECC mortar is capable to shift the overall
behavior from brittle towards a more ductile failure (no spalling, no large drops in
load capacity as the grid gradually fails). Multiple cracking was observed in all samples
with ECC. Accordingly, the calculated fracture energy (WST tests) was
significantly enhanced for the ECC samples. All these findings are in line with the
state-of-the-art literature on ECC; e.g., (L1 1998, 2008, Fischer and Li 2002, Li et
al. 2009).

Strain hardening could be shown in both tests. In the uniaxial tests, there was
little improvement in the first cracking strength, regardless of the strengthening
material composition. However, after first cracking, a significant strain hardening
effect could be shown in case of the ECC mortars, while moderate to no hardening
(depending on the exact mortar — grid combination) in the PMM specimens. It has
been confirmed that replacing the PMM by ECC would result in strain hardening
behavior. In the wedge-splitting tests, it could be observed that the strain hardening
behavior was not only material-, but grid direction-dependent. Both mortars, with
the grid placed in the “strong” direction (0°-grid orientation) exhibited hardening;
with a distinct, steady hardening behavior (ECC) or with a drop in load capacity
after first cracking, but “recovering” later (PMM). No hardening was observed
when the grid was rotated in a 45° direction, regardless of mortar; furthermore,
excessive shear deformations were observed at the grid intersections (where the grid
could be seen — PMM). An extreme ductility could be observed — the tests were
stopped because of the clip gauge measuring the COD reaching its limit (25 mm),

not because of the actual failure of the samples.

RQ3. How does temperature curing influence the development of autogenous
shrinkage and the cracking risk in cementitious materials (OPC and AAS)? What
are possible implications on strengthening systems based on Portland cement?

A3. As evidenced by the experimental data presented, significant autogenous
expansion has been found in both PCC (Papers 3-4) and AAS (Paper 5) mixes. In
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PCC, the expansion appears to correlate with the higher curing temperature level.
Lower levels of curing temperature have not resulted in expansion beyond

measurement precision.

It has been indirectly proven that different curing paths result in concrete
with a different microstructure; likely with a different amount and distribution of
gel-, meso-, and capillary pores and air voids. This, in turn, would affect both the
magnitude and the rate of the contraction and the occurrence and magnitude of the
expansion in the recorded free deformations. The observed differences in thermal
coefficient support this assumption, since the temperature would affect the rate at

which the different hydration products develop; e.g., (Turcry et al. 2002).

The decoupled autogenous deformation across different recipes and
temperature levels has shown to be unsystematic; i.e., crossover effects could be
observed where the higher temperature curing for a longer time did not necessarily
result in higher shrinkage associated, as a function of the equivalent age, or
concrete maturity. At higher temperature levels, as established in the state-of-the-
art part of the Papers, a strong correlation between equivalent age and autogenous
deformation showed to be questionable. This is not new; applicability of the
maturity concept has been questioned by several authors since the late 90s and it
has been found by several authors that temperature has an unsystematic effect on
autogenous deformation; e.g., (Bjontegaard 1999, Turcry et al. 2002). The
microstructure is heavily aftected by the curing temperature, particularly at early

age exposure to high temperatures while the matrix is still developing.

Based on the initial results obtained with OPC/PCC, only one temperature
level was tested for AAS. This provides a limited foundation to draw any kind of
generalized statements about the autogenous deformation behavior of AAS
undergoing heat curing. However, some conclusions can still be drawn in
comparison to the behavior of the OPC/PCC samples. Both the shrinkage and the
expansion are magnified in most AAS mixes compared to the OPC/PCC sample
cured at the same temperature levels. As indicated in the state-of-the-art, the
process and products of hydration are not the same in AAS as in OPC/PCC. While
in a high calcium and moderate to high magnesium system, C-(A)-S-H dominant
gel forms as opposed to a N-(A)-S-H-type gel (Bernal 2016), this gel has proven
different chemical composition (lower C/Si, lower density etc.) and associated
mechanical properties than the C-S-H in the OPC.
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Considering the higher fraction of SCMs and larger paste volume in repair
systems, it is expected that the anomalies regarding the applicability of the maturity
concept would be magnified, especially if heat curing is involved. A generalized,
maturity concept-based model to describe autogenous deformation in repair
mortars, at the time of writing, appears to be a very ambitious goal. The underlying
shrinkage/expansion mechanisms, their dependence on SCM content, the
differences in pore structure and pore size distribution; the exact hydration
products, and the effects of temperature gradients need to be addressed first before
such a model can be constructed. While direct shrinkage testing has not been
performed in repair mortars, it can be said that repair mortars lack coarse aggregates
entirely, and their shrinkage behavior when it comes to autogenous shrinkage is
largely unknown. It has been shown by several authors that the autogenous
deformation of the binder does not necessarily correlate with that of concrete
(Bjontegaard 1999, Lura and Jensen 2005, Sellevold et al. 2005). Several effects
skew the behavior in concrete. The first is the internal restraint the aggregates
provide. The degree of restraint will also change as the concrete hardens because
the stiffness off the aggregates remains constant while the stiffness of the paste builds
up. Furthermore, the aggregates have a certain porosity and will store a small

amount of water that provides “internal curing” by releasing some water as needed.

Not only experimental data regarding early age autogenous deformation of
repair mortars is missing but modeling and cracking risk prediction in general. This
could be down to the fact that researchers focusing on the tailoring of high
performance repair materials are predominantly material scientists, not necessarily
civil engineers. For OPC pastes, (Turcry et al. 2002) showed that the maturity
concept is applicable if the temperatures are kept in the 10-40°C range. Outside
this range, unsystematic results were obtained, in agreement with e.g. (Bjontegaard
1999). This suggests that if heat curing is involved, the autogenous behavior of
mortars and in particular, the even more obscure alkali activated materials would
have to be approached with extreme caution due to the likely relative magnitude of

the unsystematic deformations — compared to concrete.

Regarding early age cracking risk, the expansion of the magnitude obtained
in the tests can be deemed as beneficial in terms of offsetting some part of the

shrinkage stresses.
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RQ4. Are maturity concept-based models suitable to predict autogenous
deformation in cementitious materials? Could these models be used to predict
cracking risk of repair systems based on Portland cement?

A4. Based on the tests and modeling performed in this work, the maturity
concept does not appear to be applicable to model heat cured OPC/PCC (or
AAS), mainly due to the crossover effects observed. The autogenous deformation
behavior of OPC/PCC has indicated that heat curing — in this thesis, at variable
levels — results in unsystematic autogenous deformations: (1) the deformation will
not necessarily be contraction, (2) crossover effects are observed (a sample cured at
higher temperature may shrink less than a sample cured at lower temperature), (3)
the occurrence and magnitude of the expansion appears to correlate with the
curing temperature level and length (heat curing for a longer time, at a higher
temperature level is more likely to induce expansion), however (4) the expansion
could not be related to the SCM content (here: fly ash) of the binder.

In AAS undergoing the exact same heat curing path, both the contraction
(shrinkage) and the expansion (swelling) were “magnified”. This can be attributed
partly to the fact that the AAS mixes had a maximum aggregate size of 8 mm while
the OPC mixes, 16 mm — therefore, there is a larger paste volume undergoing
autogenous deformation in the AAS. The SCM in the AAS was slag, not fly ash,
and it is known that the hydration processes and -products in AAS differ from
those in OPC, as elaborated in the state-of-the-art. Furthermore, since both the
magnitude and development rate of AD showing strong temperature history
dependence, e.g., (Bjontegaard 1999, Jensen and Hansen 1999, Bjontegaard and
Sellevold 2001), and so does the development of the thermal coefticient (as shown
experimentally, but not determined for every separate mix and temperature path),
the temperature effects could not be separated unequivocally. Therefore, the
autogenous deformation as such could not be derived from the coupled free
deformations.

6.2 General conclusions

6.2.1 The influence of SCM content on the autogenous behavior

The SCM content of the mixes could not be unequivocally linked to the
autogenous deformation behavior. The OPC/PCC test results did not prove that
fly ash (alone) would be the (sole) reason behind the expansion. The ANLFA mix
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with 30% fly ash did not shrink more than the BAS cement samples with only 16%
fly ash. It was also expected that the identically cured ANLFA mix would exhibit
nearly twice the expansion compared to the BAS mixes because of twice the fly ash
content and the coarser cement (in literature, expansion has been associated with
coarser cements (Bentz et al. 2001)); however, no expansion was detected for the
ANLFA mix. The swelling in the BAS samples may be a consequence of the
factory fly ash content being of perhaps different mineral composition than the fly
ash that was used for the ANLFA mix.

6.2.2  Thermal coefficient

Another parameter that is largely unknown 1is the early-age development of
the thermal expansion/contraction coefficient both for repair mortars and alkali
activated materials. CTE is better documented for OPC and cement pastes, as a
short survey in Section 5.4, but with the recent surge of large amounts of SCMs
being incorporated in binders, there is still no universal “early age CTE database”
that could be used for decoupling, especially because CTE itself is also a product of
the particular curing path (internal RH, hydration products and difterences in pore
structure as a result of the curing path).

Since heat curing means that, regardless of the testing method, the recorded
autogenous and thermal deformations are always fully coupled, without having a
“proper” thermal coefficient, decoupling is fictitious at best. If an improper CTE is
used, autogenous swelling might simply get overlooked. In extreme cases, it could
even mean that preventive measures taken to reduce the assumed high shrinkage

are inappropriate altogether, as (Viviani et al. 2007) warn.

Although calibration of the thermal coefficient has not been in the focus of
this work (this would require another PhD project, since the thermal coefficient is
also a product of the entire temperature history), it has been shown experimentally
that different curing paths generate difterent thermal coefficients; likely because of
the different development of hydration products and/or pore structure. Thermal
coefficient decreases with increased porosity as shown by (Zeng et al. 2012) in
cement pastes. The authors assumed that the decrease in thermal coefficient in
pastes and mortars may be related to a dense shell in low Ca/Si C-S-H forming
around air voids. Again, since the paste volume is larger in mortars and the pore
water content (correlating with the degree of hydration) heavily influences the

magnitude of the thermal coefficient at a given stage of hydration, one can deduce
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that variations in the thermal coefficient are likely even larger in mortars than in
concrete. The effects of the C-(A)-S-H in AAS, or even, C-(N)-(A)-S-H phases
(depending on calcium content and activator) in AAMs could result in significantly

different thermal coefficients in alkali activated materials.

As illustrated in Paper 5, the “thermal drop” in all AAS mixes, for the same
curing path, was larger than that in PCC. At this point, it is impossible to
determine whether the larger thermal drop is attributed to a larger thermal
coefficient, because the entire deformation — including the thermal drop — consists
of fully coupled autogenous and thermal deformations, and the rate of the
autogenous shrinkage in the AAS is higher preceding the thermal drop, so it is
possible that the thermal drop is more pronounced than in PCC predominantly
because of the autogenous component being significantly larger. Since it is
generally accepted that the hydration processes (at least the formation of the outer
C-S-H) of alkali activated materials are accelerated compared to OPC
(Gruskovnjak 2006), this in turn would mean accelerated self-desiccation, therefore
a lower internal RH at the same stage, which would result in a potentially lower
thermal coefficient, all else (porosity, thermal coefficients of the hydration products)
being the same because the thermal coefficient is heavily influenced by the
moisture content (Sellevold and Bjentegaard 2004). If the thermal coefficient at the
same stage of curing is indeed lower than in OPC, it would imply that the relative
importance of using a “proper” thermal coefficient for decoupling deformations is
lesser than in OPC. At the same time, the relative importance of understanding and
quantifying autogenous deformation of AAS to optimize material performance and

reduce early age cracking risk would be magnified.
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7 FUTURE RESEARCH

7.1  Material development

For strengthening purposes, tailored alkali activated materials could be
developed, once the shrinkage/expansion mechanism is understood and can be
quantified. The feasibility studies that have been published on PVA fiber-reinforced
alkali activated materials, e.g., (Ohno and Li 2014, Nematollahi et al. 2016) should
be expanded and the newly developed materials evaluated for strengthening
purposes; both in terms of strengthening eftect, and regarding their bond
behavior/compatibility with the base concrete. The tensile ductility and the strain
hardening behavior — comparable to that of ECC — these materials exhibit are some
of the most sought-after feature of high performance repair mortars. An important
engineering aspect of AAS is that they have much denser microstructure than
concrete; e.g., (Lee et al. 2014). Furthermore, as reviewed in Section 2.2, some of
these materials have the potential to exhibit such controlled crack widths that, from
a durability point of view, they can be considered uncracked (Weimann and Li
2003) even when fully microcracked (Sahmaran et al. 2009).

Since most of the PVA-reinforced alkali-activated materials have been fly
ash-based and, hence, fully polymerized geopolymers with an amorphous N-A-S-
H type gel, the hydration mechanisms and probably the associated shrinkage
behavior are likely even more complex than those in a C-A-S-H type gel;
however, the compatibility with the base concrete for strengthening purposes is
likely to be better because of the gel also filling the capillary pores as a “true gel”,
resulting in good bond to most materials (Provis and Van Deventer 2009, Hlavacek
2014). Shrinkage-optimized PV A-reinforced alkali activated materials could also be
used in combination with technical fabrics or textiles, in a textile reinforced
concrete-like manner. The high pH of the alkali-activated materials may have an
adverse eftect on the FRP reinforcement; the interaction needs to be investigated.
The adhesion between e.g. carbon and alkali activated materials has been proven
low by some authors; e.g. (Menna et al. 2013). If incorporating high amounts of
slag, the (often too short) setting time may need to be also tailored for improved
workability. Short setting time, however, can be an advantage; e.g., when using the

strengthening material on vertical surfaces. The use of sodium carbonate as activator
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in AAS may result in setting times and shrinkage properties comparable to OPC
(Duran Atics et al. 2009).

7.2  Restrained shrinkage and compatibility issues

The importance to assess restrained shrinkage for strengthening purposes has
been emphasized by (Torgal et al. 2015). One way to reduce shrinkage might be
adding active magnesia; some research has already been done on the shrinkage-
mitigating effects of added MgO on AAS (Fang et al. 2011). The chemical
compatibility and absorption properties of alkali activated materials might need to

be improved in order to prevent debonding from the concrete substrate.

7.3  Hydration mechanisms

For truly high performance materials with high fractions of SCM (such as
repair mortars, like ECC), and alkali activated materials with hydration (or
geopolymerization) mechanisms different from those in OPC, first the existence
and nature of autogenous expansion should be confirmed and investigated, as it is
likely to appear in a prominent way under certain curing conditions, as indicated by
PCC and AASC tests performed in this PhD work — especially if heat cured. The
mechanisms behind expansion (if found) should be clarified by performing XRD
analysis to determine the exact hydration products that cause it. For example, in
AAS systems with a moderate to high (over 5%) fraction of MgO and activated
with sodium carbonate, (expansive) hydrotalcite has been shown to form (Bernal
2016) while calcium hydroxide (Ca(OH),) has typically not been found in AAS
(Guerrieri et al. 2009) unless expansive admixtures are used, e.g., (Yuan et al.
2014). The eftect of different activator — SCM combinations could result in an

array of crystalline phases generated.

7.4  Modeling approaches

In order to predict shrinkage behavior even in “plain” OPC, it has been
shown necessary to calibrate the thermal expansion/contraction coefficient. A
calibrated coefticient may result in more reasonable decoupled deformations;
however, it likely does not target the core issue with models based on the maturity
concept, which has been identified as the unsystematic nature (Bjontegaard 1999)

66



FUTURE RESEARCH

of the deformations (crossover effects). Other modeling approaches, e.g.,
micromechanical models based on capillary tension or activation energy have been
suggested for pastes and concrete, e.g., (Chu et al. 2012, Zhang et al. 2012) which

the author believes to be a more viable approach.
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This paper surveys different material combinations and applications in the field of mineral-based strengthening of concrete
structures. Focus is placed on mechanical behaviour on material and component levels in different cementitious composites;
with the intention of systematically maping the applicable materials and material combinations for mineral-based strengthening.
A comprehensive description of a particular strengthening system developed in Sweden and Denmark, denominated as Mineral-
based Composites (MBCs), together with tests from composite material properties to structural elements is given. From tests and
survey it can be concluded that the use of mineral-based strengthening system can be effectively used to increase the load bearing
capacity of the strengthened structure. The paper concludes with suggestions on further development in the field of mineral-based

strengthening.

1. Introduction

The existing civil engineering infrastructure is a very impo-
rtant element of the economical potential of a majority of
the countries worldwide. A large number of today’s bui-
ldings, transportation systems, and utility facilities are built
with reinforced concrete and many of these systems are
currently reaching the end of their expected service life.
Additionally, increased loads and traffic flows, reuse, and
ongoing deterioration even affect the durability of structures
that are less than 20 years old.

There exist several repair and strengthening methods that
can be applied to existing concrete structures for this pur-
pose, such as cross section enlargement of critical elements,
span shortening with additional supports, external/internal
post tensioning, and steel plate bonding or strengthening
with fibre-reinforced polymer (FRP) composites. Since the
end of the 1980s, the use of FRP has been researched and
applied increasingly for the rehabilitation of existing concrete
structures. Externally epoxy-bonded FRP systems have been
proven to be an effective strengthening method in repairing
or strengthening structures and a large amount of literature

is published on this topic; see, for example, [1-7]. FRP
reinforcements can be used in numerous ways to strengthen
a structure, For example, by bonding plates or sheets with a
high-quality epoxy to the surface of concrete, timber, or even
steel structures. There are also methods to wrap columns
for enhanced ductility and strengthening systems where FRP
rods are embedded in the concrete surface. Systems replacing
the epoxy with polymer-modified mortars have been recently
developed. For example, continuous fibre sheets can be
embedded in a layer of mortar to provide, for example,
confinement to a column; however, lately these sheets have
been replaced by textiles due to bond issues related to
difficulties with penetration as described in [8]. Biaxial or
multidimensional FRP textiles are used in Textile-Reinforced
concrete (TRC) [9, 10] systems or Textile-Reinforced mortar
(TRM) jacketing, see; for example, [11].

