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ABSTRACT

Although grouting is a widespread process mainly used for soil treatment and for filling
cracks/voids in concrete structures, grout injection is still a challenging step. Due to the different
performance required for the numerous fields of application, encompassing several injection
methods and different design approaches, it is essential to understand how the components of the
grout (cement, aggregates, supplementary cementitious materials, chemical admixtures) affect the
workability, stability, injectability, consistency, rheology and, as a result both the composition
and the aforesaid properties, also the mechanical strength of the material and the effectiveness
and long term performance of the overall grouting application. As a matter of fact, all cementitious
materials can suffer deterioration processes that affect the serviceability and durability of
structures and jeopardizing their safety, requiring maintenance/recovery works whose cost can,
overall the structure life cycle, result even higher than the construction one. This may be
especially true in the case of grouting applications, e.g. in prestressed concrete structures, where
the state of deterioration is not visible and its non-inspectable progress might lead to catastrophic
structural failures. To address all these issues, researchers have developed self-healing
cementitious materials which have proved to be an interesting option, as they are able to prolong
the lifetime of structures, reducing the environmental impact all along its life cycle. The literature
points out that many self-healing mechanisms are effective in concrete and mortars. However,
this technology has been barely applied in grouts. In this context, this work presents a
comprehensive overview of cementitious grouts with focus on their composition, properties,
application technologies and conditions that can affect the overall material and application
performance. In addition, this review also provides an overview of self-healing technologies
applied to grouts as well as the research gaps in the field of self-healing grouts that should be
desirably filled to exploit their benefits in structural and infrastructural applications.

Keywords: cement grout; constituent materials; applications; self-healing
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1. INTRODUCTION

The first records of grouting date to the early 19th century, when it was used as a corrective
measure in soils [1,2]. Over time, the injection technique was improved and grouting started being
used in ports, canals, tunnels, mining wells, bridges, dams [1]. The improvement of injection
technologies and new grout formulations were fundamental to consolidate the grouting no longer
just a remedial measure but as a stage of its own in the construction process of structures and
infrastructures [1]. Due to this growth, technical standards were developed in order to establish a
uniform approach to materials, processes and methods. However, some of these standards are
quite vague about composition and do not limit the scope of a particular property [3,4]. Johnson
[5] points out that even providing a definition of “grout” is a complex task. The most acceptable
one (although it is more a characteristic than a definition) is that “grout” describes many types of
injectable fluid materials that can be designed and handled in countless ways to achieve a desired
result [6]. Therefore, a cementitious grout is considered a fluid mixture consisting of cement, and
in case supplementary cementitious materials, fine aggregates, water and chemical admixtures,
which is injected for filling cracks and voids, bonding precast concrete elements, stabilizing soils,
sealing joints, fillings ducts of posttensioning tendons in prestressed elements, among others [3].
Clearly the composition and properties of grouts change according to the field of application. For
example, low viscosity grouts are generally not recommended for lifting structures works because
there could be a water flow in the rock. For this application, grouts with fast setting time are the
most indicated [7].

Grouts for filling post-tensioning ducts have to present high stability and fluidity to cover the
largest area of the ducts, as in case of movement of the structure it can cause losses. Additionally,
unstable grouts can exhibit sedimentation and bleeding. The free water can freeze/evaporate
(depending on the weather conditions) and lead to some expansion and/or corrosion problems [8].
In precast concrete the connection between the elements is always a critical point, and the grout
used has to present good bond strength and the lowest shrinkage [9]. There are numerous
applications available in the literature on possible grout applications. Among others, grouts for
soil nailing [10], steel reinforcement [11], structural repair [12], soil erosion treatments [13],
mansory[ 14], pavement [15]and tunneling [16] should be mentioned in this review. Regarding
the properties, fluidity is always a critical point for grouts. On the one hand, a good fluidity is
required to completely and effectively fill all free regions in the intended grouting “domain”,
whereas, on the other, an excessively high fluidity might result into likewise high bleeding rate,
affecting the performance of the application. Excess free water can even lead to some expansion
and/or reinforcement corrosion problems. Many publications have investigated the effects of
adding supplementary cementitious materials (SCM) [17-23] and chemical admixtures [24-26]
not only to govern the fluidity but also in targeting to other properties, including permeability,
durability and strength.

The grouting industry also tried to address issues related to the negative impact caused by the
construction sector proposing innovations which range from new eco-friendly compositions [27—
29] to new grout formulations for well-known applications [11].

Due to the variety of materials and application fields, this study will focus on mapping the most
relevant publications of cementitious grouts providing useful information to understand how
different components affect the properties in the fresh- and hardened-state. The state of the art is
organized into sections that cover from composition to properties, highlighting some critical
parameters that must be evaluated. In addition, the review discusses the design of functionalized
grouts using self-repair technology, focusing on current advances in the implementation of this
technology in cementitious grouts.

2. GROUTING METHODS

As mentioned before, the first grouting methods emerged in the field of soil improvement and
remediation. In that time, the main purpose was to improve the soil strength and reduce its
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permeability, in order to increase the bearing capacity and stability [30,31]. Nowadays, grouts
can be employed in several different applications and the grouting methods (permeation,
compaction, jet, compensation, backfill, injection grouting) vary according to the grout type, its
mechanisms and field of application [30,32].The selection of grouting method will depend not
only on the grout composition but also on several factors, including geological characteristics of
the site, climate conditions, the objective of grouting, types of cracks, budget and time for project
execution [6]. For example, masonry grouting requires attention to parameters such as distance
between the injection holes, the injection pressure, the water absorption capacity and
physical/chemical characteristics of the masonry [33]. In the case of filling the soil cracks, the
selection of the method will depend on the rheology, filtration trend and permeability into the
tortuosity of the fissure, among other characteristics. Table 1 presents some characteristics of the
most commonly used grouting methods.

Table 1- Main grouting methods used in geological applications and their respective characteristics
Compensation

Permeation grouting

Compaction grouting

Jet grouting

grouting

It is the most common
and conventional
method. It is used in
soft-ground works, that
is, joints, fractures or

voids are filled at low
injection pressure
without disturbing,

displacing or creating
any change in volume
in the soil formation or
structure. Permeation
grouting is also known
as cement grouting,
chemical grouting and
pressure grouting. This
method makes soils and
rocks less permeable.
Thin fluid grouts (low
viscosity, non-
particulate grouts) are
essential to  obtain
adequate penetration,
although they cannot
permeate into very thin
voids [31,34].

This method is also
known as low
mobility grouting and
it was developed to
improve soil stability
and fix settlement
problems during
tunneling operations.
The grout does not
penetrate nor
permeate through the
soil voids. It displaces
the soil, creating
lenses that control the
lifting and re-
levelling of
structures. High
pressure is required
and very thick grouts
are used to prevent or
limit hydrofracturing.
The grout must be
workable enough to
be pumped with low
mobility, as it must
remain as a growing
mass (without
expanding)

[31,34,35].

In this method, a jet of
pressurized fluid is used
to erode the soil (creating
a cavity) which is then
filled with grout. It can
be applied for
reinforcing foundations,
building retaining

structures and
impermeable  barriers,
preventing soil

movements and  in
tunnelling projects, in
addition to stabilizing
soft ground and sealing
vertical joints. As this
application requires
ultra-high pressure, it is
important that the grout

resists structural
breakage (yield stress
must  be achieved
without destabilizing the
suspension). The
rheological properties of
the grout must be

carefully designed and
measured, as the grout
has to tolerate high shear
rates during the entire
pumping process [36].