In this paper a state-of-the-art report using mineral-
based FRP strengthening systems is presented together
with information about recent research at Luled University
of Technology (LTU), Sweden, and Technical University
of Denmark (DTU). The literature survey is selective to
published applications in which a fibre component has been
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used together with a cementitious bonding agent, referred
to as “mineral-based strengthening” in general. The authors
also involved research and results from the field of ductile
cementitious mortars which could be used together with an
FRP component resulting in a high-performance strength-
ening material. The research significance within this paper
is the mapping of possible design of different mineral-based
strengthening systems. In addition, a systematic mapping
of the novel strengthening system named mineral-based
composites (MBCs), developed at LTU and DTU, going from
material science to composite behaviour and some outlines
for applications to existing structures are presented.

2. Definition and Development of
Mineral-Based Strengthening Systems

“Mineral-based strengthening” in a broader perspective
may be referred to any kind of a strengthening system in
which a fibre component is embedded into a mineral-based
binder to repair or strengthen existing concrete structures.
Mineral-based strengthening in this context would include
applications as surveyed in Section 3 from textile-reinforced
mortar/concrete through fibre-reinforced cement to FRP
grid applications.

Mineral-based strengthening systems are originally
derived from other externally bonded FRP systems. The
most commonly used adhesive to bond the FRP element to
the surface of the structure (mainly concrete) is the epoxy
adhesive. The use of epoxy has proven to give excellent
force transfer. It bonds to the majority of surfaces (concrete,
steel, timber, etc.) and shows to be durable and resistant to
many different environments. However, some drawbacks can
be identified. Firstly, epoxy as a bonding agent may create
problem in the working environment, secondly, epoxy is
recommended to have a minimum application temperature,
often above 10°C, and thirdly, epoxy creates diffusion-closed
(sealed) surfaces which may imply moisture and freeze/thaw
problems for concrete structures. There might also be bond
problems applying epoxy to wet or humid surfaces. To avoid
some of these problems alternative strengthening systems
have been researched and are currently being developed.

In mineral-based strengthening systems, the traditional
epoxy bonding agent to adhere the FRP to the concrete
surface is being replaced by cementitious matrices to bond
the fibre material to the concrete surface. Mineral-based
strengthening systems are made by replacing part of the
cement hydrate binder of conventional mortar with poly-
mers which, with the addition of fibre composites, become a
high-performance external strengthening system for existing
concrete structures.

3. Concept of Mineral-Based Strengthening

Mineral-based strengthening systems are dealt within three
different levels. At the material level, the raw materials
used in a mineral-based composite system such as binders
(different quasibrittle or strain hardening mortars), FRP
reinforcement (dry fibres, textiles, grids) and the most
important properties of those are defined (Figure 1). At the
component level, larger strengthened elements are discussed,
for example, beams strengthened in flexure and shear. At
the level of structural behaviour, field applications can be
mentioned.

The intersection between material and component level
would contain the different interactions between con-
stituents and the effects of those on the structural behaviour
(bond transfer mechanisms, fibre bridging and strain hard-
ening).

3.1. Materials for Mineral-Based Strengthening. A list of
requirements is proposed in [11] which should be met for
a successful and efficient mineral-based strengthening. The
mortar phase should have very low shrinkage deformations,
high workability (application should be possible using a
trowel, or shotcreted), high viscosity (application should
not be problematic on vertical or overhead surfaces), low
rate of workability loss (application of each mortar layer
should be possible while the previous one is still in a
fresh state), and sufficient shear (hence tensile) strength,
in order to avoid premature debonding. In case E-glass
fibre textiles are used, the mortar-based matrix should be
of low alkalinity. Li [12], also adds a few requirements on
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mineral-based strengthening systems.

the “future concrete” which the authors feel relevant for a
concrete-like repair and strengthening material as well: the
“concrete” should be highly ductile with the ability of “yield”
like a metal when overloaded to prevent unpredictable and
sudden failure, highly durable and sustainable. These justify
involving ductile mortars into the MBC system.

Mapping of the materials that have been or are promising
to be used in mineral-based strengthening systems is shown
in Figure 2. The integrated materials in the mineral-based
strengthening systems can be divided in two main groups,
binders and fibre composites. The components used in
practical applications are detailed in the following.

3.1.1. Binders. Binders in practical applications are either
quasibrittle, conventional polymer-modified or more duc-
tile, strain hardening mortars.

Quasibrittle Mortars. Polymer-modified mortar (PMM) is
the most widely used [13], suitable mortar in a mineral-
based strengthening system. Polymeric admixture, or cement
modifier, is defined as an admixture which consists of a
polymeric compound that acts as a main ingredient when
modifying or improving the properties such as strength,
deformation, bond strength, or durability of mortars and
concretes. The polymer-modified mortars or concretes
therefore contain two types of binder, the hydraulic cement
and the polymeric admixture. Polymeric admixtures can be
latexes, powdered emulsions, water soluble polymers and
liquid resins. Adding polymeric compounds to the fine-
grained mortar phase is also common to enhance mechanical
properties of Textile-Reinforced concrete (TRC) or mortar.
In [14], improved interfacial bond is achieved by a secondary
polymeric cohesive matrix within the mortar phase. In
general, the properties of a polymer-modified mortar (or
concrete) depend significantly on the polymer content or
polymer-cement (P/C) ratio rather than the water-cement
ratio compared with ordinary cement mortar [15].
Increasing the P/C ratio to about 10%-15% by weight
has shown to increase the flexural strength. A P/C ratio

higher than 15% by weight decreases the mechanical strength
[15, 16]. Another source, [17] states that an addition of
polymeric dispersion up to even 20% by weight results in a
higher tensile strength of the (Textile-Reinforced) concrete.

To further enhance the properties of a PMM, for
example, workability, flowability, mechanical properties, and
so forth, of the mortars, superplasticizers, silica fume, fly ash
and reinforcing fibres can be used.

Fibres in the matrix can be chopped or milled fibres.
The fibres must be easily dispersed in the mixture, must
have suitable mechanical properties, and must be durable
in the highly alkaline cement matrix. They are randomly
(in a good mix, uniformly) distributed throughout the
mortar/concrete. Continuous fibres are more effective in
increasing strength in a certain direction compared to
randomly distributed short fibres, but they are not easily
mixed into the cement matrix and their high cost does not
allow them to be widely used. Different types of fibres are
currently used such as steel, glass, carbon, polyvinyl-alcohol
(PVA), polypropylene, nylon and natural fibres depending
on the structural needs. Using a small percentage of carbon
fibre addition (~0.5%), a considerable increase in flexural
strength is achieved relative to unreinforced mortar [18].
Other researchers have investigated new type of fibres, such
as ceramic fibres [19]. The results show that the flexural
strength of mortar can be increased and also the durability
of this ceramic fibre-reinforced mortar is much better than
that of alkali-resistant (AR) glass fibre. The use of steel
fibres is the most common solution to enhance toughness
of a steel fibre-reinforced concrete (conventional FRC). For
enhanced ductility, first cracking strength or ultimate tensile
strength, other types of fibres may be more suitable. The
addition of small volume fractions of synthetic fibres (up
to 2%) to the mortar can improve the toughness of the
mortar [20]. Among these fibres, the polypropylene fibres
are very popular in concrete and the nylon fibres are recently
becoming more widely used [21]. The propylene fibres
reinforce the concrete performance under flexure, tension,
impact blows and plastic shrinkage cracking. On the other
hand, the nylon fibres improve the performance after the
presence of cracks and sustained high stresses. In [22], both
types of fibres were compared and the results showed a better
improvement of the properties when using the nylon fibres
than the polypropylene fibres. Other researches [23, 24] are
focusing on the use of recycled PET (polyethylene tereph-
thalate). PET fibres made from beverage bottles were used
successfully up to 3% in (normal) concrete [23]. Another
study on the durability in aggressive environments of a PET-
reinforced concrete [24] emphasizes the sustainability and
environmentally friendliness of such concretes since the PET
fibre has a long decomposition time (over 100 years to
completely degrade).

Some supplementary materials should be used for coun-
teracting the insufficiencies brought about by the addition of
fibres, such as increase in porosity or decrease in compressive
strength. For example, substituting a part of the cement
(20%) by silica fume increases the compressive strength of
the resulting mortar and provides a reduction of porosity,
which leads to an increase of the flexural strength. Adding



silica fume in concretes also increase the interfacial bond
strength and interfacial fracture energy by about 100% due
to its smaller particle size and thereby the ability to increase
the density of the microstructure of a mix [25, 26].

In concrete prepared with ordinary Portland cement,
the interfaces between the hydrated cement matrix and the
aggregates are the weakest link [27]. The incorporation
of industrial by-products such as fly ash in concretes can
significantly enhance basic properties in both the fresh and
hardened states [28, 29]. It is well known that blending
cement with fly ash or other supplementary cementing mate-
rials improves the rheological properties of the fresh concrete
and the engineering properties of hardened concrete [30—
32]. Fly ash in Textile-Reinforced concrete is widely used
to densify the grain structure [33] resulting in an improved
bond between textile and concrete. Superplasticizers can also
be used to improve consistency and workability.

Strain Hardening Mortars. Engineered Cementitious Com-
posites (ECCs) are another type of binder which can be
used together with an FRP component [34]. Both in the
case of repair and strengthening, the failure mechanisms
that lead to the need for repair/retrofit of a structure often
involve fracture. This can be overcome by materials with
improved toughness, ultimate tensile strength and ductility,
which justifies involving ECC into the FRP strengthening.
This micromechanically designed material invented in the
early 1990s represents a particular class of HPFRCC (High-
Performance Fibre-reinforced Cementitious Composites),
exhibiting strain hardening behaviour and multiple crack-
ing during the inelastic deformation process [35]. Since
its introduction, ECC has undergone major evolution in
both material development and the range of applications.
Recently, it is often referred to as SHCC (strain hardening
cementitious composites) due to its tensile (pseudo) strain
hardening effect of (steel reinforced) ECC, see more in detail
later, which has been previously documented by Fischer and
Li [36].

Besides common ingredients of cementitious composites
such as cement, sand, fly ash, water and additives, ECC
utilizes short, randomly oriented polymeric fibres (e.g.,
polyethylene, polyvinyl alcohol) at moderate volume frac-
tions (1.5%—2%). In contrast to some other types of fibres,
there is a strong chemical bond between PVA and mortar
which needs to be reduced [37]. This is done by a chemical
coating applied on the fibre surface and additional fly ash in
the mix in order to prevent premature PVA fibre rupture and
thus achieve a more ductile failure mode, characterized by
pull-out from the cement matrix.

The tensile strain capacity of ECC is several hundred
times that of normal concrete [12] and the fracture tough-
ness of ECC is similar to that of aluminium alloys [38].
Furthermore, the material remains ductile even when subject
to high shear stresses [39]. The compressive strength of ECC
ranges from 40 to 80 MPa depending on mix composition,
the high end similar to that of high strength concrete. ECC
has typically an ultimate tensile strength of 5-8 MPa and a
strain capacity ranging from 3% to 5%.
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There are a number of characteristics of ECC that make
it attractive as a repair material. According to Li [40],
the unique feature of ECC is its ultra high ductility. This
implies that structural failure by fracture is less likely in
comparison to normal concrete or steel fibre-reinforced
concrete (FRCs). As a consequence, ECC has been used
in a wide range of applications where ductility and/or
energy absorption performance or damage tolerance of the
material is an important criterion (seismic and nonseismic
structural applications, see, e.g., [41-45]. In contrast to
quasibrittle repair materials, ECC can eliminate premature
delamination of the strengthening layer or surface spalling
in an ECC/concrete repaired system [46]. Spall resistance
of ECC in the surroundings of a corroded rebar in slabs
has been investigated by Kanda et al. [47], where ECC
accommodated the expansion by a “plastic yielding” process
through radial microcracking [12]. Interface defects can be
absorbed into the ECC layer and arrested without forming
spalls, thus extending the service life [38]. Suthiwarapirak
et al. [48] showed that ECC has significantly higher fatigue
resistance than that of commonly used repair materials
such as polymer mortars. It also has a good freeze-thaw
resistance and restrained shrinkage crack control [41].
ECC-reinforced shear beams behaved in a ductile manner
even without additional (steel) shear reinforcement and
remained ductile even for short span shear elements which
typically fail in a brittle manner with normal concrete [49].
Under shear, ECC develops multiple cracking with cracks
aligned normal to the principal tensile direction. Because
the tensile behaviour of ECC is ductile, the shear response
is correspondingly ductile. ECC as a strengthening material
also offers excellent crack control. When an ECC structural
element is loaded in flexure or shear beyond the elastic range,
the inelastic deformation is associated with microcracking
with continued load carrying capacity across these cracks
[40]. The microcrack width is dependent on the type of
fibre and interface properties (generally less than 100 micron
when PVA fibre is used). The tight crack width in ECC
has advantageous implications on structural durability [12].
When used as strengthening or repair material, fine cracks
also prevent penetration of substances [50]. The spacing
between multiple cracks in a typical ECC is on the order of
several mm, while the crack widths are limited to the order of
200 ym. In standalone applications, maximum crack width
in ECC is a material property independent of the embedded
reinforcement, unlike in RC or conventional FRC in which
cracks widths are influenced by the steel reinforcement [12].
However, crack distribution of ECC as repair material is
more concentrated adjacent to an existing crack in the base
substrate [12].

“Flowability” or “self-compactability” of ECC refers to
the ability of the material that it can flow under its own
weight and fill the formwork properly. Despite the presence
of (short, chopped, randomly oriented, typically PVA or
PE) fibres, a self-compacting ECC is able to fill in each
corner of the formwork without external vibration required
[51]. This would also ensure a good bond to the embedded
reinforcement (such as steel or FRP).
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3.1.2. Fibre Composites. Commonly used FRP reinforce-
ments are shown in Figure 3. FRP rods are typically used
as internal reinforcement or for near-surface mounted
reinforcement (NSMR). Other pultruded profiles used are
thin composite plates with a typical cross section of 1.4 x
80 mm; however none of these systems will be detailed
within this paper. Uniaxial fibres or fibre sheets, textiles and
grids used together with mineral-based bonding agents are
other types of FRP reinforcement systems, these systems are
described more in detail below.

Fabrics and Textiles (Knitted, Woven, or Unwoven). Differ-
ent kinds of fibres used as FRP reinforcement and their
mechanical properties are detailed, for example, in [52, 53].
There exist a few continuous long fibre applications, where
nonimpregnated unidirectional fibres may be embedded in a
mortar phase [21], but the impregnation of continuous fibre
sheets with mortars is very difficult resulting in a poor bond
between fibre and mortar [8]. Fibres used in most mineral-
based strengthening systems usually come in the form of a
textile or fabric (woven or knitted) or grid (with rigid joints),
where the latter is impregnated and held together by an epoxy
resin which also shapes the composite.

Fabrics are unidirectional or multidirectional FRP com-
posites. They are widely used in Textile-Reinforced concrete
systems. The most commonly used textiles are the bidirec-
tional woven fabrics, in which the yarns are woven together
crossing them orthogonally, having a width of 300-600 mm,
in large spools cut at the workplace. The density of the
yarns directly affects the penetrability of the adhesive into
the fabric, higher density leads to lower penetrability as
the mechanical interlock acts through the fabric openings
[11]. Woven fabrics are easy to adapt to any surface which
makes them very suitable for wrapping (U-warp or full
wrap) or confinement. The flexible shape also represents
some disadvantages. The reinforcing efficiency is lower
than that in straight yarns due to the crimped geometry
of the woven fibres; however, this crimped geometry is
advantageous in providing mechanical anchoring between
the woven fabric and the cement matrix in a polymer-
modified mortar. Fabrics having relatively complicated yarn

shapes may enhance the bonding and improve the composite
performance [11]. However, very complex textile geometries
may cause premature failure of some of the yarns resulting in
lower strength than the nominal strength of the fibrous phase
would be, as reported in [54].

Bi- and Triaxial Grids with Rigid Joints. An FRP grid is
a multidirectional prefabricated composite. For externally
bonded reinforcement, grids are made of continuous fibres
alternating in two directions and impregnated with a resin
to form a 2D-cross laminate grid structure with rigid joints.
The resin is usually epoxy and its role is to hold the fibres
together and shaping the composite. The fibre amount and
grid spacing often vary in the two perpendicular directions.
FRP grids are typically produced in large rolls and then
cut into the required dimensions. Compared to woven
fabrics, FRP grids have improved mechanical properties
and in general, have more rigid connection points. The
improved performance is due to the aligned fibres in a certain
(predefined) direction and that there are no unpenetrated
fibres or fibre bundles with would prematurely fail (further
discussed in Section 4.2 under TRC). Thinner grids are
flexible and can be adapted to curved surfaces.

4. Existing Mineral-Based
Strengthening Systems

4.1. Continuous Dry Fibres. The use of continuous dry fibres
is published in [55] where a pretreatment with silica fume
and high amounts of polymers improved the bond between
carbon fibres and cementitious matrices. It was found that
a pretreatment with silica fume and relatively high amounts
of polymers improved the bond behaviour of carbon fibre
to the cement. Another report [56] has been published on
large-scale tests of ordinary concrete beams strengthened
with a cementitious fibre composite where the strengthening
composite consisted of a unidirectional sheet of continuous
dry carbon fibres and a polymer-modified mortar, applied by
hand lay-up method. Both flexural and shear strengthening
were investigated. From the tests it was concluded that the
method works and that considerable strengthening effects
can be achieved. However, in comparison with epoxy-
bonded carbon fibre sheets using the same amount of
carbon fibre, the strengthening effect for the mineral-based
composite strengthening system was approximately half. The
reason for this is most likely due to the reduced interfacial
bond strength between the mortar and the carbon fibre-
reinforcement. This is also emphasized by [57], where it was
found that the loading capacity of the cementitious carbon
fibre composite is influenced by the amount of fibres in the
tow. If the cementitious matrix penetrated into the interior of
the carbon fibre tow, a higher number of filaments would be
active during loading, leading to the increase in load carrying
capacity.