Thick grout is used to
compact soil particles
(increasing the
stiffness and strength)
and to stabilize and
mitigate  settlements.
Compensation
grouting is also known
as fracture grouting.
The objective is to
minimize the
movement of the soil
that would affect
existing structures,
e.g., it is used to adjust
ground levels as
tunnels are excavated
in order to balance the
excavation-induced
settlement [34].

3. MAIN COMPONENTS OF CEMENTITIOUS GROUTS

Grouts can be based on solutions or on binders. Cementitious grouts are considered as particulate
grouts, that is, they are mainly composed by particulates derived from the clinker suspended in
water. The final properties are influenced by several parameters including water/cement (w/c)
ratio, cement composition, ambient temperature, mixing time and speed [37].

It is important that cementitious grouts completely fill voids and joints, have good adhesion to
surfaces (e.g., concrete, rocks, mortar), are chemically and mechanically resistant and minimally
shrink to prevent the appearance of micro-cracks. Depending on the application or formulation,
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cementitious grouts may present limited ability to penetrate fine soils or voids [38]. In this respect,
several studies seek to optimize the grout mixture [39—41]. The effectiveness of the optimization
is normally evaluated by assessing workability, volume stability, porosity, strength, injectability
and durability performance. Fig. 1 provides a comprehensive overview of parameters that must
be considered for a successful grouting.

Prestressed strands Lift leaning structures
GROUTING METHODS Precast element connections Soil erosion treatment
Soil nailing Masonry
The method varies according to the application Steel relnforcement Pavement -
N P Structural repair Offshore applications
and the desired performance. The injection "
Seepage control Tunneling

pressure must be considered in the application, 1

as this can lead to destabilization of the grout _
and/or generate new cracks in the structure. The GROUT BRORERTIES!
i . Consistency
most commonly used methods are listed below: Fluidi
A SUCCESSFUL GROUTING idity
WILL DEPEND ON .... Rheology (viscosity, yield stress)

e Jet grouting Thixotropy

© Permeation grouting Penetrability
© Compensation grouting t Filtration
L]

Compacting grouting Setting-time

Bleeding
Compressive strength

Cement Flexural strength
Portland cement Shrinkage
Calcium Sulfoaluminates cement Industrial residues Expansability
Calcium Aluminates cement Fly ash Among others
Phosphate cement Slag/Steel slag
Among others Silica fume

Among others

Chemical Admixtures

Water-reducing admixtures Aggregates
Retarding and accelerating admixtures Sand
Viscosity-modifying admixtures Filler
Shrinkage-reducing admixtures Clays

Among others Among others

Fig. 1. Overview of some parameters required for a successful grouting.

As mentioned earlier, cement-based grouts are composed by cement, aggregates, supplementary
cementitious materials and chemical admixtures. The main binder of most cementitious grouts is
Ordinary Portland Cement (OPC) due to its engineering characteristics, low costs, predictable
durability and high compatibility with concrete structures [30,38,40,42,43]. Supplementary
cementitious materials (SCM) are discarded coproducts or industrial by-products and are also
known as mineral admixtures. Normally, SCM replace part of the OPC content [19,44-46].The
most conventional SCMs are fly ash, slags, silica fume and calcined clays. Supply reductions of
these by-products are already noticed and new SCMs are being studied as alternatives, such as
rice husk ash, calcined dredging sediments, steel slag and natural pozzolans (although this is not
a new field of application, but rather the recovery of an old technology) [47—49].

Fly ash (FA) is a by-product from coal combustion with pozzolanic properties. It is categorized
in low-calcium FA (Class F) and high-calcium FA (Class C), being class C the most used type
due to its better pozzolanic property [50]. Although FA improves the workability of the fresh
concrete due to a lubrication effect [49], its use in non-shrinkage grouts did not produce the same
result. Kim et al. [20] reported that additions of FA with different particle size (ground fly ash
(GFA) and raw fly ash (RFA)) did not improve the workability because, as the authors claimed,
less cement was available for the hydration reaction as the fly ash content increased. The flow
time of mixes with GFA were slightly reduced compared to 100% OPC grout whereas additions
of RFA increased the flow time up to 27 seconds (compared to reference time: 44 s). In addition,
both studied FA types improved bleeding, reduced the setting time and decreased the compressive
strength in early ages. Adding Class F FA (20%, 35%, 50% and 65% by volume) decreased the
yield stress [51] and additions of microfine fly ash (MFA) (from 0 to 40% by weight) reduced the
apparent viscosity [18].
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Slags are impurities separated from the metal during the smelting processes. They can be
classified as ferrous (from iron and steel), nonferrous (from copper, nickel, lead and zinc) and
non-metallurgical (e.g., phosphorus slag). The most used types in civil construction are slags
produced during the ironmaking process. When iron is smelted and cooled from a blast furnace,
a granular vitreous product is formed. This material is known as blast furnace slag (BFS).
Different types of BFSs (such as granulated, expanded, pelletized) are produced depending on
cooling method [52]. Adding high amounts of BFS in concrete increases the setting time because
its hydration is relatively slow [49]. Effects on fresh and hardened properties of steel fiber-
reinforced grout (SFRG) by additions (0, 20 and 40% of cement by weight) of ground granulated
blast furnace slag (GGBS) in two types of cement grouts (Type 1 cement is ordinary Portland
cement while Type 3 cement is high early strength (HES) cement) were studied by Kim et al. [8].
The authors observed, for both cements, an increase in the flow table measurements with the
increase of GGBS amount; the increase in HES cement was more evident than in OPC: 40% of
GGBS produced an increase in setting time of 10.5 % for OPC and 35% for HES cement.
Regarding the flow time, an increase in flowability, i.e. a flow time reduction, was observed for
both types of cement. For type 1, the reduction was 17.3% and for type 3, it was 23.8%. These
results are resumed in Fig. 2, in which relative values with respect to reference case are shown for
each parameter represented: flow (time and table), bleeding and initial setting time.

Flow time, Bleeding, Initial setting-time and
Flow diameter (a.u.)

10 -= __ _I111rl_ =
Flow time Bleeding Initial setting Flow
time diameter
M 0% GGBS (reference) 20% GGBS (type | - PC)
40% GGBS (type | - PC) W 20% GGBS (type IIl - HES)

40% GGBS (type IIl -HES)

Fig. 2. Effect of cement replacement by weight (Type I Portland Cement and Type III High Early Strength
cement) by GGBS on flow (time and diameter), bleeding and initial setting-time. Adapted from [8].

Silica fume (SF), also reported as microsilica or condensed SF, is one of the most popular choices
for increasing microstructure compactness and, as a results, strength of cementitious composites
due to its high silica content and fineness. When added to cement, an increase of the yield stress
and plastic viscosity was reported [48,53]. Small amounts of SF (5, 10 and 15% by weight of
cement) in high-performance cementitious grouts (water/binder (w/b) equal to 0.33) improved the
performance when compared to the grout without SF. With 5% and 10% of SF, the flow time was
reduced to 25 and 27 seconds, respectively (reference starting from 39 s). While additions of 15%
decreased fluidity, increasing flow time to 55 seconds. In Fig. 3 the effect of SF in the compressive
strength is shown. Lower additions of SF (5% and 10%) decrease the long-term strength in
comparison to the reference grout, even after 56 days curing. However, with 15% SF, after 28
days, the strength reaches higher values than in the grout without SF as addition [12] .
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3 days 7 days 28 days 56 days

Compressive strength (a.u.)

W 0% SF 11 5% SF m 10% SF ®15% SF
Fig. 3. Effect of the use of silica fume on compressive strength. Adapted from [12].

Fine aggregates can also affect the properties of grouts depending on the mineralogical
composition, particle size distribution, geometrical parameters, apparent weight, surface texture.
For grouting is important to use fine aggregates in order to avoid the formation of plugs that
impair the penetrability [54]. Normally, the maximum particle size used is up to 2 mm. Lim et al.
[55] studied the influence of sand grading on strength and flow. Grouts with three different sand
gradings (< 1.18 mm, < 0.90 mm and < 0.60 mm) were prepared. The w/c ratio varied from 0.61
to 0.67 and the cement/sand (c/s) ratio was equal to 1. The authors reported that, for any sand
gradation, the increase of w/c decreased the flow time and the compressive strength. In addition,
by setting the w/c at 0.61 for any sand gradation, the efflux time was always the same. Also, the
finer sand (< 0.6 mm) in grout with w/c = 0.67, yielded the highest results of compressive and
flexural strength.

Chemical admixtures also change the fresh and the hardened state properties of grouts. They are
classified according to their function: water-reducers, retarders, viscosity-modifiers, air-
entrainers, shrinkage-reducers. Water-reducing admixtures (WRA), also known as
superplasticizers (SP) reduce the water content while maintaining fresh performance. Examples
of WRA are lignosulphonates, casein, polynaphthalene sulfonates (PNS), polymelamine
sulfonates (PMS), vinyl copolymers, polycarboxylates and acrylic copolymers [56,57]. They also
help to minimize flocculation in microfine cement-based grouts [58]. Cement-based grouts (w/b
from 0.4 to 0.8) for radioactive waste isolation were prepared with 30% of cement replaced by
FA (by weight), polypropylene (PP) fibers and PNS-based SP [59]. SP additions enhanced the
flowability and viscosity but worsened the bleeding. The use of SP combined with PP fiber
enhanced the compressive strength, increased the efflux time, setting time and bleeding for any
w/b ratio. The authors explain that worsening of bleeding is due to the bleeding paths created by
the hydrophobic fibers and by the retarding effect caused by SP on cement reactions. The authors
also observed a decrease in compressive strength in grouts with only PP fiber. They justified that
reduction was caused by the “redistribution of the void structure and the presence of weak
interfacial bonds between the fiber and the fly ash grains” [59].

The admixtures that modify the cement hydration rate will mainly change the setting time and
strength development depending on the type of admixture. The most common accelerators are
inorganic salts (calcium and sodium hydroxide, potassium carbonate, sodium fluoride and sodium
aluminates), water glass (sodium silicate solution) and ethanolamine [60—62]. Lignosulphonate-
based admixture is on its hand a well-known retarding agent that also has water-reducing effect.
In addition, hydroxycarboxylic acids, inorganic compounds (those with zinc, tin, borate, or
phosphate) and sugar derivatives also retard cement hydration [56,63].

Viscosity-modifying admixtures (VMA), also known as water-retaining (WR) or anti-washout
admixture (AWA), are used to enhance stability and cohesion. The most commonly used VMAs
are natural polymers (welan gum, xanthan gum, alginates), semi-synthetic polymers (cellulose-
ether derivatives, alginates derivatives) and synthetic polymers (polyethylene oxide, polyvinyl
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alcohol) [56]. Grouts intended for underwater sealing of cracks, offshore structures and pre-
stressed ducts usually contain this type of admixture [64,65]. Combined use of SP with VMA in
high-fluid grouts is instrumental in increasing the stability of the mixtures avoiding the
segregation and bleeding promoted by the SP. Saric-Coric et al [66] studied the interaction
between a cellulose-based VMA with two different types of high-range water reducers (HRWR)
based on sulfonates, PNS and a PMS. Grouts (w/c = 0.4) with PNS presented better dispersant
efficiency than grouts with PMS. After 1 hour of preparation, the grout with PNS showed a
reduction of 9% in the mini slump flow diameter, while the reduction obtained with PMS was
around 36%. The authors also reported that addition of a cellulose-based VMA increased the
HRWR demands between 10 and 40% (to achieve the same fluidity of the grouts with PNS/PMS
and without VMA). The VMA did not change the consistency but reduced the bleeding (for both
HRWR) and increased the yield value and plastic viscosity [66].

Fig. 4 [67] shows the effects on consistency by changing the VMA type and w/c ratio. From the
figure, it is observed that increasing hydroxyethyl cellulose (HEC), bleeding decreased and yield
stress and plastic viscosity increased. Even with increasing w/c, HEC behaved the same way.
Similar response was observed when increasing the amount of welan gum (WG). However, a
higher sensitivity to increase of w/c is observed.

El 0.7% HEC
m
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Fig. 4. Effect of VMAs (liquid hydroxyethyl cellulose (HEC) and welan gum (WG)) on bleeding,
yield stress and plastic viscosity. Adapted from [67].

Shrinkage-reducing admixtures (SRA) are considered an important chemical additive in the
design and production of highly fluid grouts as they delay water absorption [24]. SRA is a
surfactant that adsorbs on the water-air interface of pore solution of cementitious materials and
on the liquid-vapor interface of clinker, reducing the interfacial energy and the surface tension.
Hence, it increases the dispersion of cement particles [24,56]. A shrinkage mitigation study was
carried out by adding 1% and 2% (by weight of cement) of glycol-based SRA in a high-
performance grout (HG) to be used in post-tensioned concrete structures [26]. The HG (w/b =
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0.3) consisted of a binder composed by 80% OPC, 10% zirconium SF and 10% FA The SRA
slightly increased the flowability compared to the grout without SRA: the flow table
measurements of grouts containing 0%, 1% and 2% of SRA were 130 mm, 135 mm and 140 mm
respectively. The compressive strength was also higher than for the reference grout. At 7 days,
no significant differences were observed for specimens with and without SRA (strength around
30 MPa). At 28 days, the specimens with 2% of SRA achieved the highest strength of 60 MPa,
while the strength of specimens with 1% and 0% of SRA was nearly 45 MPa. Regarding “free
shrinkage” (considered by the authors as the sum of autogenous and drying shrinkage), the
specimens with SRA exhibited lower shrinkage strains values than the specimen without SRA.
At all ages (total of 40 days), there was a decrease in shrinkage with the increase in SRA: the
specimen with 2% of SRA showed -636 u€ which was respectively 56% and 21% lower than
those of 0% and 1% SRA.

4. PROPERTIES OF CEMENTITIOUS GROUTS

The properties of the grouts which have to be assessed depend on the grouting process and
application. For example, for soil stabilization, the grout has to reduce voids in the soil and to
increase the load capacity. As the injection is usually done under high pressure, it is important to
evaluate its consistency and rheology. In tunnelling works, grout should set early, thus, it is
equally important to assess the setting time as well as resistance to chemical attack or erosion by
water seepage [68].