Another way of using continuous dry fibres, usually in
the form of sheets is the fibre-reinforced composites (FRCs)
strengthening system (which may also use dry fabrics), as
described by, for example, [58]. Depending on the geometry
of the fibres and the strengthening purpose, the composite



plates can be made as thin as 2 mm. The sheet or fabric is cut
into chosen dimensions and the fibre geometry is submerged
into cement slurry (matrix) for a better penetration. The
impregnated sheet or fabric is then removed from the
slurry and immediately bonded to the concrete surface. An
improved penetration of the matrix into the fibres can be
achieved by using multiple layers of continuous carbon fibres
where all single layers were impregnated in cementitious
slurry before bonded to the concrete surface. This procedure
was also suggested in [51]; however not executed.

4.2. Textile-Reinforced Mortar (TRM) or Textile-Reinforced
Concrete (TRC). Textile-Reinforced Concrete (TRC) is made
from a cementitious matrix and layers of oriented, contin-
uous fibres (technical textiles) as for reinforcement. Here
TRC is only discussed as a strengthening material and
not as a material also suitable for stand-alone applications
such as thin shells. The most commonly used bonding
agent for applying the textile on the structure is the fine
grained concrete or mineral-based mortar which has a grain
size of less than 1mm and provides high strength and
flowable consistencies. Less than 2 mm of concrete or mortar
thickness is needed between textile layers due to the small
maximum aggregate size of the concrete mix [9]. Alkali-
resistant glass (AR-glass) or carbon is used most often as the
fibrous material. The fibres can be in the form of a woven
textile or be unidirectional and held together by a yarn in
the perpendicular direction in order to make the material
easier to work with. The fabrics can be manufactured with a
maximum number of four reinforcing directions depending
on the load direction [9] and can therefore be tailored (the
filaments are intentionally aligned in the direction of the
tensile stresses leading to an increase in their effectiveness).
There are several designs of textile fabrics depending on the
load case and the positioning of the fabrics. Most fabrics are
bi- or multiaxial warp knits and woven fabrics since they
offer a great flexibility of properties and are suited for many
cases.

In a TRC strengthening system, the transfer of the bond
forces from one layer to another through the bonding joint
must be guaranteed to ensure a full composite action. The
bond behaviour of TRC is a complex property that depends
on both the textile and the matrix. Due to the reinforcement
geometry, only the outer filaments are directly in contact
with the concrete, hence the load bearing capacity of a TRC
depends mainly on the proportion of the outer to the inner
filaments, and just a certain part of the tensile strength of
the concrete can be activated due to the limited contact
surface [14, 59]. Significant improvement in load capacity
can be achieved if the textile is previously penetrated with
liquid polymers [17, 59] or epoxy- resins [17]. However,
there is a risk that in an impregnated textile, a higher number
of activated filaments would lead to abrupt failure of all
filaments when the tensile strength of those is exceeded [17].
The same study also highlights that the tensile strength of a
TRC (dogbone) specimen can be increased most effectively
by both impregnating the textiles with polymers and adding
polymer modifiers to the concrete.
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TRC systems exhibiting mechanisms of distributed
cracking and strain hardening behaviour (see Section 5) have
been used for stand-alone structural applications such as
extremely thin and slender structures [60], or for repair
and strengthening of existing structural members [9, 10].
Confinement strengthening of short columns both with
epoxy and cement-based mortars has been investigated by
[8]. Effectiveness of the TRM jacketing compared to the
epoxy-impregnated counterparts resulted in a reduced effec-
tiveness (80% for strength and 50% for ultimate strain). The
strengthening effect increased with the number of confining
layers and was highly dependent on the tensile strength of
the applied cement mortar. Failure was more ductile in case
of the TRM jacketing than in the epoxy-bonded jackets due
to the slowly progressing fracture of individual fibre bundles.
Shear strengthening of concrete beams has been examined
in [61] on six identical RC beams with different bonding
agents (epoxy and cement matrix), one or two layers of
textile in different arrangements (conventional wrapping and
spirally applied textiles). Two layers of mortar-impregnated
Textile-Reinforcement in the form of either conventional
jackets or spirally applied strips were sufficient to increase
the shear capacity of the beams tested more than 100% over
the unstrengthened beam, preventing sudden shear failures
and allowing activation of flexural yielding (as was the case
with the resin-based jacket). The TRM system; however,
was found to be about 50% less effective than the FRP-
strengthened beam. Other experiments [9, 10, 62] have been
carried out on T-beams which were designed with minimum
shear reinforcement but a great amount of longitudinal
flexural reinforcement in order to prevent flexural failure.
The strengthening fabric was a multiaxial textile applied
as a U-wrap in an angle of 45° to the load direction,
aligned with the principal stresses in the web of the T-beam
to be strengthened. Varying parameters were the number
of textile layers (2-6) placed with or without mechanical
anchorage in the compression zone. The adhesive tensile
load carrying capacity is crucial in the performance of the
system—this determines how many layers can be anchored to
the web without any additional mechanical anchorage. Tests
revealed the importance of mechanically anchoring of the
reinforcement. A load increase could be achieved with a few
layers of textile even without anchorage to the compressive
zone; however, when the adhesive tensile bond between the
web and the reinforcement was exceeded, the TRC layers
peeled away and therefore the reinforcement fails.

4.3. Mineral-Based Composites (MBCs). MBCs (mineral-
based composites) are defined as a system in which a
FRP grid is applied onto the surface of the structure to
be strengthened with a cement-based mortar as bonding
matrix. MBC “inherits” the properties and behaviour of its
constituents, for example, brittleness or tension softening
behaviour when the linear elastic fibre material is used
together with quasibrittle cementitious binders. However,
its behaviour can significantly be changed/altered and the
material can be enforced to exhibit more ductility, multiple
cracking or strain hardening in tension in a modified
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MBC where the mortar is a PVA-reinforced engineered
cementitious composite (ECC) [63, 64]. In the recent devel-
opment of MBC, two strengthening approaches meet and
result in a high-performance hybrid strengthening material.
One is finding the most suitable combinations of a FRP
reinforcement and an existing mortar (which, depending
on the application may be ordinary or polymer-modified
mortar), and the other one is to strengthen/develop the
mortar itself with different short fibres (in practice, mostly
PVA) or involve existing, ductile mortars in order to improve
the interaction between grid and mortar, tensile properties of
the composite, crack spacing and crack widths, ductility and
also if possible, fracture energy.

The FRP in MBC applications is normally a two-
dimensional carbon fibre grid. As matrix, polymer-modified
quasibrittle mortars (PMMs) are typically used. Between the
two components little or no chemical bond exists. Therefore
the bond strongly relies on mechanical bond, contrary
to epoxy-based FRP systems. The precut CFRP grid with
varying grid spacing and thickness is embedded between two
relatively thin layers of mortar.

To achieve a good bond between the base concrete and
the mortar, the surface of the base concrete needs to be
roughened, for example, by sandblasting or water jetting, in
order to remove the cement laitance. The surface preparation
method normally is sandblasting. The strengthening layers
can be applied by hand (hand lay-up) or shotcreting
when strengthening large surfaces. The hand lay-up method
includes prewetting the base concrete with water for 1-3
days depending on the conditions of the base concrete and
the surrounding climate. The moisture conditions in the
transition zone between the base concrete and mortar are
further discussed in [65], where it is found that the best bond
is obtained when the base concrete has just dried back from
a saturated surface. Prior to mounting the MBC system the
base concrete surface has to be primed using a silt-up product
(primer) to prevent moisture transport from the wet mortar
to the base concrete. A first layer of mortar is immediately
applied to the primed surface. Next, the CFRP grid is placed
on the first layer of mortar followed by an additional layer of
mortar being applied on top of the grid. The thickness of the
mortar depends on the maximum grain size in the mortar.

Reliability of the system highly depends on the bond
in two interface layers, between the concrete substrate and
the first layer of mortar and in the between the grid in the
mortar; see [66].

5. Mineral-Based Strengthening at
Material Level

On the interface between the base concrete and the strength-
ening layer interface, such as between the fibre composite
and the mortar, bond is crucial for the performance of
the strengthening system. In a TRC or MBC system, bond
between FRP and mortar relies mostly on mechanical
interlocking (physical bond). If the mortar contains PVA
fibres, a chemical bond is also being built up within the
mortar phase. Good (but not overly strong) bond together
with the deformation compatibility of the mortar and

PVA fibres, results in fibre bridging and as a consequence,
multiple cracking and overall strain hardening, resulting in a
“stronger” and more ductile mortar. These mechanisms are
detailed below.

5.1. Bond between Base Concrete and Strengthening Layer.
When an existing RC element is to be strengthened, the
tensile force developed in the strengthening layer must be
introduced into the original concrete of the member by bond
forces. Failure can initiate from an interfacial defect causing
delamination of the whole strengthening layer in the case of
a “weak” bond and spalling in the case of an overly “strong”
bond [35].

Bond strength in a mineral-based system generally
depends on the adhesion in the interface, friction, aggregate
interlocking and possibly, time-dependent factors [52].

The sensitivity of a structure to bond strength depends
highly on what kind of load it is subjected to. The force
transmission into the original concrete when strengthening
for flexure occurs over a relatively large length (surface). In
contrast, the force transmission via shear strengthening takes
place only in the range behind the last shear crack [9]. As
a result, significantly shorter anchorage lengths and “better
bond”, and in some cases, additional anchoring is required
for shear strengthening. An example is a TRC-reinforced T-
beam strengthened for shear [9] where if the U-wrap around
its web is not anchored into the slab via an L-shaped steel
section the TRC reinforcement has a tendency to peel away
from the web.

Incompatibility between the base concrete and the repair
material in repair and/or strengthening systems can lead to
the same bond problem and render the system ineffective
resulting in debonding or spalling of the strengthening layer
especially if the load is applied parallel to the bond line of the
combined system. If there is an incompatibility in the elastic
modulus of the base concrete and the mortar, it will result in
the incompatibility of the deformations on the interface as
the “weaker” material will have larger deformations [67]. If
the load bearing capacity of the material or the bond at the
transition zone is exceeded by the transferred load, failure
will occur. Recommendations for the modulus of elasticity
of the repair or strengthening material suggest a modulus
at least 30% larger than the modulus of elasticity for the
base concrete [68]. When the bonding agent tensile load
bearing capacity is exceeded in the interface between the
base concrete and the strengthening layer, the strengthening
would peel off the structure. To prevent debonding, it is
usual to prescribe a minimum adhesive tensile strength
of the original concrete substrate which, for example, in
German codes is 1.5 N/mm? [9]. If the surface is roughened
adequately, by means of removing the deteriorated parts
and sandblasting, a good bond can be guaranteed. Another
parameter that influences the compatibility of the combined
repair or strengthening system is the drying shrinkage. As
the fresh repair or strengthening material has a tendency
to shrink, the more or less older base concrete acts as
a rigid foundation that restrains these movements. These
differential movements cause tensile stresses in the repair or
strengthening material and compressive stresses in the base
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FIGURE 4: (a) Strain hardening and strain softening mortars. (b) Tensile behaviour of TRC.

concrete. Creep in this context can be an advantage since
it releases parts of these stresses. Shrinkage incompatibility
is more associated with cement-based mortars while the
polymer-modified mortars (PMC) show better shrinkage
compatibility and epoxy mortars proved to have the best
shrinkage compatibility [68].

5.2. Bond of FRP in a Mortar. The mineral-based strength-
ening systems are strongly dependent on the bond between
fibre composite and mineral-based binder. Using a non-
impregnated textile fabric with a high density (high fibre
filament amount) will make it hard for the mineral-based
binder to penetrate. This type of inferior bond or penetration
of textile fabrics has been the focus for researchers developing
the TRC system [8, 11, 14]. Using an epoxy-impregnated
CFRP grid, as in the MBC system, relies on physical bond
between CFRP and mortar. This physical bond can originate
from direct mechanical anchorage (joints in the grid,
transversal tows of the grid), frictional forces on the interface,
aggregate or fibre interlock (if the mortar contains longer
fibres) but there is no chemical bond between the FRP and
the mortar as in an epoxy-bonded system there would be.

When using strain hardening mortars, there is a chemical
bond between the mortar fine-grain aggregates and the
PVA fibres which affects bonding of the embedded FRP
reinforcement in the mortar. PVA has a high chemical
bond and reaches its peak load at relatively small pullout
length. During the extraction process, it has a tendency to
break instead of pulling out from the mortar. In order to
increase the opening of an individual crack and enhance the
composite stress-strain behaviour of PVA-ECC, the chemical
and frictional bond of the PVA fibre is to be decreased, for
example, by means of particular surface treatment (coating)
[38] or by modification of the fibre/matrix interface transi-
tion zone. Bond can be lessened, for example, by adding fly
ash to the mix.

Bond characteristics influence the mechanism of load
transfer between reinforcement and concrete, and therefore
control the concrete (or mortar) crack spacing, crack width,
required concrete cover to the reinforcement, and the rein-
forcement development length. The behaviour of strength-
ened concrete structures thus depends on the integrity of
the bond. Most literature to date has been published about
bond of FRP bars in concrete or other cementitious matrices.
Very little literature is found on the bond of FRP grids to a
cementitious material which is more complex because of the
geometry of the grid, including the formation of the joints.

5.3. Multiple Cracking—Crack Control through Strain harden-
ing Materials. The deformation behaviour of cementitious
composites (concrete, fibre-reinforced concrete) and high
performance fibre-reinforced cement composites (HPFR-
CCs) is typically distinguished according to their tensile
stress-strain characteristics and postcracking response [69].
In [70], it is shown that brittle matrices, such as plain mortar
and concrete, lose their tensile load-carrying capacity almost
immediately after formation of the first crack as illustrated in
Figure 4.

The addition of fibres in conventional fibre-reinforced
concrete (FRCs) can increase the toughness of cementitious
matrices significantly; however, their tensile strength and
especially strain capacity and ductility beyond first cracking
are not enhanced [71]. FRC is therefore considered to be a
quasibrittle material with tension softening behaviour, that
is, a decaying load and immediate localization of composite
deformation at first cracking in the FRC matrix. In contrast,
strain hardening fibre-reinforced cementitious composites
(SHCCs), which is a particular class of HPFRCC (high
performance fibre-reinforced cementitious composites), are
defined by an ultimate strength higher than their first
cracking strength and the formation of multiple cracking



Advances in Civil Engineering

during the inelastic deformation process. Under tension,
it initially exhibits multiple cracking with associated overall
hardening, which later changes to softening as fracture local-
izes [72]. The crack continues to open, and the embedded
fibres are pulled out of the matrix (or break, depending on
what matrix/fibre composition is used), which still generates
some resistance against crack opening within the tensile
softening regime. When all fibres are completely pulled out
(or broken), no resistance is left, that is, the tensile stress is
equal to zero.

The contribution of a cementitious matrix to the load-
deformation response of reinforced concrete or ECC is the
so-called “strain hardening” or “plastic hardening”. Tensile
softening versus tensile hardening behaviour is illustrated
in Figure 4(a). Textile-Reinforced concrete exhibits a similar
hardening behaviour [73, 74]; however the cracking process
is clearly not as uniform as in an ECC (Figure 4(b)). In
the precracking regime (Stage I), the stresses are distributed
until the first cracking strength of the concrete is reached.
First cracking occurs at the point where the ultimate
tensile strength of the concrete is reached and the FRP
reinforcement will carry the entire applied load in the
vicinity of the transverse crack location. The load carried
by the concrete in the uncracked segments is transferred to
the FRP reinforcement at the crack location via interfacial
bond. After first crack formation (Stage Ila, “cracking
formation”), the load-deformation curve shows a small
increase in loading capacity as compared to that in Stage
I due to the formation of additional transverse cracking.
The member is softened by the formation of additional
crack(s) and the load increase per deformation increment is
decreasing with each crack until Stage IIb when a stabilized
crack pattern is reached (postcracking regime). When the
final crack pattern is being formed, the slope of the stress
strain relationship becomes steeper again, which mainly
results from the Young’s modulus of the fibre-reinforcement.
Crack widths are also governed by the FRP reinforcement
and the bond characteristics to the surrounding concrete
matrix. At this stage of a stabilized crack pattern (Stage III)
no further cracking occurs. Here, mainly the FRPs determine
the stiffness of the member. Stage III is characterized either
by slippage in the fibre tows instead of yielding of steel
reinforcement, or by linear elastic deformations until the
FRP ruptures in a brittle manner upon reaching its tensile
failure strain, as detailed in [75]. In practice, final failure
normally is a combination of fibre slippage and rupture [73].

Due to the more homogeneous nature (as a consequence
of randomly distributed, well mixed short fibres) of ECC,
there is a gradually increasing part of the curve smoother
than for TRC because of the fibre bridging characteristics
of the PVA fibres compared to those of a textile mesh. In
ECC, there is no definite distinction between stages Ila and
IIb (crack saturation) [36]. The (pseudo)strain-hardening
behaviour in ECC is achieved by sequential development of
matrix multiple cracking [76]. “Multiple cracking” means
that under tension, cracks are consecutively formed after first
cracking, and become evenly and closely spaced. Deforma-
tion then is often expressed in terms of strain instead of
crack opening displacement. Multiple cracking results in the

improvement in “ductility, toughness, fracture energy, strain
hardening, strain capacity and deformation capacity under
tension, compression or bending” [77].