As known, porosity is an inherent characteristic of cementitious materials that directly influences
permeability [69]. Water permeation causes damage to the structure due to the interaction of
dissolved ionic species (chloride, sulphates and carbonates) with the matrix. The reduction of the
w/c ratio leads to a reduction in the total porosity but it also interferes in fluidity. As durability is
a result of the interaction of the grout with the environment, a high permeability will negatively
affect the durability [70]. For better durability, the w/c ratio should be as low as possible.
However, low w/c ratio may decrease the fluidity affecting the grout injectability. If a specific
application requires higher w/c ratios, the permeability can be reduced by adding permeability
reducing admixtures [71-75].

Usually, workability, consistency and stability are the main properties studied in the fresh state,
while the hardened state is often characterized by compressive strength, shrinkage and
injectability [30]. Environmental conditions of the site should always be considered as they may
change the performance of the grout. For example, the temperature (not only the environmental
but also the grout temperature) changes setting time, rheology, injectability and stability [41,76].
Table 2 shows some properties that change according to the grout composition and application.
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Table 2 - Summary of the main fresh and hardened state properties of grouts

Flow | Mini- | Setting | Setting . Plastic Yield .
. o C L. w/b . R . Bleeding | . . Compressive Flexural
Mix composition Application ratio time slump time time rate (%) viscosisty | stress strength (MPa) strength (MPa) REF
(s) (cm) | (initial) | (final) °) | (Pa.s) (Pa) g g
Grouting for 20-35 (7d) 4-10 (28d);
OPC 53 Grade, SF, Class F FA, precast 0.25- 13-
fine sand, polycarboxylate ether- | construction 08 0.8-45 15 4-10h 255h 0-3 0-0.2 4-15 35-55 (28/56d) 5-12 (56d) [17]-
based SP and ground
stabilization
microfine OPC, colloidal
nanosilica, microfine FA, not described | 1.0-2.0 | 3L73- | 334 [ 42831 86- 4y 5 05 | 00141 10T g6 140 08d) | 2.0-4028d) | [18]-
38.21 37.5 h 13.5 0.0379 2.73
polycarboxylate-based SP
1.02-6.29 (7d) 0.51-2.45 (7d)
OPESEXdIbﬁs?f{ﬁrﬁiz g;nace notdescribed | 1.0 | 85-90 | - ; ; } ] ] 2.05-11.41 (28d) | 1.16-3.5 (28d) | [27]
& g 1.98-16.90 (90d) | 1.29-4.63 (90d)
OPC (ASTM Type 1), SF, VMA, 0.35- 0.017- 6.7-
polycarboxylate ether-based Not described ’ 19-22.5 | 22-24 - - i 4.6-23.3 : 28.3-62.3 (28d) - [67]
: 0.48 0.92 28.7
high-range water reducer
OPC CEM142.5N ili 310612 (d)
. nanosilica
P . 13.4- 0.029- 0.061- 53.4-99.8 (3d)
Type F polycarboxylic acid- Not described - 42-68 196 - - - 0419 0103 923-113.0 (7d) - [771-
based SP
124.0-142.7 (28d)
OPC CEM132.5 N 11.5-26 (3.
polynaphthalene-based SP, Not described 0.33- - - - 6.5-22 1.2-5.6 - 0-58 16.4-45 (7d); - [78]-
0.5 22.5-58 (28d)
polycarboxylate ether-based SP
31-41 (28d)
cement, ground granulated blast Grouting for
furnace slag, steel fiber, prestressed 0.45- 22.5- 5.50-
naphthalene-based and concrete 0.75 50.22 ) 8.15 ) 0.6-4.69 ) ) ) >-19-11 (284) [8]
polycarboxylate-based SP structures
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302

* Table 2 - Summary of the main fresh and hardened state properties of grouts

w/b or Flow | Mini- | Setting | Setting Bleeding Plastic Yield Compressive Flexural
Mix Composition Application G time | slump time time te (% viscosisty stress trength (MPa) strength REF
ratio (s) (cm) | (initial) | (final) | € ) | (pas) (Pa) streng (MPa)
Grouting for
OPC CEM 142.5R, sealing of
polycarboxylate-based SP concrete 0.5 ) ) ) ) i ) ) >1.5-63.1(284) 7:4-104 (28d) | 73]
cracks
OPC (ASTM Type I), granulated .
blast(-furnace S}l].’fg, ():1agss CFa, | Grouting f;’r 175 143 " 7-16 (28d) 0.5-2.25 (28d)
polysaccharide-based anti- ;Ijztebrr;;fen 0612 | 30-60 | o | 75 | degn . - ; [79]
washoutagent, poynaphthalenc: | rock stratum 7-20 (91d) 1.0-2.4 (91d)
7.5-37.5 (28d)
OPC Type 10, Class F and Class 12.5-42.5 (91d)
C FA, melamine formaldehyde Not 6-16 (28d)
condensate-based SP, . 0.4-1.3 | 30-140 - 5-20 7.5-25 0-40% - - - [80]
. . described 53.4-99.8 (3d)
polysaccharide-based anti 92.3-113.0 (7d)
washout agent 124.0-142.7 (28d)
Zg(ige?sgﬁyia‘ﬁfg’li‘;agzi_ Not 06 | 1325 | 63 ] 7.9- ] 0.0299- 3.03- ] ] (81]
based SP, VMA (welan gum) described 66.35 16.8 13.7 0.2693 19.43
Type 10 CSA-CAN A5 cement,
cellulose-based VMA, Not 77. 8.5. 26-32 (7d)
polynaphtalene sulfonate and described 0.4 39-225 14 5 7.1-12.15 14 0 0.06-0.3 | 0.06-0.16 | 0.7-24.9 - [66]
polymelamine sulfonate high- ' ’ 31-41 (28d)
range water reducers
4.8-13.6 (7d)
4.5-24.1 (14d)
OPC Type 11, class F FA, ground Mansory 0.668- ) 20.3- ) ) i ) i 7.1-26.9 (28d) i 82]
granulated blast furnace slag grouts 0.972 28.0 9.2-35.6 (42d)
8.9-36.0 (56d)
20.8-41.9 (90d)
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4.1 WORKABILITY
Workability is a term used to indicate the fresh state performance of cementitious materials in
which the mixture must be cohesive and no segregation between different particle sizes should be
observed [83,84]. It encompasses two main aspects, namely fluidity and cohesion, and is affected
by water content, aggregate type, aggregate/cement ratio, chemical-physical characteristics of
cement, presence of admixtures, temperature (environmental conditions), among others [84].
As the requirements for the grout workability change according to the field of application, it is
not easy to establish a value or a range for the different parameters employed to measure and
quantify workability. Flowability, compactability and stability qualitatively describe this
property, although it can also be described quantitatively by measurements of viscosity, flow time
and flow table spread [83,85].
Chemical admixtures (especially SP) and SCM are used to improve workability [39,79,86,87].
Erdem et al. [88] studied how workability of cementitious grouts (w/b ratio of 0.4 and 0.5) is
affected by two types of SP (polycarboxylic-ether type and naphthalene formaldehyde sulfonic
acid type), limestone and FA. They concluded that workability is closely related to consistency
(flow measurements) and stability (bleeding results). Moreover, the type of SP was the variable
that most affected the robustness of the workability performance, followed by the influence of the
w/b ratio. Kim et al. [20] studied the changes on workability replacing OPC (amounts of 10, 20
and 30% by weight) by two types of FA (ground fly ash (GFA) and raw fly ash (RFA)). They
found that the flow of the grout increased with the decrease of RFA, being not affected by GFA.
In addition, all samples were quite stable because no bleeding occurred in all the mix conditions.
Setting time is also related to the grout workability. The initial setting time is the time when the
workability and plasticity of the grout begins to decrease. A fast increase in viscosity and yield
stress rapidly decreases the penetration capacity of the grout. In that situation, it is necessary to
increase the injection pressure, making filtration more likely to occur. For that reason, it is
preferable that grouts have longer initial setting time, ensuring better penetrability. Cementitious
grouts that require fast setting are modified with chemical admixtures. These grouts are typically
more viscous (i.e., exhibit low workability and fluidity) and require high pressure pumping
systems [89]. Similar to other early age/fresh state properties, setting time is influenced by cement
type, w/c and s/c ratios, by SCM additions and additives. Increasing w/c, setting time increase
[79]. Shannag [12] demonstrated that SF in grouts (with Type-I OPC) decreased the initial setting
time, while FA (grouts with Type-II OPC) increased it [90]. For microfine cement-based grouts,
the initial and final setting time increased up to 5 hours, (starting from 8h) when FA dosage was
up to 40% [18].

4.2 BLEEDING

According to He et al. [70] bleeding shows the stability of the grout indicating whether the
material has sufficient cohesion and water retention capacity to prevent stratification and
segregation. As a matter of fact, when the mixing water flows to the top, solid particles settle
causing sedimentation. The bleeding capacity is expressed as the relation between the volume of
water released and the initial volume of the grout [86,91]. Lombardi [92] affirms that a stable
grout should not present more than 5% sedimentation.

Bleeding is also related to the durability and permeability. Excessive bleeding increases the
porosity of the grout resulting in loss of strength [93,94]. Additionally, it can affect the grout
performance in ground treatment, as the grouted site can present partial filling due to uneven
settlements [95]. In tunneling operations, bleeding can cause structural failures because the partial
filling can favor the appearance of preferential paths for water flow [5].

Different variables can influence the bleeding rate, the w/c being the main one [22,67,93]. Tests
varying the w/c ratio, between 0.6 and 1.2, demonstrated that the increase of bleeding is directly
proportional to the increment of w/c [42]. The same behavior has been reported by [80]. Some
practices can be applied to stabilize the grout mixture and minimize the bleeding effect, including
addition of SCMs, chemical admixtures and changes in solids fractions [75]. Fig. 5 presents the
effects of replacing cement by slags studied by Perez-Garcia et al.[27]. They reported that
additions of 30, 40 and 50% (% in weight) of different types of slags (unprocessed ladle furnace
slag (LFS) and GGBS) in cementitious grout (w/c =1) decreased bleeding (for any slag type and
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percentage tested) without affecting significantly the flow time. Sha et al. [79] verified that
additions of 30% (in weight) of GGBE combined with Class C FA (40% in weight) in a cement-
based grout (water/solid (w/s) ratio between 0.6 and 1.2) reduced the bleeding ratio. Gopinathan
et al. [93] investigated ultra-fine slags (UFS) additions in a grout (w/c = 0.3, 0.35 and 0.4) with
two types of SP (sulfonated naphthalene formaldehyde (SNF) type and poly carboxylate ether
(PCE) type). The results showed that the bleeding of the mixture with w/c = 0.4 and 10% (by
weight of cement) of UFS was reduced to zero for any SNF dosages (from 0.4 to 1.2% by weight
of cement). The same behavior was seen for the mixtures containing w/c = 0.35, 15% (by weight
of cement) of UFS and PCE dosages of 0.6 and 0.85% respectively.

Flow time and Bleeding (a.u.)

Flow time Flow time Bleeding Bleeding

m0%slag mGGBS ELFS1 LFS 2

Fig. 5. Effect of replacing OPC with 30% and 50% (% in weight) of slags (LFS and GGBS) on
flow time and bleeding. Adapted from [27]

4.3 CONSISTENCY

Consistency reflects the grout plasticity which is important for the injection process [70].
According to technical standards, the consistency can be reported as fluid, plastic or flowable and
it is often measured by flow tests.

Fluid consistency is defined as " (1) the consistency at which a grout will form a nearly level
surface without vibration or rodding and (2) the consistency of a grout that has an efflux time of
less than 30 seconds through an ASTM C939 [96] flow cone" [91]. Additionally, flowable
consistency is defined as " (1) the consistency at which a grout will form a nearly level surface
when lightly rodded and (2) the flowable consistency has a flow of 125 to 145 percent after five
drops of the flow table described in ASTM C230 [97] [91,98]. Lastly, plastic consistency is “(1)
the consistency at which a mixture subjected to a constant shearing stress undergoes increasing
deformation without rupture” [91]and (2) the plastic consistency has a flow of 100 to 125 percent
after five drops of flow table [98].

Similar to other cementitious materials, the grout consistency is affected by the particle size
distribution of solids and the w/c ratio [42,79]. Mineral additions and chemical admixtures are
widely used to control the consistency. Krishnamoorthy et al. [87] investigated how the required
SP dosage (sulphonated naphthalene formaldehyde condensate SP) changes depending on the
replacement of OPC by SCM (Class C FA (20, 30 and 40%), GGBS (20, 30 and 40%) and SF (5
and 10%)). All % by weight of cementitious material. The time of efflux of the grout (w/c ratio
between 0.25 and 0.40) was measured through Marsh cone apparatus. They reported that SP
dosage varied according to the type of SCM and the dosage increased with the amount of cement
replaced by SCM. For the mixtures with FA or GGBS, only increasing the amount of water was
enough to reduce de SP dosage up to 75%, to achieve the desired fluidity.

13



394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435

436
437
438
439
440
441
442
443
444
445
446
447

Zhang et al. [18] studied the fluidity and spreading ability of microfine-cement-based grout (w/s
= 1.2) containing additions of microfine fly ash (MFA). Increasing MFA contents (0, 10, 20, 30
and 40% by weight of cement), the flow time decreased and the mini-slump diameter increased.
This behavior is similar to other studies that also observed better flow due to the addition of FA
[27,99]. High-volume FA grouts (w/b = 0.4-1.3) did not show significant changes in fluidity. For
w/c ratio between 0.4 and 0.65, additions of FA (cement replacement by weight) between 50%
and 75% reduced the flow time up to 80%. For w/c ratio of 0.8, 1.0 and 1.3, the flow was constant,
regardless of any change in water and FA contents [80].