The strain hardening ensures that a structural element
made of such a composite material will maintain its stability
also after cracking. This is a significant difference between
all conventional FRC and SHCC materials as shown in
Figure 4. Deformation of ECC is uniform on a macroscale
and considered as pseudostrain, which is a material property
[36], in contrast to other reinforced concrete-like materials
such as conventional FRC. As a consequence of the strain
hardening, the tensile strain capacity and ultimate strength
in the cracked state of ECC are much higher than that of
conventional (steel) fibre-reinforced concrete.

5.4. Fibre Bridging. Since the overall hardening behaviour
highly relies on fibre bridging, it is important to know
how high bridging stresses arise in the fibres. This would
also limit and determine which materials are usable as
reinforcing fibres. For very flexible fibres which have a high
strain capacity (polymeric fibres), a snubbing effect (fibre
dowel action arising when a fibre is not loaded in the
direction of the initial straight fibre) may occur reducing
the fibre critical length leading to premature failure. For
elastoplastic fibres (steel), local yielding can happen, as for
elastic-brittle fibres (carbon, glass) fibre failure may happen
due to bending of fibres [39]. The fibre bridging analysis
is about relating the single fibre bridging stress to the
crack opening which is a function of fibre and interface
properties and mode of failure [78]. Fibre properties may
include the fibre modulus, ultimate tensile strength, fibre
length, diameter, and the interface properties are the cohesive
strength, fracture properties and frictional properties. The
micromechanics of fibre bridging is described more in detail
by [79]. In a composite, the embedded fibres in the mortar
would often bridge a crack at an angle. Inclined fibre pullout
would depend on a greater number of parameters, involving
the inclination angle of the fibre to the matrix crack plane,
local fibre/matrix interaction properties and possible aging
effects (interfacial properties and fibre/matrix interaction
changing with time) [79].

Fibre bridging after first cracking of the cement matrix is
well detectable in PVA-reinforced mortars. For MBC systems,
the mechanism is important because with adequately chosen
mortars, a MBC system can be altered/improved resulting
in a more efficient strengthening material under tension or
shear.

6. Testing MBC Systems

As previously shown in Figure 1, the three (material, com-
ponent and structural) levels of mineral-based strengthening
must be linked together. It is not within the scope of
this paper to generalize about all existing mineral-based
strengthening systems; however linking can be done and is
presented for mineral-based composites through experimen-
tal investigations carried out at LTU and DTU.
Mineral-based composites are, as defined earlier, a
particular instance of mineral-based strengthening in which
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FiGure 5: Experimental tests for tensile and fracture behaviour: (a) uniaxial tensile test on dogbones. (b) wedge-splitting test, (c) flexural

beams, and (d) shear beams.

FRP grids are adhered to the concrete substrate by means
of (quasibrittle or strain hardening) mortars. By using
ECC as the mortar phase in MBC, different force transfer
mechanisms come into play which did not exist in the initial
phase of MBC research where the mortar was a quasibrittle
PMM. In addition to that, MBC research has mostly focused
on beams strengthened in flexure and shear, and much less
attention has been paid to repairing structural members in
which significant tensile forces may emerge. Before applying
the MBC as a strengthening material in conditions where the
structural member is subject to tensional or splitting forces
(or bending combined with axial forces), it is necessary to
properly characterize the tensile behaviour. Knowledge of
related parameters such as the tensile strain-crack opening
curve makes possible estimations, for example, about brittle-
ness in compression and tension or shear capacity. Suitable
test methods are being searched, which quantify the tensile
properties of MBC directly (dogbone tests) or indirectly
(WST, giving the splitting tensile strength).

This section will give insight in the MBC behaviour
for tension, flexure and shear. Tests have been performed
on the tensile behaviour of the MBC system, dogbone and
wedge splitting tests (WST), along with flexural and shear
strengthening, see Figure 5 where all tests are shown.

6.1. Experimental Set-Up. A summary of tests conducted
at ITU and DTU is shown in Figure 5. Uniaxial tensile
and wedge-splitting tests aim to characterize the tensile
and fracture properties of the strengthening material. Shear

and flexural strengthening (Figure 8) involving MBC lead
towards the structural level and applications as outlined in
Figure 1. Short descriptions of each test are summarized
below, and further references are given to a more detailed
description of each.

6.2. Material Properties. All the material properties for the
materials used in the four different tests are summarized in
Table 1 for the CFRP grids and Table 2 for the binders.

6.3. Linking Material and Component Levels

6.3.1. Uniaxial Tensile Tests. New test method and test spec-
imens have been developed for testing MBC under uniaxial
tension in [64]. The bare strengthening material was tested,
without considering the interaction with a real structure
to be strengthened. Quasibrittle polymer-modified mortars
and ECC have been investigated together with an embedded
CFRP grid in the mid-plane of the dogbone-shaped speci-
mens, focusing on crack development and the influence of
the applied mortar’s ductility on the behaviour in tension.
Dimensions of the dogbone-shaped test specimens were
160 x 160 x 980 mm, with a representative test section
of 400 X 160 x 20 mm. Two different grids with different
grid spacings and three chosen grid orientations (0°—
longitudinally placed grid, 90°—transversally placed grid,
15°—rotated grid) were tested in different combinations,
more in detail presented in [64]. The number of the CFRP
tows in the representative test section, tensile direction, were
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TABLE 1: Mechanical properties for the fibres in each tow of the CFRP grids used in experimental tests [53].

Material Direction Tow spacing Tensile strength E modulus Failure strain
[mm)] [MPa] [GPa] [%0]

Grid S Transverse 25 5214 366 14.0

Grid S Longitudinal 24 3546 278 12.5

Grid M Transverse 43 4620 389 11.9

Grid M Longitudinal 42 4219 404 10.5

Grid L Transverse 72 3772 423 8.6

Grid L Longitudinal 70 3877 320 12.8

TABLE 2: Material properties for binders used in experimental tests.
Material Description Tensile strength Compressive strength
[MPa] [MPa]
PMM Polymer-modified mortar 24 53.2
ECC Engineered cementitious composite 3.0 60.0

7 (small grid) and 4 (medium grid). The specimens were
fixed in self-centering, custom-made clamps.

In Figure 6(a), quasibrittle and ductile mortars are
compared and related to the linear elastic behaviour of the
pure CFRP grid. Behaviour of all specimens was nearly
identical up to first cracking irrespective of which mortar is
used. After first cracking, ECC specimens show a significant
strain hardening behaviour with both small (S) and medium
(M) grids which is represented as the contribution of the
mortar compared to the shifted lines of the pure grid. The
ECC specimens, after the first crack, show a further load
increase until the peak load. These curves are smooth due
to the fibre-bridging characteristics of the cracks in ECC.
Curves of quasibrittle mortars are more jagged and have a
significant drop in load carrying capacity right after the first
crack (and after further crack formation). This fact shows
that the increased ductility of the ECC mortar has a positive
effect on the interaction with the CFRP through the fibre
bridging effect. It seems to prevent premature failure of the
CFRP grid which was observed in the specimens with brittle
mortars, with significantly reduced axial tensile strength.

Figure 6(b) illustrates the effect of the grid orientation.
The apparent better performance of the grid when rotated
transversally may be due to an epoxy surplus on the
transversal tows resulting in improved mechanical anchorage
or, more likely, due to the joint shape (between longitudinal
and transversal tows of the grid) and associated deformation
capacity of the grid joints when loaded in a certain direction.

6.3.2. Wedge Splitting Tests. Brittleness of concrete-like mate-
rials is usually evaluated by means of the post failure
behaviour in tension governed by the stress versus crack
width relation (o-w), the so-called softening behaviour
which is a basic property of a (conventional) concrete
described by the tensile strength, the maximum crack width
and the fracture energy, which corresponds to the area under
the stress versus crack width curve. WST (wedge splitting
test), originally introduced by [80] and further improved

by [81] is a suitable method, traditionally used for brittle
materials, for obtaining the splitting tensile strength along
with the postpeak behaviour, and an estimation on the
fracture energy.

WST is an extension of the uniaxial test because the
MBC-strengthening is applied on a concrete surface. In a
recently published study [63], behaviour of a CFRP grid
reinforcement in two different directions (0° and 45°, resp.)
together with quasibrittle and ductile mortars has been
investigated and evaluated through recording and comparing
crack widths, crack patterns, splitting load versus crack
opening displacement curves and fracture energy values
for the MBC-strengthened concrete specimens. External
dimensions of the plain concrete test specimen were 500 X
500 x 100 mm, after strengthening with a representative test
section of 400 x 420 X 140 mm where 140 mm is the total
thickness after strengthening on both sides. The length of
the starter notch together with the groove is 50 mm. The
bottom groove served to ease proper vertical positioning and
acted as a line support for the heavy specimens. The CFRP
grid was applied on both sides (ten tows bridging the crack
on both sides, in the nonrotated position), placed between
two 10 mm thick layers of mortar, applied on the concrete
surface roughened with sandblasting and treated with a
primer to enhance bond on the concrete-mortar interface.
Tests were run deformation-controlled, that is, through the
crack opening displacement kept constant at 0.3 mm/min,
by a clip gauge mounted at the tip of the notch in the
midplane of the specimen. During the test, vertical load and
crack opening displacement (COD) are recorded, hence the
splitting load can be calculated.

The resulting splitting force versus crack opening dis-
placement plots show that the splitting tensile strength
of concrete can be significantly improved with MBC-
strengthening, resulting in an increase of 30-110% in peak
splitting load compared to the unstrengthened reference
specimen (Figure 7). ECC has given significantly higher
failure loads and similarly to the uniaxial tests, it prevented
pronounced drops in load capacity. Ductility is significantly
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FIGURE 6: (a) All dogbone specimens with grid S and M placed in longitudinal (0°) direction. (b) Effect of grid orientation (transverse (90°),

longitudinal (0°) and rotated in 15°).
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FiGure 7: Splitting force versus COD curves for specimens with highest peak load per series, against reference specimen (plain concrete).

enhanced by all grid-mortar combinations resulting in
an extreme increase of fracture energy which is directly
proportional to the area under the curves.

Bond provided by both mortars was excellent leading to
CFRP rupture. By applying PVA-reinforced ductile ECC as
bonding agent, improved performance, significantly higher
fracture energy, multiple cracking and enhanced ductility
were observed, caused by improved bond between grid and
mortar due to the refined grain structure, the bridging effect
of the embedded fibres working against crack opening and
via direct mechanical interlock with the grid.

Compared to a uniaxial tensile test, WST also has
provided information on the softening part of the curve after
peak load, revealing tendencies in how fast or how gradually
load capacity decreases until all crack bridging fibre tows

and embedded fibres in the mortar are broken. The slopes
of the F; versus COD curves reveal that the tensile ductility
(recorded peak load and its tendency to decrease to zero)
depends more on the grid orientation than on the mortar
quality, unlike the increase in the energy absorption/fracture
energy which seems to be “mortar-dependent” and is
significantly higher for the ECC specimens.

6.4. Linking Component and Structural Levels

6.4.1. Slabs Strengthened in Flexure. The test set-up and
geometry for the slab specimens is shown in Figure 5 and
a more detailed overview and results are also published in
[82, 83]. Three of the slabs were strengthened using the MBC
system, one specimen with one CFRP grid, one specimens
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FIGURE 8: Load versus mid-span displacement of flexural strength-
ened specimens.

with a sanded CFRP for better mechanical anchorage and
one specimen with double CFRP grid. In addition one
specimen was strengthened using epoxy-bonded carbon
fibre sheets and yet one specimen containing four extra
flexural steel reinforcement bars, the extra reinforcement was
calculated to correspond to the strengthening. Thus, all of
the specimens were designed to have similar failure loads,
except the specimen with dual CFRP grid. The thickness
of the strengthening layer was approximately 10 mm and
a quasibrittle mortar was used as binder. In all MBC-
strengthened specimens the CFRP grid had a fibre content of
159 g/m? (Grid M). For the epoxy-based strengthening, the
carbon fibre sheets had a fibre content of 200 g/m?. The total
carbon fibre amount in the tensile direction of the specimens
corresponded to 20 mm?/m (CFRP grid) and 62 mm?/m
(carbon fibre sheet) respectively.

All of the strengthened slabs increased the ultimate
bearing capacity in comparison to the nonstrengthened
reference beam. Strengthened specimens using one layer of
CFRP grid failed at a total load of 35kN and specimen
with epoxy-bonded sheet failed at 41 kN while showing
a stiffer behaviour compared to the latter. The specimen
containing four extra flexural bars failed at a load of 38 kN,
similar loads to the specimens with only one grid. However,
the specimen with extra steel reinforcement showed stiffer
response compared to both the specimens strengthened with
sheets and one CFRP grid. It is also noted that sanding the
surface of the grid (specimen No. 3) led to premature rupture
of the CFRP grid. Strengthening the specimen with dual
layer of CFRP grid will have a positive effect on the load
bearing capacity. Thus this specimen (No. 6) had the highest
ultimate load capacity of 51 kN. All of the specimens with the
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MBC system failed by fibre rupture while the epoxy-based
strengthening system failed by a mix mode of debonding
and fibre rupture. Comparative load-displacement curves are
plotted in Figure 8.

6.4.2. Beams Strengthened in Shear. Beams strengthened in
shear had a rectangular cross section and were 4.5 m longand
had a height of 0.5m. Again, these results are described in
more detail in [53, 66]. Note, in Figure 8, that the beams were
heavily shear reinforced in one shear span and had inferior to
no shear reinforcement in the other shear span. Thus, only
the shear span containing no or little shear reinforcement
was strengthened. In these experiments, the influence of
different grids and internal steel shear reinforcement ratios
were studied. In all test the quasibrittle PMM was used as
a binder of the strengthening system. The PMM was also
used in the dogbone and WST tensile test. For testing the
influence of different CFRP grids, the carbon fibre amount
was varied from 66, 98, to 159 g/m? (Grid S, L, and M). All
of these specimens had no internal shear reinforcement in
the strengthened shear span. For specimens with different
internal shear reinforcement the different distances was s =
350mm and s = 250 mm, see also Figure 5. The internal
shear reinforcement was monitored by six strain gauges
mounted on both two stirrups closest to the load, see
Figure 5. In addition, six strain gauges were mounted on the
vertical CFRP tows in the grid at the same locations as the
strain gauges mounted on the stirrups.

All of the specimens with no internal shear reinforcement
and strengthened with the MBC system failed by fibre
rupture of the vertical tows. For strengthened specimens
with different internal reinforcement amounts the failure
mode changed from a brittle shear failure to a more ductile
compressive/crushing failure. The ultimate loads for all
specimens are summed in Table 3 together with compressive-
and tensile strength of the concrete, and failure modes
(S-shear failure and C-compression/crushing). From the
results of the specimens strengthened with different grids
it was clear that the specimens with highest carbon fibre
amount had the highest load bearing capacity. Since the
specimens containing internal shear reinforcement were
heavily monitored by strain gauges, the shear behaviour
and strain development from initial load stages could be
measured. Here, the strain development in the stirrups was
reduced for beams strengthened with the MBC system. The
strains monitored in the CFRP grid indicated that high strain
concentrations were apparent in the vicinity of cracks.

Typical strain readings from internal shear reinforcement
and CFRP grid are shown in Figure 9 for specimens with
and without strengthening corresponding to specimens with
concrete compressive strength of 47-52 MPa and internal
stirrup distance of 350 mm (Specimens C35s3 and C35s3-
Grid M in Table 3). Figures 9(a) and 9(b) shows that strains
in the (steel) stirrups are reduced in all MBC-strengthened
beams even at relatively low load levels (100-200 kN) when
compared to the nonstrengthened ones. As the shear load
increases, the favourable strain reduction of the MBC system
is more pronounced for a strengthened specimen compared
to a non strengthened specimen.
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TaBLE 3: Ultimate shear loads and failure modes, along with description of tested shear beams.
Beam Binder CFRP Stirrup distance  Failure load Failure mode Compressive strength ~ Tensile strength
[mm] [kN] [MPa] [MPa]
C40s0 — e — 123.5 S 44.8 2.9
C40s0* — — — 126.7 S 36.3 2.5
C40s0-M PMM — — 141.9 S 53.6 2.8
C40s0-Grid M PMM Grid M — 244.9 S 53.6 2.8
C40s0-Grid M PMM Grid M — 241.9 S 53.6 2.8
C40s0-Grid S* PMM Grid S — 208.1 S 32.5 2.7
C40s0-Grid M*  PMM Grid M — 251.9 S 35.1 3.0
C40s0-Grid L* PMM Grid L — 206.4 S 44.8 2.5
C35s0 — — — 130.6 S 47.0 2.7
C35s3 — — 350 346.0 C+S 47.6 3.1
C35s3-Grid M PMM Grid M 350 336.9 C 52.4 3.0

" Tests were run not deformation-controlled but load-controlled at 10 kN/sec.

In the vertical CFRP tows, a significantly uneven strain
distribution is visible, with locally high strains in the vicinity
of forming shear cracks. These strains are increasing rapidly
as the shear crack is opening.

6.5. Field Implementations. The MBC-strengthening system
should be able to be implemented in various field strength-
ening applications such as, harbour structures (less sensi-
tive to moisture compared to epoxy-bonded strengthening
systems), large structures that requires higher compatibility
of the strengthening system to the base concrete structure,
low temperature applications, applications that demand dif-
fusion openness and for concrete applications that excludes
the use of epoxies. In addition, the MBC system can be used
in tunnelling or mining applications instead of using steel
fibre-reinforced shotcrete. In the latter, the combination of
using ECC as a binder should further improve the ductility
and crack bridging ability of the MBC system. Pilot studies
for in-situ production techniques of the MBC system using
quasibrittle mortars as binders have been investigated in
[82]. The results from this study clearly show that spraying
the MBC system can be made in an easy and efficient manner.
The application technique is done by mounting the CFRP
grid on preattached studs and then the binder is being
sprayed. The thickness of the MBC system is controlled by
the chosen length of the studs.

6.6. Discussion and Conclusions. Uniaxial tests have revealed
that the most commonly used grid (medium-sized, M-grid)
performs better when placed in transversal direction. This
leads to the need of studying the effect of grid joint forma-
tions (i.e., the grid is “woven” out of two perpendicular tows
of CFRP and the grid joint looks differently depending on
the direction). The uneven distribution of the residual epoxy
on the grid surface in the two perpendicular directions could
also contribute to the direction-dependent performance.
Flexural specimens strengthened with MBC had higher
ultimate load compared to the epoxy-bonded sheets of com-
paring the fibre amount in the tensile direction. However, the

failure mode for the MBC was fibre rupture while the epoxy-
bonded carbon fibres failed by a mix mode of debonding and
fibre rupture. However, trying to improve the bond between
the mineral-based binder and the CFRP grid by the use
of sand-coated grids has negative effects on ultimate load
bearing capacity. It appears that sanding the surface creates
discrete increases in strain and leading to premature failure,
this was however not monitored. But as shown in the shear
strengthening in Figure 9(b), by the use of monitoring strains
in the grid, discrete high strains occur in the vicinity of
cracks.

All MBC-strengthened shear beams, which had no
internal shear reinforcement, failed by rupture of the vertical
tows in the grid. From this series of specimens it was
concluded that increasing the fibre amount will also increase
the ultimate failure load, to what extent is not within the
scope of this paper. But increasing the fibre to a certain
level should imply failure in the intermediate transition zone
between binder and fibre composite. For beams withinternal
reinforcement the failure mode changed from a brittle
shear failure to a more ductile compressive failure. For
the specimens withinternal reinforcement it could be seen
from strain gauge monitoring that the MBC-strengthening
system reduced strains in the steel reinforcement even for low
shear loads. Thus, this indicates that the MBC-strengthening
system can be used for crack width reduction in the service
limit state.

MBC tests have shown that strain hardening mortars
can be successfully used together with embedded FRP
reinforcement and the fibre bridging behaviour of ECC
“compensates” for the brittleness of the grid and prevents
premature failure of it by retaining fast and rigid deforma-
tions in the grid joints. This may enable a better utilization
of the grid.

To the authors’ knowledge, ECC has been implemented
into the MBC system for the first time. Due to its fibre
bridging mechanisms and strain hardening behaviour, ECC
shall further be tested as a bonding agent for mineral-based
strengthening systems. Preliminary results from pullout tests
carried out by the authors have shown that if the application
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FIGURE 9: Strain development at different shear loads. (a) in stirrups without MBC and (b) in stirrups with MBC and (¢) strains in vertical

CFRP tows.

method is correct and the mix is properly compacted around
the CFRP grid, there is a nearly perfect bond on the interface
even at short embedment lengths (45mm) using both
polymer-modified quasibrittle mortars and ECC. Therefore
in a real structural element, the failure mode is expected to
be fibre rupture.

Traditionally, ECC has been used up to its maximum
strain or deformation capacity (especially where energy
dissipation is the major concern). In an ECC-based MBC, the
FRP component is fully used up to its maximum potential;
however the ECC is not because the FRP reinforcement
fails prior to that the ECC would reach its maximum strain
capacity. In a structural member made from pure ECC, the
maximum strain capacity would be characterized by the
highest yet sustainable crack density with evenly distributed
fine cracks.

Despite the fact that when combined with FRP, the
maximum strain capacity of the ECC is not fully utilized,

ECC improves the MBC system significantly. Its main
advantages are that it accommodates larger elongations than
FRP therefore it will not be the weak link in strengthening,
it enforces the failure mode to be more ductile [49]
and prevents or reduces sudden brittle deformations. Its
documented spalling resistance [46, 47] is also very attractive
when designing externally bonded strengthening systems.

6.7. Future Research for MBC

6.7.1. Materials. Strain hardening mortars together with
FRP grids should be further tested especially in shear beams
or other shear sensitive structures where it should yield a
more predictable and ductile failure mode.

Tri- or other multiaxial grids could also be effectively
used, in particular for shear strengthening. More flexible
grids, in which the joints are not rigid using a more
elastic matrix for impregnating the fibres, would most likely
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accommodate larger deformability of the grids for the use of,
for example, wrapping. Also investigations of incorporating
higher fibre amount in the CFRP grid should be made for
further increasing the load bearing capacity.

When using ECC as binder, further investigation is
needed on whether (and to what extent) the large improve-
ment in load capacity is due to a direct tensile contribution
from the ECC or the fact that it is capable to retain grid joints
from fast and brittle deformations breaking the grid or to
slow down this process, hence preventing premature failure
in the grid.

6.7.2. Structural Behaviour and Future Applications. Influ-
ences on the bond in the transition zone between fibre com-
posite and binder should be investigated when increasing the
fibre amount in the FRP grids. The investigations done so
far on the MBC system has shown no problems concerning
the bond to the base concrete structure, future applications
involving enhancing the load bearing capacity should be
followed by an experimental program involving the bond to
the base concrete.

For field applications the influence of shrinkage should
also be investigated, especially when incorporating ECC as a
binder. However, traditional precautions can be taken when
commercially available PMM is used as binders.

Regarding future applications, stay-in-place formwork
could be one new approach, especially for the combination
of using concrete with low-quality as a core material and
then using high-quality binders together with a FRP grid as a
protective outer layer of remaining formwork.

To incorporate the MBC system for the use in civil engi-
neering structures design guidelines should be developed for
estimating the load bearing capacity.

7. Discussion and General Conclusions in
Mineral-Based Strengthening

7.1. Guidelines. One of the most important aspects for
implementing these mineral-based systems for the use in
real structures is that there exist engineering design methods
for calculating the load bearing capacity. To the authors’
knowledge, there exists no general and commonly accepted
design for the mineral-based system. These guidelines should
be made on a sound physical basis dealing with both the
favourable aspects at the service limit state (crack bridging
and crack reducing effects) together with the load bearing
increase in the ultimate limit state.

7.2. Production Methods and Procedures. For strengthening
larger surfaces, sprayed ECC together with FRP grid rein-
forcement may be a solution. Although this paper has not
dealt with sprayable ECC there has been publications about
the topic, see, for example, [84]. As the tensile strength of
the pure ECC is not significantly different from that of a
concrete, combining it with FRP would be useful when the
tensile stresses significantly exceed the upper load bearing
capacity of an additional pure ECC strengthening layer.

7.3. Suitable Materials. Perhaps it is an advantage to
strengthen a structure using a textile for increasing the
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ductility at ultimate failure load due to the relatively poor
bond between binder and fibre composite. However, for
service limit state a full utilization of interfacial bond
between FRP and mortar is desirable to maintain economy.
This justifies the applicability of grid-type reinforcement if
the shape of the cross-section allows a grid to be used. It is
important to emphasize that epoxy coating, compared to the
textiles used in TRC, significantly improves the interaction
between mortar and FRP because of the difficulties of the
mortar to penetrate dry fibre bundles.

An alternative to TRC when ductility is an issue is strain-
hardening mortars together with grids as published in [63,
64]. Strain-hardening mortars also offer the advantage of a
more ductile and predictable failure mode which would be
beneficial for strengthening shear sensitive structures.

It is assumed that ECC, when combined with grids,
would be able to ensure a more even stress distribution
among the grid tows along a crack line because of its fibre
bridging effect. Then the peak strains in the adjacent grid
tows (as shown, e.g., in Figure 9(b)) would be reduced and
redistributed to the neighbouring tows hence making the
failure more predictable.

New matrices could also be introduced for impregnating
the FRP component. A common method for strengthening
columns or beams is wrapping with textiles or continuous
sheets/dry fibres. However, wrapping is not possible when
using an epoxy-impregnated carbon fibre grid due to
the rigidness and brittleness of the matrix. Using textiles
makes wrapping around corners much easier [83]. Using
a semielastic matrix, for example, latex, which still ensures
rigid connection points but allows wrapping around corners,
could be a beneficial solution for ensuring rigidity, anchorage
and effectiveness of the fibres.

7.4. Interactions. Further research should be directed to the
influence of bonding, both between base concrete and binder
along with the transition zone and between binder and
fibre composite. In MBC, having perfect bond between fibre
composite and quasibrittle binder could lead to premature
failure in the FRP. In TRC, bond between textile and mortar
is significantly weaker and there is a limitation of how many
layers of textile can be used effectively without anchorage
problems (if there is no additional mechanical anchorage)
and debonding. This also limits the maximum fibre amount
applicable in a certain direction and therefore the maximum
strengthening effect achievable by a TRC system.

Penetration of the FRP component has been a problem-
atic issue with several existing systems (e.g., dry fibres/sheets,
TRC). Using nonimpregnated sheets, grids or textiles will
generate larger slips and inferior effective strain over the
roving cross section with possibly overloaded yarns. Using
impregnated fibres (fibres imbedded in an epoxy matrix) will
create a more effective strain distribution in the FRP tow such
as in case of FRP grids.

7.5. Other Issues. Further research should also be directed to
the durability and fatigue aspects of mineral-based strength-
ening. In seismic regions, ductility and energy dissipation
capacity is of importance, in this regard ECC-based systems
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which use additional fibre composites as reinforcement could
be further developed and investigated.
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ABSTRACT

This paper reports on a research study investigating CFRP-
reinforced mortars in uniaxial tension, as a strengthening material
for concrete structures. The bare strengthening material was
tested on dogbone specimens. Crack formation, crack
development and the interaction between the grid and the mortar
phase with varying geometrical parameters and mortar
compositions have been investigated and evaluated. The use of
engineered cementitious composites, exhibiting multiple cracking
and enhanced pseudo-ductility in uniaxial tension, was found to
result in an improved overall performance.
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1. INTRODUCTION

Fibre-reinforced polymers (FRP) have become a popular material for strengthening and/or
retrofitting of existing concrete structures. Externally epoxy-bonded FRP systems have been
proven to be an effective strengthening method in repairing or strengthening structures and there
has been a large amount of literature published on the topic; see for example [1-4].

Despite their advantages over traditional strengthening methods, the use of epoxy-bonded
systems is not entirely problem-free [2]. The epoxy resin creates sealed surfaces. Furthermore, it
has poor thermal compatibility with the concrete substrate, it is sensitive to moisture at the time
of application, and it creates a hazardous working environment. In cold climates, the use of
epoxy is limited because of the minimum temperature of application (typically, 10°C or 50°F)
[2]. Therefore, it is of interest to develop alternative strengthening systems where the epoxy
bonding agent can be replaced with cementitious materials, for example a polymer-modified or
purely cementitious mortar with similar properties to those of the concrete substrate and
applicable in a more environmentally friendly and possibly also cost-effective way.

Mortars can be combined with FRP textiles or 2D grids to form an effective strengthening
system. This kind of strengthening system has already been tested by [5, 6] on flexural and shear
beams.

In the research presented, conventional, quasi-brittle, and “ductile” binders have been combined
with CFRP grids. The quasi-brittle binders used are commercially available, pre-mixed,
polymer-modified mortars. The ductile binder is strain-hardening cementitious composite
(SHCC), namely, a polyvinyl alcohol-reinforced engineered cementitious composite (PVA-
ECC), that exhibits strain hardening along with enhanced tensile ductility. The uniaxial tensile
tests aimed at obtaining better understanding of the tensional behaviour of the FRP grid-
reinforced cementitious composite material.

Only the bare strengthening material is tested here, not considering the interaction with the
concrete structure to be strengthened. The main reasons for replacing the conventional mortar
with strain-hardening mortars, in a few specimens, were to 1) enhance the loading capacity, 2)
enhance the deformation capacity, and 3) prevent brittle failure in the FRP.

2. RESEARCH SIGNIFICANCE

By substituting the traditionally quasi-brittle mortar with a strain-hardening cementitious mortar
in an externally bonded strengthening system, the interaction between the cementitious mortar
and the FRP reinforcement can be significantly altered and improved, (potentially) leading to a
more effective use of the FRP reinforcement. Such cement-based systems may in certain
conditions, replace the conventional epoxy-based systems. It is also shown how the behaviour of
a strain-hardening cementitious mortar can improve the mechanical properties of a mineral-
based strengthening system.

3. RESEARCH QUESTIONS

The study aimed to answer the following questions:



51

1. Which is the best material combination/orientation leading to the optimal utilization of
the FRP?

2. How do the failure modes and the load- and deformation capacity compare, depending
on the mortar type? Can a strain-hardening effect be shown in specimens cast with
tensile strain-hardening mortars?

3. Can the brittle and/or premature failure of the FRP grid be prevented by applying a
ductile matrix?

4. Prove whether the dogbone test setup is a suitable test method for testing MBC in
tension.

4. STRENGTHENING WITH CEMENTITIOUS COMPOSITES

The mechanics and design of different FRP reinforcements together with cementitious bonding
agents have been extensively researched. The short overview here is selective to applications,
which have led to strengthening with grid-reinforced mortars. A more detailed “state-of-the-art”
can be found in [7].

Embedded continuous (dry) fibres, fibre reinforced cementitious mortars, textile-reinforced
mortar (TRM) or textile-reinforced concrete (TRC) make use of the tensile strength of the FRP
reinforcement which is significantly higher than that of the mortar phase. The FRP component
in these applications is intentionally aligned accordingly to the principal stresses expected
during the lifespan of the structure. In TRC, the load capacity is heavily dependent on the proper
penetration of the textile by the mortar, as emphasized by e.g. [8]. If instead of a textile, the FRP
is a grid, it offers the advantage of an improved mechanical anchorage due to the rigid joints of
FRP in fine-grain mortars and it ensures that all fibre filaments will work together. The pre-cut
grid, available with different grid spacing and thickness, can be embedded between two layers
of polymer-modified mortar, resulting in a strengthening layer of about 5-10 mm of total
thickness [5].

In a cementitious strengthening system, the bond between base concrete (structure to be
strengthened) and first layer of polymeric mortar is enhanced by a primer. Several tests have
been carried out with grid-reinforced mortars, mainly focusing on flexural [5, 9], and shear
strengthening [5, 10]. These tests have shown that that it is possible to achieve a near-perfect
bond between the grid and the cementitious matrix so that the composite material will fail with
FRP rupture. However, failure of the grid is often premature because of local stress
concentrations.

In the mortar phase, mix designs that introduce fly ash and/or silica fume partly replacing the
cement in order to densify the microstructure result in higher bond strength between FRP
(textiles) and matrix [11]. Mortars can also contain chopped or milled fibres of different kinds.
If such a mortar is used together with an embedded reinforcement, improved bond is expected
because of the fibre interlock mechanism.

In recent years, micromechanically designed strain-hardening materials have been developed, in
which a tensile stress-strain behaviour analogous to that of metals has been achieved. Strain-
hardening cementitious composites (SHCC) are defined by an ultimate strength higher than their
first cracking strength and the formation of multiple cracking during the inelastic deformation
process [12]. However, the inelastic deformation behaviour of SHCC is based on the sequential
development of matrix multiple cracking while undergoing strain-hardening [13]. It is more
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accurate to refer to the mechanism as pseudo strain hardening in order to differentiate it from the
“real” strain hardening observed in metals, that is based on dislocation micromechanics in the
plastic deformation regime.

The most typically used SHCC, the engineered composite (ECC) utilizes short, randomly
oriented polymeric fibres (e.g. polyethylene, polyvinyl alcohol) at moderate volume fractions -
typically less than 2% [13, 14]. ECC has been used in standalone and strengthening applications
where ductility is an important criterion. The pseudo strain-hardening behaviour of ECC has
been utilized as a mechanism to redistribute concentrated loading and thus prevent sudden
failure at critical structural connections where steel and concrete come into contact, i.e., shear
studs, fasteners or joints, where a steel beam meets an RC column in a hybrid structure [15]. The
high damage tolerance of ECC is valuable to the performance of a structure in terms of collapse
resistance, extension of service life, and minimization of repair after an extreme event [15] or
strengthening purposes. When used in combination with (steel) reinforcement, the tensile
ductility of the ECC matrix can on a macro scale, eliminate the strain difference between
reinforcement and matrix material [13].

5. LOAD-DEFORMATION RESPONSE OF CEMENTITIOUS COMPOSITES
5.1. Tensile response of cementitious materials

Cement-based composites can be conveniently classified according to their tensile response
[12]. The authors have compared the tensile behaviour of steel fibre reinforced concrete, textile
reinforced concrete (TRC), engineered cementitious composites (ECC), and steel-reinforced
ECC more in detail, based on the existing literature. Only a comparative figure is being
presented here (Figure 1) with brief explanations. The different stages are named in a way that
they mean the same for the different materials, so not all stages exist for all materials.

Quasi-brittle and ECC mortars used in the tests behave identical to the mortar components
shown in Figures 1a and 1c, respectively. During the formation of multiple, evenly distributed,
closely spaced, small cracks (Figure 1c), the ECC matrix shows an overall strain-hardening
behaviour, without definitely distinctive parts in the curve from cc. to opc. After localization,
there is a gradually decreasing, softening range due to the fibre pullout mechanism.

ECC works well with regular steel reinforcement [16]. The hardening part of the load-
deformation curve of the steel reinforced ECC (R/ECC) is not as uniform as in plain ECC but
has a steeper and a gradually raising part, in accordance with the elastic stage/yielding of the
steel. In the inelastic deformation regime, where both components are yielding, cracking of the
ECC and yielding of the reinforcement are uniformly distributed over the length of the
specimen, until rupture of the steel. The hatched area in Figure 1d represents the contribution of
the ductile matrix compared to steel.