Grout containing natural zeolite as VMA (w/c = 0.6) exhibited less fluidity when compared to a
grout with WG-type VMA (additions of 0.05, 0.10 and 0.15% by weight of cement) [81]. In this
work, measurements of flow diameter and Marsh cone flow time revealed that an increase of
zeolite additions (20, 30 and 40% by weight of cement) reduces the grout flowability due to the
higher water retention capacity of the zeolite. For a mixture containing 0.25% of SP, the increase
of zeolite addition from 20% to 40%, decreased the flow diameter from 99 mm to 68 mm and the
flow time varied from 20.76 seconds to 66.35 seconds, respectively.

4.4 INJECTABILITY

Injectability is also a parameter required to ensure adequate grout performance. According to
Miltiadou-Fezans and Tassos [100] injectability is associated with penetrability, fluidity and
stability. A grout with great workability (that is to say good flowability, compactability and
stability) does not guarantee adequate injection as this process requires a great understanding of
fluid mechanics, grouting methods and physical/chemical characteristics of the local to be
grouted. Many studies in the literature test different methods to predict penetrability, simulating
the diffusion flow in various porous media, aiming to establish a relation between the grout
composition (w/c ratio, rheology, granulometric distribution, fluidity, stability), site
characteristics (granulometric grading, ambient characteristics, voids volume, among others), and
injection pressure [101-103]. Knowing the penetrability, it is possible to indicate if the
granulometric distribution of the grout is suitable for the smaller volume/widths of voids/cracks.
Jorne et al [104] demonstrated how grout injection varies according to porous media, void
volume, water content and granulometric distribution. The authors reproduced the injection of a
lime-based grout (w/b = 0.5) in different porous media (dry and pre-wet) varying grain size ranges
of limestone sands and crushed brick. They concluded that soils formed mainly by fine particles
absorb more water, which decreases injectability. The water absorption was also elevated in dry
porous media which can stimulate grout segregation.

As discussed previously fluidity and stability also contribute to the success of injectability.
Fluidity is not only related to flow time but also should be expressed by rheological measurements
which is strongly influenced by the w/c ratio and by as powder fineness and particle size
distributions [17,95,105,106]. Rheology can be described by different analytical models and the
cementitious grout is generally characterized as a non-newtonian fluid. The rheological behavior
is described by two parameters: yield stress (o) and plastic viscosity (). Both parameters define
the Bingham constitutive equation, employed to characterize the behavior of the grout (Eq. 1),
where 7 is the shear stress (Pa) and y is the shear rate (s') [107].

T= To+uy Q)

Dhir et al [3] explains that the stability of the mixture is directly proportional to its viscosity and
inversely proportional to its fluidity. The suspension is stable when its plastic viscosity is high.
However, the fluidity (which is essential for grout) will only be high when the yield value and
plastic viscosity are both low. An option to increase the penetrability of the grout is to increase
the w/c ratio. However, mixtures tend to segregate with increasing the amount of water. It is also
important to know that as the w/c ratio increases, changes in viscosity (after reaching its critical
value) are not easily measured. Therefore, to produce a low viscosity grout is much more
appropriate to maintain low w/c ratio and select better types of cement and chemical additives,
rather than just increasing the amount of water [108].

Correlations between yield stresses, unconfined compressive strength (UCS) and w/c ratio were
studied in cement-zeolite blended specimens. The authors revealed that zeolite additions of more
than 30% and an increase in w/c ratio led to a decrease in yield-stress. The increase in pressure

14



448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502

(from 100 kPa to 500 kPa) increases the yield stress which is justified by the volume change
during grout consolidation [28]. Giillii et al. [109] found that FA additions (0-100%) in cement
grouts (w/c = 0.75 to 1.5) decreases the yield stress and, the apparent and plastic viscosities.

Liu et al. [106] studied the influence of clay, sand and setting-time modifier on shear stress, shear
rate and viscosity of cementitious grouts. The results indicate that the yield stress increased with
the increase of clay dosage for w/s = 0.6 and 1. Viscosity slightly varied with low clay dosages
(< 10% by weight of cement) and rapidly increased with dosage of 30% and 50% (by weight of
cement), remaining stable after 40 min. The mixtures containing clay, cement, sand and modifier
showed that a suitable content of sand can improve cohesion. With the same modifier dosage, the
yield stress increased when the sand/cement (s/c) ratio was increased up to 1.5. However, it
decreased for s/c =2.

Sonebi et al. [22] concluded that additions of GGBS and polycarboxylic acid-based SP decreased
the yield stress and plastic viscosity, while adding nanosilica in cement-based grouts increased
both [77]. The addition of polynaphthalene sulfonic-based SP (from 0.2% to 1.2%) in grout used
for prestressing works, decreased the yield stress and increased the sedimentation with increasing
SP dosages [110].

The yield stress and plastic viscosity measured at different temperatures and resting times show
how the initial shear stress, equilibrium viscosity and even the flocculation rate can vary under
these conditions. It is important to understand the Brownian motion of the particles, as the
interactions between them can weaken/strengthen and, in this way, favor (or not) agglomeration,
flocculation and loss of workability [111].

Penetrability of grouts is also affected by the extent of the filtration. Filtration phenomenon can
occur during grouting as the particles of water and cement/fine aggregates gradually separate from
the grout flow (only water penetrates in spaces/cracks) and block the flow path, increasing the
penetration resistance of the grout[112]. Adequate water retentivity is essential for grout
materials, as otherwise it can decrease fluidity changing the yield stress and viscosity [67,113].
The water retentivity can be measured by several instruments, such as sand column, pressure
chamber, filter pump, PenetraCone, NES method, among others [114-116].

The factors that influence filtration stability are w/c ratio, grout pressure, maximum grain size
and grain size distribution. Grouts with high w/c ratio tend to have less problems with filtration.
However, a high w/c increase porosity affecting the durability. Regarding the grain size, for a
good penetration result, it is recommended that the maximum particle size of the suspension
should be at maximum one third of the aperture through which the mixture has to be grouted
[105]. If the grout had only a single grain size/shape, it would easily penetrate in any fracture/soils.
However, this is an illusory scenario, as grouts are not monodisperse systems. Thus, it is essential
to assess the best grain size and the particle distribution. Bohloli et al. [117] showed that filtration
stability depends on the grain size. They evaluated (through filter press) grouts composed by water
and cement (three cement type were tested; Dos of the cements ranged from 17 to 25 pum). The
cement with Dos = 17 um had the best filtration stability, while cement with Dos = 18 um exhibited
the lowest. Despite the Dos values of both cements are close, the grains of cement (with Dgs = 18
pum) agglomerated, forming particles > 75 pm (clogging the filter).

The success of grouting also depends on the magnitude of the pressure applied for injection [118—
120]. To fill all spaces, a minimum pressure is required to overcome the shear resistance between
the grout flow and the walls of the space to be filled. By increasing the injection pressure, the
grout rheology can change and filtration can decrease, improving injectability [121]. However,
higher pressures are recommended up to a certain limit. Although with high pressure the cracks
expand (facilitating the grout flow), high pressure can replicate the cracks, deform them and
hinder penetrability [122]. Moreover, during the injection, high grouting pressure might cause
segregation or even favor the agglomeration of finer particles due to filtration tendency.