Finally, in TRC [17] where the FRP is linear elastic up to failure and the mortar (typically) is
quasi-brittle, the hardening part can be divided in two distinct parts as shown in Figure le. After
first crack formation, the load-deformation curve shows a small increase in loading capacity due
to the formation of additional transverse cracking. The member is softened by the formation of
additional crack(s) and the load increase per deformation increment is decreasing with each
crack until the stabilized crack pattern (11/b) is reached which is nearly linear.
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Figure 1 — Tensile response of cementitious materials, based on and [12, 13, 18, 19].
(a) Conventional mortar and concrete, (b) strain-hardening cementitious composites, (c) steel
vs. reinforced concrete vs. steel-reinforced engineered cementitious composite, (d) textile-

reinforced concrete.

Crack widths here are governed by the FRP reinforcement and the bond characteristics to the
surrounding concrete matrix, and mainly the FRP determines the stiffness of the member.
However, the uncracked segments between the cracks still increase the stiffness of the member,
as long as they are not debonded from the FRP reinforcement. Since the FRP reinforcement has
no inelastic deformation capacity, failure of a TRC is characterized either by slippage in the
fibre tows or by linear elastic deformations until the FRP ruptures in a brittle manner upon
reaching its tensile failure strain [17]. In practice, final failure normally is a combination of both

fibre slippage and rupture [19].

If the TRC matrix contains short fibres, after first cracking the hardening part becomes uniform,

similar to that of the ECC [18].
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5.2. Tension stiffening effect

The contribution of a cementitious matrix to the load—deformation response in uniaxial tension
is generally described as tension-stiffening effect [20]. The response of the reinforced
cementitious composite is compared to that of the bare strengthening material (steel or FRP) and
the difference in load capacity is attributed to the tensile load carried by the cementitious matrix
between transverse cracks. The matrix contribution is most emphasized in steel reinforced ECC
(Figureld), but also significant in textile reinforced concretes (Figure 1e).

6. EXPERIMENTAL PROGRAM

6.1. Materials

In the experimental program, two different CFRP grids and three types of mortars were used.
Material properties are listed in Table 1 (grids) and Table 2 (mortars).

Table 1 — Material properties of the grids used

FRP S paci ng EL Ett f|_t th €Lt ETt
tested values L X T [mm] [GPa] [GPa] [GPa] [MPa] [%0] [%0]
small 24 x 25 79 51 988 740 12.5 14.0
medium 42 x 43 85.4 45 944 500 11.1 11.1

FRP supplier Spacing Eim Etm fim frm £t £Tt
data Lx T [mm] [GPa] [GPa] [GPa] [MPa] [%0] [%0]
small 24 x 25 262 289 4300 3950 15.0 14.9
medium 42 x 43 284 253 3800 3800 13.4 15.0

Table 2 — Material properties of the mortars used

Material E. [GPa] fe[MPa]  fu[MPa] w/c notes
M1 (from supplier) 26.5 53.2 9 0.16 -
M2 (from supplier) 35 77 2.8 -
ECC Fly ash 45 mass %;
(from earlier tests) 19 60 3 0.88 PVA 0.01 mass %

The utilized grids are the C3000 A X1 grid (referred to as “medium grid”’) and the C5500 A X1
grid (“small grid”) from Chomarat, U.S. Both grids are epoxy-coated with a fibre volume
percentage of 20-25%. We used two pre-mixed, commercially available mortars; StoCrete GM1
(M1) and StoCrete TS100 (M2), from Sto Scandinavia AB. These mortars are one-component,
high-strength, polymer-modified, quasi-brittle mortars with tensile strengths of 53.2 MPa (M1)
and 77.0 MPa (M2). M1 also has low fibre reinforcement content. The exact mortar
compositions or information on the fibrous component is not provided by the manufacturer.

The used primer (Table 3) is a one-component, cement-based and polymer-reinforced powder
mixed with water. It is used as a silt-up product on the roughened (sandblasted) concrete
surface. Its function is to enhance the bond in the transition zone.

Table 3 — Material properties and mixing ratio for the primer
Density [kg/m’] Oimax [MM] Mixing ratio, primer:water
Primer 2020 2 1:0.22
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The third mortar tested is an ECC mix (“DTU ECO-3 M9 Melflux”) containing PV A fibres (1%
by weight, or 2% by volume) and a large portion (44% by weight) fly ash. Its tensile strength is
60 MPa. The exact mix composition is given in Table 4.

Table 4 — Mix composition of the ECC used

Material Fraction [mass %]
Cement (basic Portland) 22

Fly ash 44

Sand (<0.15mm) 8

Quartz powder 100/22 8

Water 18
Superplasticizer (Melflux) 0.02

PVA fibre (oiled) 1

6.2. Test matrix

With the three different mortars (M1, M2, ECC), two different grids (medium and small) and
three chosen grid configurations (0°, 90°, and 15° with respect to the applied tensile force), the
final test matrix consists of 13 different combinations, 3 specimens per each series, in total 44
specimens. The first five are dummies (2 x M1 without reinforcement, 2 x M1 with medium grid
longitudinal direction, and 1 x ECC medium grid longitudinal direction), followed by the 3x13
reinforced specimens. The tested combinations are summarized in Table 5.
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Table 5 — Test matrix

Series Mortar Grl_d Grl_d Test specimen Nq. of
nr. spacing  config. specimens
1 M1 Dummy 2
2 M1 medium 0° Dummy 2
3 ECC medium 0° Dummy 1
4 M1 M1 reference 3
5 M2 M2 reference 3
6 M1 medium 0° M1-0-M 3
7 M1 small 0° M1-0-S 3
8 ECC medium 0° ECC-0-M 3
9 ECC small 0° ECC-0-S 3
10 M2 medium 0° M2-0-M 3
11 M1 medium 15° M1-15-M 3
12 M2 medium 15° M2-15-M 3
13 M2 small 15° M2-15-S 3
14 M1 medium 90° M1-90-M 3
15 M1 small 90° M1-90-S 3
16 M2 small 90° M2-90-S 3

6.3. Specimens

Earlier “dogbone” tests with textile reinforced concrete and a large-scale experiment were
described by [21], on 900 x 100 x 60 mm specimens with a 10mm thick web. Based on those
sizes, but considering that a typical MBC strengthening layer consists of two 10 mm thick layers
and a grid, new specimens were designed, as illustrated in Figure 2.

e ﬂ‘{-\%ﬂ T e

180

150

(a) (b) (d) (e) (n (g) (h)

Figure 2 — Test specimen and reinforcement configuration
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For brittle or quasi-brittle materials, the uniaxial tests are very sensitive, as an uncontrolled
deformation at cracking occurs despite the displacement control. In addition to that, the dogbone
geometry is very sensitive to cracks initiating towards the ends of the test field, where the thin
web meets the bulk end of the specimen. To prevent cracking in these areas, the optimal solution
would be a concave slant surface (a) or a specimen with 2-step slant surface (b) to minimize this
risk. Due to resources, simpler dogbone geometry was decided upon (c and d), with a total
length of 980 mm, and a web thickness of 20 mm.

The length of the test field was set to the longest possible so that it has a high crack potential;
yet short enough to be able to de-mould and handle the specimens without breaking them apart.
The final dimensions were set to 160 x 160 x 980 mm in order to meet the geometry of the
existing moulds, with a representative test section of 400 x 160 x 20 mm. The CFRP grid was
placed in the mid-plane of the specimen (Figure 2b) into the slits at the ends. Figure2e through
Figure 2h shows the different reinforcement orientations. The 30 x 30 mm wedged slits at the
end of each bulk can be used to glue some additional CFRP material to the reinforcement with
epoxy as extra anchorage in the case that bond slippage occurs prematurely. The end slits were
wedged, to ease the de-molding process. All specimens were de-molded after 24 hours except
for the unreinforced reference specimens and the ECC specimens, which were de-molded after
48 hours. All specimens were water cured for at least 28 days prior to testing.

6.4. Anchor clamp

The uniaxial test requires special devices for loading. The anchor clamp is the fixating
mechanism between the test machine and the test specimen. Its main purpose is to hold the
specimen fixed and centred, and to transfer the tensile force form the test machine evenly into
the specimen. It has joints in both planes parallel to the tensile force, to avoid any shear forces in
the specimens.

The clamps were designed based on combining multiple clamp designs detailed in [22], shown
in Figure 3. A combination of (b) and (d) has been chosen and custom-welded for this
experiment. From (b), the concept of two crossbars, transferring the force through a slant
surface, and from (d), the double joints were taken, in order to nullify any shear forces in the
web. However, in order to save space, the custom device had both joints working in the same
plane.

(a) (b) (©) (d) (e)
Figure 3 — Various tensile clamps for direct tensile testing [22]

Between the crossbars and the specimen, neoprene was used to distribute the forces evenly. The
main bulk of the specimen is in compression at all times during testing, which means that the
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connection between the clamp and the specimen is less vulnerable to fracture. The clamp is self-
centring, since the crossbars are rotate-able and automatically wedge the specimen into the right
position. The side plates are also able to rotate, to help the easy mounting and demounting of the
specimens. The anchor clamps are shown in Figure 4.

Figure 4 — Custom-welded self-centring anchor clamps
6.5. Measurements and monitoring

The dogbone tests were run under displacement control at a rate of 0.6 mm/s. The load-
deformation behaviour was monitored within the representative test section, and recorded by a
data logger connected to the test machine. A digital image correlation system (ARAMIS from
GOM Optical Measuring Techniques, Germany) was also used to monitor deformations in the
test field. ARAMIS is a non-contact and material independent 3D optical measuring system,
which analyzes, calculates, and documents material deformations by means of recording and
calculating relative displacements of discrete points on a patterned surface. The ARAMIS
measurements were conducted primarily to monitor and analyze crack development and crack
widths. In addition, strain overlay photos were taken for illustrating crack development within
the test field.

7. EXPERIMENTAL RESULTS

7.1. Evaluation and presentation of test data

The specimens were compared by their load-deformation behaviour, first cracking strength,
failure load, mean number of cracks developed within the test field and average crack width.

The ARAMIS documentation consists of plots illustrating crack development (crack widths,
crack density) and elongations within the test field.



59

7.2. Load-deformation response

The un-strengthened mortar specimens failed in a brittle manner as expected for plain mortar.
Average failure loads were 8.7 kN and 8.3 kN for M1 and M2, respectively.

Three quasi-brittle specimens had small cracks on them close to the end of the test field after de-
molding; these are excluded from the results. For the remaining specimens, the tensile response
is plotted in Figures 5-15. Here we did not include the plain mortar specimens to save space (the
response was linear elastic). Additionally, part of the curves we plotted against the measured
properties of the bare grid on Figures 5-9, and 13 [23], which is the straight line starting at first

cracking.
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Parallel to the plots, Table 6 summarizes first cracking and failure loads, also including the plain
mortar specimens.

Table 6 — Results

First cracking
load

Min. expected load capacity

Test specimen  Failure load (grid only) [kN]

Mean nr.  Average crack

[kN] [kN] of cracks  width [mm] theoretical/measured
M1 reference 8.7 8.7 1 N/A N/A
M2 reference 8.3 8.3 1 N/A N/A
M1-0-M 9.2 7.2 2.3 N/A 14/22
M1-0-S 8.3 7.5 2.7 0.7 7/8.8
ECC-0-M 15.0 8.3 6.7 0.3 14/22
ECC-0-S 17.3 9.7 7.0 0.2 7/8.8
M2-0-M 11.9 6.8 2.3 0.7 14/22
M1-15-M 7.7 5.7 1.3 N/A N/A
M2-15-M 8.5 7.1 1.7 N/A N/A
M2-15-S 6.6 N/A N/A N/A N/A
M1-90-M 15.9 6.6 4.0 N/A 14/22
M1-90-S 8.9 7.4 4.3 0.6 9.8/8.1
M2-90-S 9.0 5.9 6.0 N/A 9.8/8.1

As a general remark, we can conclude that the there is a significant difference in the behaviour
of the quasi-brittle and “ductile” specimens after first cracking. Curves of quasi-brittle mortars
M1 and M2 are jagged and have a significant drop in load carrying capacity right after the first
crack (and after every further crack developing). Contrary to the quasi-brittle ones, the ECC
specimens after the first crack show a further load increase until the peak load. These curves are
smooth due to the fibre-bridging characteristics of the ECC. However, it has to be noted that
only a total number of six ECC specimens were tested, so our results are not conclusive.
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First cracking strengths are slightly higher in the ECC specimens (8.3-9.7 kN) compared to the
quasi-brittle specimens (5.7-7.5 kN). In case of the ECC, it was difficult to determine, even from
the test data, when exactly the actual cracks form, because of the smooth transition between the
un-cracked and the cracked stage. Studying the load-deformation graphs of the ECC specimens
and applying tendency lines between the pre- and post-cracking stages, we approximated the
first cracking loads. It revealed that the initial cracking of the ECC does in fact occur at a later
stage than for the M1 and M2 specimens.

The most consistent behaviour we could observe in the M1-90-medium and MZ1-90-small
specimens. Interestingly, in both of the ECC series, we had one specimen behaving very
differently both in terms of first cracking load and stiffness (see discussion).

7.3. Comparative load-deformation plots

Specimens with similar grid size, and/or orientation have been paired and plotted in Figures. 16-
19. Figure 16 shows all medium grids when placed longitudinally, in different mortars. Figure
17 compares all transversally placed grids. Figure 18 shows the small grid placed longitudinally.
Finally, Figure 19 illustrates the effects of the (medium) grid orientation from 0° to 90° for one
quasi-brittle mortar (M1).
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Figure 16 — Medium grid 0° Figure 17 — All 90° grids
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From Figures 16-19 along with the individual plots against the bare grid (Figures 5-9) it can be
concluded that a significant and consistent tension-stiffening effect can only be shown for the
ECC, while there is only a slight to moderate increase in load capacity with the quasi-brittle
mortars. First cracking in ECC happens slightly later than in M1 and M2. In case of the small
grid (Figure 18), after first cracking, the load capacity does not increase significantly if we use
quasi-brittle mortars, while it does in the ECC-based specimens.

All 90° grids are plotted in Figure 17. The M1 mortar gave the most concise results, highest
failure loads, and largest deformations, while the most brittle mortar, M2 yielded the most
jagged and least concise results allowing very little deformations compared to any other
combinations.

Finally, Figure 19 illustrates the changes in stiffness and load capacity with the grid orientation
for the medium grid with the M1 mortar. Unexpectedly (and against the material data given in
Table 1), the transversally rotated grid showed to be the strongest, while the 15° grid the
weakest. In addition, the 90° medium grid combinations accommodated the largest elongations.

7.4. Crack widths, crack patterns

Figures 20-21 show two ARAMIS plots for the specimens M1-90-small and ECC-0-small. The
crack widths of the ECC specimens are very small, ranging from 0.20 mm to 0.40 mm of the
medium grid, and 0.08 mm to 0.50 mm for the small grid and they are not fully developed. In
addition to that, the cracks are more evenly distributed in the ECC. In contrast, the crack widths
determined by ARAMIS are ranging from 0.20 mm to 0.80 mm of the M1-90-small and
between 0.75mm and 1 mm for the M2-0-medium. “Average crack widths”, defined as the sum
of crack widths divided by the number of the cracks within the test field, are also given in Table
6, where available.
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Figure 20 — Crack widths recorded by ARAMIS, M1-90-small
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Figure 21 — Crack widths recorded by ARAMIS, ECC-0-small
7.5. ARAMIS “strain images”

The crack development was monitored by ARAMIS. The strain overlay images taken at the
moment of failure confirm the characteristic ductile behaviour of the ECC as it shows more
numerous, finer and more evenly distributed crack patterns compared to the quasi-brittle (M1
and M2) mortars. Where no strain images were available (Figure 22a, f, g and h), failure photos
are given. The cracks in all specimens developed in line with the grid tows.



65

(g) M2-15-medium | (1) M1-90-medium  (J) M1-90-small (k) M2-90-small
Figure 22 — Crack development as documented by ARAMIS.

8. DISCUSSION

We can compare the behaviour of the composite with the tensile properties of the bare grid. The
specimens with the medium or small grid have 4 or 7 tows in the test section, respectively. The
load capacity of the bare grid can be calculated based on manufacturer data. For the medium
grid, it is 3.5 kN/tow in both directions, while for the small grid it is 1.4 kN/tow and 1.0 kN/tow
in longitudinal and transversal direction, respectively. Test data from Blanksvard gave much
higher values [23]. Compared to these, the failure loads of the composite should be higher.
Examining the failure loads, however, we can conclude that with quasi-brittle mortars we get
significantly lower values (we do not even reach the nominal capacity of the grid) in all cases
except for the transversally placed medium grid. The ECC specimens exceed the manufacturer-
given grid failure loads, but still fall behind the tested values, suggesting premature failure of the
grid.

The most concise, and homogenous test series were M1-90-medium and M1-90-small, with
quasi-brittle, but fibre-reinforced mortars while the most scattered ones are the M2-series. The
significant differences within the same test series (in particular, M2-15-small and M2-90-small)
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are attributed to micro-cracks developing during the de-molding process, due to the very fragile
geometry.

In case of the ECC, there is one specimen in both series showing a very different behaviour. One
possible explanation to this could be the way we mixed the mortars. We could only mix a very
small quantity in one batch because we used a dedicated mortar mixer with a limited capacity. It
is possible that there were some very slight changes in the fibre content (2 vol. %) and/or water-
to-cement ratios in the two separate mixes. Based on the known behaviour of the bare ECC
(Figure 1), we believe that ECC-0-medium (3) and ECC-0-small (3) should be cancelled out of
the results. The remaining specimens show a similar behaviour in terms of first cracking
strength and stiffness.

It was observed that the medium grid performs very differently depending on its orientation.
Two possible reasons for the “over-performance” of the medium grid when transversally placed
are (1) that the joints can deform more without fibre breakage in that direction. The grid joints
look and behave differently depending on the grid orientation; this is due to the “woven” nature
of the grid. (2) Another possible explanation is the additional anchorage provided by the epoxy
surplus, which for some reason is only present on the transversal fibre tows. In earlier tests by
[5] however, it was shown that sanding the grid (giving increased bond) creates stress
concentrations and premature rupture, therefore it cannot be stated that the additional anchorage
equals to increased load capacity. Further research is needed in this regard.

The 15° orientated specimens, compared to the longitudinally placed reinforcement, do not
develop as many cracks, and have a slightly reduced tensile strength. Cracks developing here
tend to follow the grid tows. Finally, the behaviour of the small is less direction-dependent than
that of the medium grid.

Some specimens initiated cracks near the ends of the test field. We attributed this to the fact that
the dogbone geometry is prone to initiating cracks near sharp changes in cross section because
of possible local stress concentrations. Using improved (curved) dogbone geometry, however,
would have made the testing procedure far more time consuming and expensive. The test setup
showed to be particularly sensitive to de-moulding, handling, and testing because of the very
thin test field.

In addition to the possibly too low curing time before de-molding, there is an initial curvature in
the grid strips because of the factory shape (roll). The grids were tensioned in the slits at both
ends before casting in order to reduce the curvature. Yet in such a thin cross-section, the effect
of the slightest curvature may be significant, and it might result in reduced performance. This
effect has not been investigated more in detail.

9. CONCLUSIONS

The goals of the experimental program have been fulfilled in great part. A wide scale of material
combinations has been tested, yet not all possible combinations. Adaptation of the dogbone
geometry to testing large MBC-specimens has been successful with some limitations. Most of
the specimens have been able to initiate cracks within the pre-defined test field, but an improved
geometry would yield results that are more concise.

Multiple cracking and a significant tension stiffening behaviour were observed when applying a
ductile, PVA-reinforced ECC as bonding agent, which, based on the two only test series, has
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proven to be superior to quasi-brittle mortars. ECC has given significantly higher failure loads
and prevented pronounced drops in load capacity by its increased ductility. Recorded peak
values in the load-displacement curves show a more balanced behaviour for the ECC specimens.
The same plots for the quasi-brittle mortars are jagged indicating a more uneven stress
distribution and possible local failures in the grid joints. Typical brittle failure and
corresponding crack patterns were recorded in case of the quasi-brittle M1 and M2 mortars.

10. FURTHER RESEARCH

Quasi-brittle mortars rely on high bond strength between CFRP reinforcement and the mortar, to
accommodate the high internal stresses. Therefore, bond slip or local high stress concentrations
may result in failure of the grid joints. Using a mortar with improved ductile deformation
capabilities, where the CFRP reinforcement and the cementitious matrix deform close to
identically, results in a composite material where apparently high mechanical bond stresses in
local areas, as the grid intersections between the longitudinal and transversal tows are
significantly reduced, thereby preventing bond slip damage to the CFRP-reinforcement.

The high fly ash content of ECC results in a refined and densified grain structure. This may
improve the bond strength between the grid and the mortar, as confirmed by [11] for
yarns/textiles embedded in cementitious matrices. The apparently better bond characteristics of
ECC are also partly due to the compatible deformation behaviour between FRP reinforcement
and ECC, which makes ECC very attractive for further investigation in combination with FRP
grids.

Due to its pseudo strain hardening and fibre bridging properties, and for the additional
mechanical anchorage it provides for the FRP grid, ECC will be tested further as a bonding
agent for mineral-based strengthening. The different geometry (and associated rigidity, and
deformation capacity) of the grid joints in the two perpendicular directions could also be further
investigated, as this may have caused the significant “over-performance” of the medium grid in
transversal direction.

Finite element modelling of the interaction between grid and mortar would give a better
understanding of structural applications where mineral-based strengthening systems are subject
to tensional/splitting forces, or axial forces combined with bending.
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Shrinkage tests have been performed on blended Portland cement based early-age concrete with
different w/c ratios, undergoing variable temperature curing. Results showed presence of induced non-
negligible autogenous swelling which could mitigate part of the stresses related to shrinkage at very
young concrete age. Recorded swelling was higher at higher curing temperatures and longer duration,
especially pronounced for the low w/c mix. The swelling continued for several days after the temperature
stabilized. Although not investigated directly, evidence to the nonlinear nature of the thermal expansion
coefficient in young concrete has also been provided.

@ 2017 Elsevier Ltd. All rights reserved.

1. Introduction
1.1. Autogenous deformation and cracking risk

The young concrete is at an increased risk of cracking due to the
combination of differential shrinkage and internal restraints. In
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mass concrete, differential shrinkage results from inability of the
structure to dissipate quickly the heat generated, resulting in lar-
ger temperature gradients and corresponding larger autogenous
shrinkage (AS) in the center, while the aggregates act as restraint
[1]. In thin structures with large surfaces drying out, combined
autogenous and drying shrinkage can generate high enough stres-
ses that lead to early-age cracking.

Autogenous, or self-desiccation shrinkage is an inherent part of
the total deformation that is unavoidable [2-4], because it is a
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ABSTRACT

Shrinkage tests have been performed on blended Portland cement based early-age
concrete with different w/c ratios, undergoing variable temperature curing. Results
showed presence of induced non-negligible autogenous swelling which could mitigate
part of the stresses related to shrinkage at very young concrete age. Recorded swelling
was higher at higher curing temperatures and longer duration, especially pronounced
for the low w/c mix. The swelling continued for several days after the temperature
stabilized. Although not investigated directly, evidence to the nonlinear nature of the
thermal expansion coefficient in young concrete has also been provided.
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1. Introduction

1.1 Autogenous deformation and cracking risk

The young concrete is at an increased risk of cracking due to the combination of
differential shrinkage and internal restraints. In mass concrete, differential shrinkage
results from inability of the structure to dissipate quickly the heat generated, resulting
in larger temperature gradients and corresponding larger autogenous shrinkage (AS) in
the center, while the aggregates act as restraint [1]. In thin structures with large
surfaces drying out, combined autogenous and drying shrinkage can generate high
enough stresses that lead to early-age cracking.

Autogenous, or self-desiccation shrinkage is an inherent part of the total
deformation that is unavoidable [2-4], because it is a direct consequence of chemical
shrinkage that happens after the final set of concrete [4-8]. With the recent increased
use of high early strength-, high performance-, and/or blended binder concretes, with
low water/cement ratio the AS makes up for a substantially larger part of the total
shrinkage [9-12]. It is significant enough to induce micro- or macro cracking due to
the increased paste volume and higher binder content per unit volume. In a high
performance concrete sample, AS reached 240 x 10 by 24 hours of age [9] this
presents a significant cracking risk if movements are restrained.

1.2 Autogenous expansion

Typically, autogenous deformation (AD) manifests as shrinkage. Recent research,
however, has reported on cases where a substantial autogenous expansion or “AD
swelling”, as commonly referred to, has occurred; e.g., [10,13-18]. This expansion
may be beneficial since it has the potential to partially mitigate tensile stresses when
the young concrete has a very low modulus of elasticity. For estimating cracking risk
in young concrete undergoing early expansion, however, it has been recommended
that the conservative estimation of using the net shrinkage (occurring after early-age
expansion) be used, instead of the total deformation after first setting [9], thereby
ignoring the possible shrinkage-mitigating effects of the early-age expansion.

Autogenous expansion in early age concrete/mortar typically takes place after the
cooling down stage. Earlier studies showed that the natural cooling down phase from
temperatures exceeding 50°C was characterized by a reduced rate of AS and was
followed by autogenous expansion. The expansion started at about 4 days of age and
was attributed to thermally induced swelling [10]. Heating-cooling curing regime has
been observed to cause AD swelling during the cooling off phase, lasting until the
temperature levels off [19]. The AD swelling is likely to appear in concrete having w/c
ratios over 0.40.

Recently, slow expansion of over 10 days in fly ash concretes was observed [13].
The onset of swelling about coincides with the maximum temperature and continues
throughout the cooling down phase. Swelling is prominent when AT < 20°C,
regardless of fly ash content (17—45%). The Type | OPC reference sample, however,
exhibits swelling despite that it has undergone a 30°C temperature change. AD
swelling was also observed in both OPC cement paste and OPC with 30% and 45%
blast furnace slag (w/c 0.40) [16]. In that case, the curing temperature of 60°C was
applied 50 hours after casting. The AD swelling was observed for the entire duration
of the cooling down phase [16]. Smaller but steady swelling was also observed in the
OPC sample cured at 40°C. AD swelling in OPC concrete with 50% fly ash w/c 0.30,
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under 20°C isothermal conditions has been reported by others, [15]. The expansion
occurred well after the concrete has cooled down; the temperature in the sample did
not reach 25°C at any point. The swelling was prominent at around day five and lasted
for another 7-8 days. The authors attributed the swelling to a possible ettringite
formation. No swelling was observed in mixes with only 25% fly ash. Finally, AD
swelling has been also linked to possible ettringite formation in mixes made with
coarser cements by [17].

1.3 Thermal dilation

During hydration, fully coupled autogenous deformation (AD) and thermal
deformation (TD) are recorded as free deformations. For a generalized model capable
to describe any conceivable temperature history and to calculate shrinkage-induced
stresses, it is fundamental to have a robust, generalized model for both AD and TD
[10]. Assuming that the development of CTE over time is known for the young
concrete, the total deformation could be split into AD and TD to determine the relative
importance of each mechanism separately. However, for young concrete, the thermal
dilation coefficient CTE(t) is highly nonlinear, depending heavily on the moisture
content [20,21], since water has a CTE about 7 times that of hardened concrete. The
development of CTE appears to be less affected by the curing regime history than the
AD and may also be influenced be the pore structure in the concrete body [21]. After
casting, the CTE decreases sharply during the first hours due to large amounts of
unbound water (above 20x10°%/°C) [22-24], to a minimum value around setting time
(~6-7x10°/°C), and thereafter it slowly increases with time due to self-desiccation
[20], converging to the value characteristic of hardened concrete (9...12 x10°%/°C).
The reduction around setting time is due to the fact that before setting, the free water is
continuous while as a solid skeleton is being built up, this continuity gets disrupted.
Ranges of CTE (typically for hardened concrete) are available in literature, but data
for early-age concrete are rather limited and inconsistent.

It was beyond the scope of this study to determine the development of CTE for
the specific concrete mixes. However, if splitting of the total (free) deformations is
attempted to characterize the autogenous deformation separately, it is crucial to use
proper CTE values.

1.4 Variable temperature curing

It has been well known and implemented in early models [25,26] that the
magnitude of AS depends on the maximum temperature reached throughout the curing
process. Variable temperature curing where the length of the curing certain
temperature level varies, has not been taken into account when modeling AS.

Recent data reveals that different imposed temperature paths result in
substantially different AD developments, even despite the same degree of hydration;
and that the AD can manifest as expansion in certain circumstances. Measuring AD
directly, at constant temperature levels, and deducing AD from these for other
temperature levels does not appear to be possible due to both the magnitude and the
development rate of AD showing strong temperature history dependence
[5,10,13,14,27,27]. Others also emphasized that higher temperature does not
necessarily lead to higher AS. As a result, AD in a real structure cannot be predicted
from isothermal test results because the fundamental behavior (contraction or
expansion) depends on the specific imposed temperature history [28].



This study has been focusing on providing experimental data for the modeling of
AD under variable temperature curing, for later incorporation into existing AD
models, in order to address the knowledge gap regarding variable temperature curing.

2. Experimental procedure

2.1 Materials
Tests have been performed on ordinary concrete with w/c ratios of 0.38 and 0.55.
The mix designs are tabulated in Table 1.

Table 1. Concrete mix designs used in the project; BAS and ANL mixes provided by
Cementa.

BAS 0.38 BAS 0.55 ANL 0.55  ANLFA 0.38
kg/m* L/im* kg/m®* L/m* kg/m®* L/m* kg/m®* L/m?
cement 470 157 360 120 340 106 294 92

*

fly ash - - - - - - 126  N/A
0/8 975 361 1067 395 1072 397 928 343
8/16 790 298 733 277 398 150 844 318
16/27 - - - - 401 150 - -
water, eff. 179 179 198 198 187 187 168 168
air content 5 5 10 10

“N/A: replaced by weight fraction; density of fly ash not tested.

As binder, two different kinds of Portland cement, both produced by Cementa,
Sweden were used. The BAS cement, type II/A-V 52.5N, according to EN 197-1,
contains 16% fly ash and 4% limestone. The coarser ANL cement type CEM | 42.5 N
- SR 3 MH/LA, according to EN 197-1, has low CzA content. The physical and
chemical properties of both cements are shown in Table 2.

Table 2
Physical and chemical properties of binders

Property/amount BAS cement ANL cement
Blaine-fineness 450 m¥kg 310 mkg

Setting time 150 min 160 min
Compact density 3000 kg/m® 3200 kg/m?
CaO 55.4% 64.1%
SiO, 24.0% 22.4%
Al,O4 6.7% 3.7%
Fe,O3 N/A 4.5%



MgO 2.8% 1.2-1.5%

K,0 1.3% N/A
SO; 3.4% 2.4%
Water-soluble Cr®* <2 ppm <2ppm
C:A 5.2% 2.1%
CsS N/A 48%
C.S N/A 28%
C4AF N/A 13.8%

Mix ANLFA 0.38 was made by replacing 30 wt% of the cement of a proven
Cementa mix (“ANL 0.38”; not used here) with fly ash. In addition, the 16/27
aggregate was replaced by 8/16 in order to ensure a better dmax : Sample diameter ratio.
This mix was not optimized further. ANL is a much coarser cement, therefore, in the
ANLFA mix, more prominent swelling could be expected for the same curing
conditions than in any other tests since both the cement coarseness and the high fly ash
content have been linked to expansion or delayed ettringite formation; [17] and [15],
respectively.

2.2 Test set-up

The test set-up (Figure 1) is based on earlier research [26]. Free deformation was
measured on sealed, @=80mm, h=300mm concrete cylinders by two symmetrically
mounted LVVDTSs, mounted on composite bars made of carbon.

Fig. 1. Test set-up

For every variable temperature regime/material combination, two specimens were
cast; a heat-cured sample and a reference sample cured isothermally at 20°C. The
temperature of the specimens was controlled based on the temperature measurements
in the water tank with + 3°C accuracy. The curing regimens consisted of the initial
adiabatic rise, followed by a constant curing temperature; 6°C, 35°C and 50°C, kept
constant for 1, 3, and 5 days, Figure 2. In the last stage samples were cooled down to
20°C. The steering for the cooled down sample has been inverted so that the rate of
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cooling down/heating up to 20°C corresponded to the rate applied for the heat-cured
samples. The total duration of the tests was 14 days. The number of samples was 3
(BAS 0.38-50-3D), 2 (all other 50°C and 35°C levels for both BAS concretes), and 1
(6-5D samples and ANL/ANLFA control mixes).

60

= — - — isothermal ref. (20°C)
— — — B6°C for 5 days [6-5d]
35°C for 1 day [35-1d]
(3—E—€) 50°C for 1 day [50-1d]
&— & 50°C for 3 days [50-3d]

a1
o

40

Temperature [°C]
w
o

0 2 4 6 8 10 12 14
Time after casting [days]

Fig. 2. Curing regimes

Specimens were allowed to develop their natural adiabatic temperature rise until
the mounting of the LVDTs which was done at approximately 8 hours after casting.
The sealed samples were submerged into the water bath with matching temperature to
avoid thermal shock strains. The deformation values were zeroed at 8.5 hours. The
logged data consisted of the coupled free deformations, the temperature of the
controlling water bath and in the center of the samples, and room temperature versus
time.

The same test setup and logging equipment have been used on a piece of steel
pipe of the same geometry to show that the deformations recorded are “real”. Since
steel has a constant and known thermal coefficient and all its deformations are purely
thermal, the deformation measured is expected to closely follow the steering curve,
consisting of straight lines during warming up and cooling down, and no deformation
when the temperature is kept constant. The — not zeroed — deformations recorded on
the steel pipe sample are shown in Figure 3, which proved the reliability of the used
setup.
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3. Test results and discussion

The individual results for the BAS cement recipes are plotted as free deformation
(AD+TD) vs. time after casting and are shown in Figures 4a—d and 5a—d. Negative
values represent shrinkage while positive values correspond to expansion — AD
swelling and/or thermal expansion. Each plot shows the coupled deformation of the
heat-cured sample against the 20°C isothermal reference, along with the steering and
the recorded heat development in the center of the heat-cured sample. The
deformations plotted represent the average of the two LVDT readings for each sample,
averaged through the total number of samples per test, zeroed at 8.5 hours. The scatter
was less than 10% in end value after 14 days.

The measured deformations of the two control mixes with ANL cement are
shown in Figure 6a and 6b. The plots are only shown here in order to compare the past
cooling off behavior. No deeper analysis has been performed on the ANL/ANLFA
samples because of the small sample size. Reference sample data are not available for
the ANL sample.
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In the free deformation plots of the heat-cured samples, the following stages can
be distinguished:

Initial expansion due to heat of hydration

For both wi/c concretes, all deformation plots begin with a small initial expansion
due to the hydration heat. Naturally, the thermal peak for the sample cured at 50°C is
larger than for the 35°C sample since the latter is not allowed to develop the same heat
of hydration peak due to the lower temperature bath.

Curing at constant temperatures

During constant temperature curing (1 or 3 days), rapid shrinkage was observed
at a higher rate when cured at higher temperature levels, which is in agreement with
common knowledge. Slope changes were observed matching the sharp changes in the
temperature steering, indicated by the knick points in the steering plots.