4.5 MECHANICAL PROPERTIES
Similar to other cementitious materials, the mechanical properties of the grout are characterized
by compressive and flexural strengths. The use of OPC is advantageous, as the grout develops
higher strength in early ages. The effect of different SP on strength was studied by [78]. Additions
(from 0.5 up to 3.5% by cement weight) of polycarboxylate-and polynaphthalene-based SP on
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cement-based grout (w/c = 0.33, 0.4 and 0.5) showed that the strength increased over time for
both SPs. The increase caused by PCE was slightly higher compared to the polynaphthalene type,
especially for grouts with a w/c ratio of 0.4 and 0.5. Regarding the increase in the amount of SP
(for the same w/c), in general, there was no increase in compressive strength with the increase of
SP, for all ages tested, the strengths were very similar.

Saric-Coric et al. studied grouts (w/c = 0.4) containing cellulose-based VMA and two types of
HRWR (PNS and PMS). The results indicated that grouts containing VMA exhibited lower
compressive strength (at 7 and 28 days) than those without VMA. Furthermore, PMS additions
increased the compressive strength more than those with PNS additions [66].

Early strength improvement in microfine-cement-based grout containing colloidal nanosilica
(NS) was verified by Zhang et al. [ 18]. The grout with 2% (by cement weight) of NS required 5.8
h to reach a strength value of 0.45 MPa whereas the one with 1% (by cement weight) of NS took
6.5h. Another study [123] evaluated that the addition of 16% (cement replacement by weight) of
SF improved early (1d and 3d) and long-term (90d) strength, while the same FA dosage improved
the compressive strength over longer periods (90d). Fonseca et al. [82] observed that the
replacement of OPC in grouts (w/c = 0.795) by large amounts of FA (40, 50 and 60% by weight
of cement) reduced the compressive strength. Fig. 6 shows that, over time, the strength increased
for any percentage of FA; however, all mixtures with FA presented strength values below the
reference (grout without FA). The low strength values are explained by the authors due to the
different aggregates used (since the grouts are slightly sensitive to aggregate), non-parallel caping
and misaligned endplates (as they used an alternative casting method) and/or FA flocculation.

Compressive strength (a.u.)

14 days 28 days 42 days 56 days

m0% FA 40% FA m50% FA m60% FA

Fig. 6. Effect of replacing OPC with FA on compressive strength. Adapted from [82]

4.6 SHRINKAGE

All cementitious materials undergo physical and chemical changes that lead to a volume reduction
process known as shrinkage. It starts with volume reduction during the cement hydration and goes
on all along hardening and drying processes, resulting in the formation of cracks [124,125] if the
corresponding deformation is restrained and the restraint generates stresses higher than the
material tensile strength. Shrinkage is influenced by curing conditions, type and content of
cement, w/c ratio, type and size of aggregate, admixture additions.

An excessive shrinkage in grouts will facilitate the entry of harmful substances (e.g., chloride and
carbonate ions) impairing its durability [24]. Excessive bleeding in very fluid grout (with high
w/c ratio) promotes plastic shrinkage due to the gradual evaporation of the bleed water layer
[126]. Cementitious grout designed for connections (with low w/s ratio) can develop internal
tensile stresses due to restrained early-age autogenous shrinkage. The grout can crack or lose bond
between the grout/concrete interface [127]. The strategies to avoid or to reduce the shrinkage
include reduction of cement content, use of mineral additions and fibers, use of shrinkage
reducing admixtures (SRA), aggregate grinding, control of time and curing conditions. De La
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Varga et al. [128] evaluated the use of lightweight aggregates (LWA) as an internal curing agent
in cementitious grouts and conclude that LWA minimizes autogenous and drying shrinkage,
thanks to its ability to supply pre-absorbed water to compensate its consumption. Shamsuddoha
et al. [99] studied how SCM additions (microsilica, metakaolin and FA) can cause both linear and
volume shrinkage in grouts designed for structural repair. In this study, linear shrinkage was
determined conforming EN 12617 standard and volume shrinkage was determined by a cone test
method. The authors identified that the volume shrinkage increased with a higher content of FA
and microsilica, while additions of metakaolin decreased the shrinkage. Linear shrinkage
increased with the increasing of FA content. Additionally, it was not affected by microsilica
additions, but decreased with increasing the metakaolin content. Drying shrinkage increases with
increasing w/c ratio and additions of FA proved to be advantageous in decreasing drying
shrinkage [80]. Although the main functionality of permeability-reducing admixtures (PRA) is to
make concrete less permeable, they have been applied to mitigate shrinkage in concrete.
Commercially known also as crystalline admixtures, PRA can modify the early-age properties of
a cementitious matrix as they easily react with moisture forming crystals that block pores and
cracks [129].

5. CEMENTITITOUS GROUTS WITH SMART FUNCTIONALITIES

Over the years, the construction sector has focused on increasing durability to surpass the inherent
deterioration of structures. In this context, the self-healing ability has inspired the design of smart
cementitious systems, as they can repair a damage/defect by themselves, prolong the service life
of structural applications and reduce maintenance costs. In the construction sector, and focusing
on cement-based construction materials, self-healing mechanisms are divided in two categories:
autogeneous, in which the healing process occurs due to carbonation and continuous hydration of
unreacted cement grains, mainly in low w/c ratio composites [ 130] and automonous that “depends
on the incorporation of unconventional engineered additions into the matrix to provide self-
healing function” [131].

Numerous reviews on the subject were published [131-135], focusing on healing agents, self-
healing mechanisms and methods to evaluate the healing efficiency. Table 3 presents some self-
healing approaches explored in cementitious materials.
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Table 3 — Summary of self-healing approaches: healing materials, crack width and comparison between autogenous and autonomous self-healing technologies

Autogenous
self-healing

Autonomous self-healing

Incorporating mineral

T::ﬁi‘ll;;l(;ggy admixtures, fibers, Based on mineral admixtures Microbial technology Capsule technology Vascular technology Based on polymers
nanofillers, curing agent
o _ SCM, Polyethylene crystalline admixtures and Inorganic and organic crosslinking  polymers | superabsorbent  polymers
% 5 fiber, Polypropylene expansive agents (e.g., compounds (sodium silicate | (polyurethane, epoxy, | (SAPs)
= é" fiber, carbon nanotube calcium sulfoaluminate, bacteria solutions, sulfonates, polymethylmethacrylate, | oil sorbent
E 20 sodium aluminum silicate benzoates, magnesium cyanoacrylate) shape memory materials
é‘ = hydroxide, montmorillonite oxides, bentonite), and
clay) crosslinking polymers
E:;fc-ll:(;illlg;lgl Up to 150 um Up to 300 um up to 800 um up to 300 um up to 500 um up to 200 um
- good healing capability fast self-healing of cracks - environmentally friendly | - on-demand healing agent | -on-demand curing agent | - macro cracks can be
? - good compatibility - natural healing release release treated
%‘) with the matrix mechanism - good efficacy in healing - good efficacy in - high recovery rate of
= cycles healing cycles mechanical properties —
2 shape memory materials
< - Good efficacy in repeated
healing cycles
- Low effectiveness in | - Mineral admixtures are | - Bacteria cannot be added | - Difficulty in preparing the | - Difficulty injecting the | - Low effectiveness in dry
healing cycles consumed before cracking (If | directly to the matrix (need | capsules and limited amount | healing agent places
- Uncontrolled added directly into the matrix | to be protected to prolong | of healing agent (only for | - Concern about bonding | - SAP does not form the
expansion may occur | they will react with water) their lifetime) microcapsules) between capsules and | barrier because it does not
- Lack of control of expansion | - Change of mechanical - Concern on bonding matrix swell
by expansive additive | properties between capsules and - Change in mechanical | - High cost
® (uncontrolled expansion may | - Concerns about matrix properties - Sensitive to increased
%‘) cause damage) effectiveness in healing | - With a bicomponent resin, | - Fragile material (may | temperature (early
= - Constant availability of | cycles the healing efficiency may | break during application) | stimulation of the healing
2 water in the cracks be low because the process) — shape memory
2 availability/release of both materials
_ components cannot be
controlled not occurring the
polymerization reaction
- Change in mechanical
properties
- Resistance of capsules
(may break during mixing)
REF [134] [72,136-140] [141-143] [144,145] [146,147] [148]
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A search in the Scopus database of the keyword “self-healing” in combination with
“concrete/mortar/grout” reveals that the interest in this technology has been increasing (Fig. 7)
over the last decade. From 2013 onwards, there has been an exponential growth in self-healing
concrete. The same interest in self-repairing mortars is also evident, although the increase in the
number of publications is not as impressive as concrete’s. This growth is a result of the cement
industries concerns toward sustainability.