Cooling off/warming up

The thermal jumps (as illustrated in Figure 4a) recorded during cool-off were not
directly proportionate to the actual temperature drops, which supports earlier
observations that the thermal expansion (or contraction) coefficient is time-, moisture
content- [20,21], and likely temperature history dependent [21]. The thermal jumps
are listed in Table 3. It is important to emphasize that during the cooling stages, AD
was occurring parallel; the thermal jumps are also coupled deformations, not purely
thermal.
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Table 3

Thermal contraction/expansion jumps (4) during cooling down phase in w/c 0.38 samples.
Positive values represent expansion; negative values indicate contraction.

* indicates a 22-hour long period during which the sample is being warmed up

Sample A [pstrain] AT [°C] Occurrence; length [h]
0.38 6-5D 45 +14°C (6>20°C) 128-150 [22]"
0.38 35-1D -120 -15°C (35->20°C) 32-56 [24]
0.38 50-1D -180 -30°C (50>20°C) 35-83 [48]
0.38 50-3D -210 -30°C (50->20°C) 83-131 [48]

The cool off of the 0.38 35-1D sample results in a 120 pstrain contraction over 24
hours. In contrast, cooling off the 50 degree samples generates only 1.5 times the
deformation in double the time. This is inconsistent with earlier findings investigating
the nature of CTE since the CTE of the younger concrete — in terms of maturity —
should be lower. The thermal drop belonging to the same AT, but with a two-day
offset in occurrence, increased from 180 to 210 microstrains when comparing the two
50°C levels. This may suggest that the CTE(t) is increasing during this 2-day window.
This is in line with earlier observations; i.e., that the CTE tends to gradually increase
from a minimum value measured around setting time, slowly converging to the value
characteristic for hardened concrete, [20]. Alternatively, it may imply that these two
distinct curing paths result in the formation of substantially different binder matrices;
likely with a different amount and distribution of gel-, meso-, and capillary pores and
air voids, resulting in different CTEs.

Furthermore, a ~45 pstrain expansion during ~1 day was observed for the 0.38 6-
5D sample while allowed to warm up to room temperature again. The hydration
process of that sample was significantly delayed in comparison with other temperature
levels.

The same trends can be observed for the w/c 0.55 samples as tabulated in Table 4
below. The thermal jumps are marginally smaller with the exception of the 0.55 6-5D
sample.

Table 4

Thermal contraction/expansion during cooling down phase in w/c 0.55 samples.
* indicates a 22-hour long period during which the sample is being warmed up

Sample A [pstrain] AT [°C] Occurrence; length [h]
6-5D 45 +14°C (6->20°C) 128-150 [22]
35-1D -100 -15°C (35>20°C) 32-56 [24]
50-1D -175 -30°C (50->20°C) 35-83 [48]
50-3D -165 -30°C (50>20°C) 83-131 [48]

Stabilized isothermal conditions

After the temperature has stabilized at 20°C, delayed onset autogenous expansion
was observed in samples cured at 50°C. For both 35-1D samples, the expansion
recorded between ~55 and ~140 hours of age lies within measurement error, but the
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slope between ~50 and ~180 hours of age turning upward could indicate that some
swelling may have started already during cooling down phase, which correlates well
with results obtained by several others [13,16,19]. It is impossible to say whether the
AD swelling begins during or after the cooling down phase without splitting the
deformations by subtracting thermal deformations with a CTE(t) specific for concrete
and curing. However, since the expansion is visible at constant temperature, it can be
concluded that the observed swelling past the 131-hour mark (50-3D samples) and
after 83 hours (50-1D samples) was an autogenous deformation. This swelling was
referred to as “thermally induced swelling” [14] which would develop as a result of
the type of the curing regime.

The sample cooled down to 6°C (Figures 4a and 5a), during the first two days,
shrank at a rate higher than the isothermal reference. Initially, this was assumed to be a
measurement/logging error, since it is well known that lower temperatures tend to
delay hydration of cement and thus decrease the associated shrinkage. The initially
rapid shrinkage decreased significantly during the first day, and the 6-5D continued to
shrink slightly less in comparison to the reference. After warming the sample to reach
the room temperature again, the shrinkage increased and while the isothermal
reference sample has nearly stabilized by this stage, the 6-5D produced nearly half of
its total shrinkage during this interval.

The mix with ANL cement and 30% fly ash (ANLFA - Figure 6a) showed only
minimal swelling the value of which barely exceeded the measurement error. The
ANL mix (Figure 6b) did not exhibit any swelling past cooling down; however, the
cooling down happened at a smoother rate than intended, due to the cooler unit not
working properly for the particular test. It is possible that that the rate of cooling down
would affect whether swelling develops or not. Cement type, especially its fines and
tricalcium aluminate content, may be contributing factors affecting the extent of the
autogenous swelling. While ANLFA had much higher fly ash content (the maximum
allowed, according to Swedish regulations, 30%), the ANL cement has a low C3A
content of only 2.1%, which may explain the lack of swelling, despite the added fly
ash. It is important to mention here that the exact chemical composition of the bulk fly
ash is unknown. Moreover, according to the producer, the 16% fly ash content in the
BAS cement may also exhibit certain chemical variability from batch to batch,
depending on the sourcing; therefore, the exact hydration products that may cause
swelling and the extent of swelling may also vary considerably.

4, Conclusions

Based on the results of this study the following conclusions can be formulated:

1. Heat curing at variable temperature levels in concretes based on blended cement has
induced non-negligible autogenous swelling. This may mitigate some of the stresses
arising from shrinkage when the concrete is very young. The higher the curing
temperature and the longer the duration of heat curing the more prominent the
swelling has been, in particular for the low w/c mix. The swelling continued for
several days after the temperature stabilized. The expansion did not level off during
the 2-week duration of the testing.

2. Cold curing (6°C) which simulated cold weather casting has shown to delay, but not
to mitigate the ultimate deformation. Cold curing also resulted in an increased
shrinkage rate very early into the curing. No explanation to this behavior can be given
without further investigation.
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3. The swelling could not be traced back unequivocally to the fly ash content of the
cement. The BAS cement (which contains 16% FA added by the manufacturer)
exhibited swelling while the swelling recorded in the ANLFA control mix with 30%
FA (Figure 6a) lies within measurement error.

4. While CTE itself has not been the focus of the study, the nonlinearity in free
deformations observed during the cooling off stages (Tables 3 and 4) of the imposed
temperature paths have supported evidence to the highly nonlinear nature of CTE in
young concrete.

5. Further research

1. It appears to be necessary to calibrate the thermal expansion coefficient
CTE(t) for the exact same conditions (concrete recipe and temperature history) to be
able to deduce the “correct” AD.

2. The expansion — where observed — did not level off during the 2-week
duration of the testing. Originally, the set-up and steering had been designed to
provide input data for adapting existing AS models to variable curing temperatures for
early-age concrete. AD swelling, at the stage of planning, was not expected in these
mixes/tests. In order to predict the behavior past the first two weeks, it would be
necessary to conduct longer tests to see if and when the expansion levels off.

3. SEM studies would prove useful to investigate the differences in pore
structure due to different curing regimes. It is expected that higher curing temperatures
would generate coarser pores and the distribution of capillary pores vs. air voids would
be different depending on the curing regime.

4. SEM/XRD analysis would also be able to provide insight into what exact
hydration products are causing the swelling as this has not been established clearly in
earlier research.
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Abstract

This study has been focusing on evaluating the applicability of a prevalent,
maturity concept-based model, originally developed for CEM I (EN 197-1) to
predict early age autogenous deformations of concretes using CEM 1I type blended
cements cured at variable temperatures. In the recorded free deformation significant
autogenous expansion has been found, with a magnitude correlating to the heat
curing temperature amplitude applied. Test results were evaluated both using the
specific maturity concept-based model and by performing a manual decoupling of
autogenous and thermal deformations, assuming a constant thermal expansion
coefficient. It has been concluded that the type of autogenous deformation
(contraction vs. expansion) depends on the specific imposed temperature history.
Hence, it has not been possible to incorporate the “temperature effects” into the
model because it can only accommodate monotonous shrinkage. Calibration of the
thermal expansion coefticient, assumed constant in the model, has shown to be
necessary. Results showed that higher curing temperature may result in lower
shrinkage strains due to significant early-age expansion, alleviating part of the
shrinkage. Due to the observed crossover effects, likely a new, non-maturity
concept based model is needed for variable temperature curing to predict early age
autogenous deformations.

Keywords: early age concrete, autogenous deformation, maturity concept, expansion,
modeling, thermal dilation



1 INTRODUCTION

In recent years, there has been an increasing interest in characterizing the
early-age behavior of concrete; in great part, due to the fact that with the
increasing use of modern, low water/cement ratio, high early strength-, high
performance concretes, and/or supplementary cementing materials, relatively high
autogenous shrinkage (AS) develops compared to that observed in conventional
concrete. Shrinkage develops rapidly because the already initially low water content
is being drained from very fine capillary pores that result in development of high
tensile stresses especially at early ages. The AS that develops is sufficient to induce
micro- or macro cracking when the concrete is restrained (internally or externally),
[1-4]. Moreover, recent research has reported on cases where a substantial
autogenous expansion or “AD swelling”, as commonly known, has occurred under
certain conditions in early-age samples. Expansion has been observed past a heat
curing period followed by cooling down [2,5,6], or in connection with fly ash
concretes [6,7] or the addition of slag [8]. AD swelling has also been linked to
possible ettringite or calcium hydroxide formation in mixes made with coarser
cements [9], referred to as thermal shock; “probably ... thermally induced swelling
caused by relatively slow moisture redistribution in the pore system of the
concrete”; [2], or attributed to the reabsorption of bleed water, e.g., [10].

During hydration, fully coupled autogenous deformation (AD) and thermal
deformation (TD) are recorded as free deformations; Eq. 1 and Eq. 2.

ot = En T &7 (1)
& =a-AT )

Where €, i1s the total deformation, € is the thermal dilation, &g, is the
autogenous deformation, a is the coeflicient of thermal expansion (CTE) and AT is
the temperature change. For a robust model capable to describe any conceivable
temperature history and to calculate shrinkage-induced stresses in the concrete, it is
fundamental to determine the relative importance of both AD and TD, and to be
able to model satisfactorily both [2].

One of the most widely used shrinkage prediction model developed by
Hedlund [4] in 1999 (Egs. 3—6) has proven to work well for normal- and high
strength ordinary Portland cement (CEM I according to EN 197-1) concretes, but
has recently been shown to be inaccurate for certain newer types of blended
cements for example containing fly ash, [11,12]. This model, further referred to as
“HH model” is based on an ultimate reference autogenous shrinkage (Eq. 3) which
is determined based on w/c ratio and altered to account for the temperature eftects

(Eq. 4). The effects of heat curing are incorporated into a factor S (T) denoted

as temperature sensitivity factor (Eq. 5.) or the “temperature effect on autogenous
shrinkage”, [4]. This expression accounts for the temperature in the sample in

: max : . .
relation to I, (t), the maximum temperature in the sample, up to the time of
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. max
interest. It does not, however, account for how long that T, (t) has been kept at

a certain level. In essence, it accounts for the amplitude of temperature (T) but not
the duration of it.
The following equations are used:

£, =(-0.65+1.3-(W/c))-10°(3)

Esn =&t Pro (te)'ﬂST (T) 4

P (T) =2 +a-(1-exp[ T (/T ]+, (1-exp [T (1)/T.]" ) ©)
B (L) = exp(—[ts0 J(t~ter) ™ ) (6)

where Eef [[] = reference ultimate shrinkage, a fitting parameter
determined by the least square method; &g [-] = autogenous shrinkage; ﬂST (T)

[-] = temperature sensitivity factor; -I-Cmax (t) [°C] = maximum temperature in the
concrete sample up to time t; U[s, h or d] = real time specified as time after
mixing; & [-], & [-], &[], b, [-], by [-], T,[°C], T, [°C] = fitting parameters; S
[-] = relative time development or time distribution of autogenous shrinkage; L,[s,
h or d] = equivalent time of maturity; tg, . [s, h or d] = start time of autogenous

shrinkage specified in real time after mixing; {,[s, h or d] and 77¢, [-]= curvature

parameter; a fitting parameter determined by least square method.

One of the known limitations of the HH model is that it only considers the
w/c ratio as the primary influencing factor that determines the AS, which leads to
underestimation of shrinkage and results in a large scatter for self-compacting
concretes, [13]. Furthermore, the HH model operates with a constant thermal
expansion/contraction coefticient (CTE). However, for young concrete, newer
research indicates that the CTE is highly nonlinear, depending heavily on the
moisture content [14], since CTE of water is about seven times higher in
comparison with hardened concrete. The CTE decreases sharply during the first
hours after casting due to large amounts of unbound water from 20x10°/°C to
~7x107°/°C at around the setting time [15—17]. Thereafter, it slowly increases due
to self-desiccation [14], converging to the value characteristic of hardened concrete
9...12 x10°/°C. The reduction around setting time can be related to the fact that
before setting, the free water is continuous while as a solid skeleton is being built
up, this continuity is disrupted. CTE has been measured “stepwise”, [2]. During
the intervals where the temperature is kept constant, only AD is recorded as a
function of the entire temperature history leading up to that point. Conversely,
when an “instantaneous” thermal load is applied in steps, ideally, pure TD can be
measured. A similar method was applied also for mortars [18] and pastes [19,20].
CTE values for hardened concrete are published in literature, but data for early-age
concrete are rather limited and inconsistent.



There exist several other shrinkage prediction models; with the major driving
forces contributing to AS having been identified as the surface tension, capillary
depression, and capillary tension. The Tazawa and Miyazawa prediction model
developed in 1997 takes into consideration both w/c ratio and cement type [13].
Another model, called the CEB-FIP model relates the AS to the compressive
strength, cement type, and concrete age and is only applicable to normal strength
concretes. It has also been shown to underestimate shrinkage [13]. However,
despite the earliest observations of autogenous expansion dating back to the late 90s
[2], to the authors’ knowledge, no current model taking into account the possibility
of autogenous expansion exists. Another significant gap in knowledge is the
incorporation of variable temperature levels into prediction models. There is no
clear agreement whether the maturity concept can be applied to describe AD
development under variable temperature curing conditions, which is a prerequisite
to successful decoupling of AD and TD. It was suggested that the maturity concept
based on effective age could be used by addition of a temperature-correcting factor,
[21]. It should be possible to separate AD and TD in cement pastes, based on the
maturity concept, by offsetting the total deformation by thermal deformation part
(TD) as long as the temperature range is between 10°C and 40°C, [22]. In
contrast, others indicate that the maturity concept is unsuitable, [2,23]. Early
models [3,4] took into account the effect of curing temperature as the maximum
curing temperature only. However, according to new data, the AD development
rate and its magnitude are strongly dependent on the curing temperature history,
[2,6,23-25]. Furthermore, the AD behavior has been found to be unsystematic,
even when assuming realistic CTEs; i.e., crossover effects are present, where a
sample cured at a higher temperature level does not necessarily shrink more than a
sample cured at a lower level. Others also emphasized that higher temperature does
not necessarily lead to higher AS [26]. Therefore, AD in a real structure cannot be
predicted from isothermal test results alone because the deformation depends on the
specific imposed temperature history.

This study is focusing on the possibility to incorporate the effects of variable
temperature curing into the HH model to describe the development of autogenous
deformation in young concrete.

2 EXPERIMENTAL

2.1 Materials

The used ordinary concrete mix designs with two difterent w/c ratios are
presented in Table 1. The BAS Portland cement Type CEM II/A-V 52.5N
contains 16% fly ash and 4% limestone, produced by Cementa, Sweden. Sikament
5650 by Sika was used to achieve the required consistency (Class S4). The 28-day
cube strengths of the two mixes were 70 MPa (BAS 0.38) and 45 MPa (BAS 0.55).



Table 1. Concrete mix designs with w/c ratios of 0.38 and 0.55
BAS 0.38 BAS 0.55

kg/m> L/m’ kg/m’ L/m’
cement 470 157 360 120
0/8 975 361 1067 395
8/16 790 298 733 277
water, eff. 179 179 198 198

alr content 5 5

2.2 Test setup

The used test set-up was based on earlier work done at LTU by [4] and [12].
The set-up allows for testing beginning right after setting time, in a perfectly sealed
environment. Free deformations were measured on @=80mm, h=300mm concrete
cylinders by two symmetrically mounted strain gauges of type LVDT Schaevitz
type 010 MRH, mounted on composite bars made of carbon to minimize
unintended thermal deformations. For every (variable) temperature history/material
combination, a heat-cured and a reference (20°C isothermal) sample were cast. The
temperature development of the specimens was controlled by the temperature in
the water tank with + 3°C accuracy.

Curing regimes for the test duration of 14 days are presented in Fig. 1. An
initial adiabatic temperature rise was followed by constant curing temperature levels
of 6°C, 35°C and 50°C kept for 1, 3 and 5 days, respectively. The adiabatic rise
was calculated using the commercially available ConTest Pro software, which
enables to calculate temperature developments and cracking risk in hardening
concrete. The adiabatic rise was allowed to develop in the samples until mounting
the gauges while the water bath was heated along the same path. This allowed for
the sample in the waterproof encasing to be submerged in the water bath without
any thermal shock on the concrete sample. After the constant temperature heat
curing, a constant cooling rate was applied followed by a steady temperature of
20°C. The steering for the cooled down sample has been inverted so that the rate
of cooling down/heating up to 20°C occur at the same rate as for the heat-cured
samples.
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Fig. 1 Curing temperature profiles

The logged data consisted of the coupled free deformation, the temperature of
the controlling water bath and in the center of the samples, and room temperature.

A steel pipe with known thermal behavior was used to validate the test setup
and logging equipment. The deformations of the steel pipe, depicted on Fig. 2 are
purely thermal, closely following the steering.
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Fig. 2 Deformation recorded on steel pipe.

3 TEST RE