2000 A B
—e—keywords: self-healing 160 keywords: self-healing AND concrete

1600 —o—keywords: self-healing AND concrete —e—keywords: self-healing AND mortars
—e—keywords: self-healing AND mortars —e—keywords: self-healing AND grout
—e—keywords: self-healing AND grout 120

-
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o
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Documents
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o
o
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Fig. 7. A: Number of publications related to self-healing: B: Zoom-in on the documents published on self-
healing cementitious materials. Source: Scopus® database.

Despite this great advance in both materials, the research on self-healing grouts is low. Table 4
presents the number of published documents related to self-healing of cement-based materials. In
the last 10 years, the number of documents related to concrete and mortars is up to 800% greater
than those about grout, which indicates a research gap in grouting field. Indeed, the number of
papers on self-healing grout is practically zero (only one paper in 2021 was found with these
keywords). Despite the low number of publications, this review will discuss self-repair methods
that have already been applied to grouts. In view of the few studies found on the subject, in the
absence of application of any method in grouts, articles that applied it to concrete and mortar will
be discussed.

CLINT3

Table 4 - Number of academic publications in Scopus® database with keywords “self-healing”, “concrete”,
“mortars” and “grouts” from 2010 to 2021

keywords
veur | aneaing | S | i |
2010 219 9 5 0
2011 287 16 5 0
2012 351 13 6 0
2013 303 17 7 0
2014 368 28 8 0
2015 531 48 11 0
2016 635 51 18 0
2017 717 66 18 0
2018 974 65 14 0
2019 1265 85 25 0
2020 1554 108 41 0
2021 1783 152 48 1
Total 8987 658 206 1
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5.1 AUTOGENOUS AND AUTONOMOUS HEALING IN CEMENTITIOUS
GROUTS.

As mentioned, autogenous crack healing is an inherent phenomenon of cement materials, and its
main healing mechanisms include (a) hydration of unreacted cement, (b) precipitation of
portlandite and (c¢) formation of calcite [131,136]. All these reactions can occur simultaneously
but each of them has different reaction rates. At early ages, the hydration of anhydrous cement
grains results in the filling of crack by calcium silicate hydrate (C-S-H) and Portlandite (CH). At
later ages, the main mechanism is the formation of calcite [131].

The composition of the matrix and the crack width will influence the healing performance. The
presence of water is essential for autogenous healing mechanism. It is a focus point when this
technology is used in places with low water saturation [136]. Other strategies are used to
overcome the unfeasibility for autogenous healing, e.g., additions of mineral admixtures,
polymers, fibers, nanofillers, curing agents and coatings.

Unlike autogenous healing, the autonomous healing has several triggering mechanisms, which
means that each of them will require a different condition to promote the healing. The main
methods that have been studied are shape memory materials, capsules, vascular networks and
bacteria additions.

Crystalline admixtures (CA) are products known mainly as permeability reducer admixtures that
can be employed as a stimulator of the autogenous healing capacity. When reacting with water,
water-insoluble deposits are formed blocking the cracks [72,149—-151]. In mortars, CA was able
to close cracks (width of 250400 pum) and also reduce the water permeability rate[130]. The
crystallization process is affected by wet/dry cycles and repeated crack-healing cycles can
improve the healing efficiency [152,153]. In concrete, it was reported that additions of CA
reduced compressive strength by 7,9% [154] and chloride permeability [73,155].

In grouts, Wang et al. [156] showed that the CA did not change the slump but increased both
long-term (90 days) compressive strength and modulus of elasticity. Zeng et al. [16] investigated
the performance of a commercial grout (for sealing tunnel leakage) by adding different amounts
of CA between 0% - 1.6% (by weight of cement). The authors reported that there was no change
in setting time and viscosity for any addition. With 0.8% of CA, the compressive strength was
slightly increased. Between 0.8% and 1.2%, the increase in strength was better noticed. Starting
at 1.2%, there were no significant changes.

SCM also has self-healing capability [138], but when combined with CA, they improve the self-
healing properties even more. Li et al.[157] studied the healing effect of mortars containing CA
and GGBS. The self-healing capability was determined by compressive strength recovery, crack
closure ability and water absorption. The authors concluded that 1.2% (by cement weight) of CA
increased the recovery of mechanical strength. In addition, self-healing was improved with the
addition of up to 10% (by cement weight) GGBS. In this case, the strength of the specimens with
cracks performed after 28 days (and cured for 56 days after cracking) was higher than those cured
for 28 days. Above 10% of GGBS, the self-healing capability decreased. The benefits of GGBS
on early age cracks were not very noticeable and the recovery rate was practically the same of the
specimens with only CA.

In order to understand how the consumption of portlandite by FA might impact the crystallization
process of CA, Wang et al. investigated the combination of FA with CA [158]. For this, they
prepared mortar specimens (replacing OPC with 10%, 20% and 30% of FA by weight of cement)
with 1.2% of CA, by weight of cement. The addition of CA not only contributed to the increase
of compressive strength but even improved the recovery rate of compressive strength. The results
also showed that the recovery strength was not improved with high amounts of FA. The authors
concluded that FA compete with CA for calcium ions, weakening the crystallization capability of
CA.

To improve healing of macro-cracks (width >0.5 mm), using superabsorbent polymers (SAP)
with CA is considered a promising option. It has already been shown that materials with only
SAP cannot completely heal the cracks [159]. The use of SAP is advantageous because it absorbs
water, expands and seal large cracks. So, it is interesting to combine SAP with CA because large
cracks can be healed by SAP while small cracks can be repaired by CA. This synergy was
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demonstrated by Li et al. [160] that studied for mortars the best CA type to obtain a total crack
closure. They studied SAP combined with 5 types of CA (citric acid, silicon dioxide, sodium
silicate, sodium carbonate and a commercial product) and concluded that citric acid was the most
suitable CA to completely close the cracks.

Cao et al. [148] investigated the self-healing performance of a cementitious grout with oil sorbent
(contents of 0%, 5% and 10% by grout weight). This absorbent polymer can swell and block
cracks. The results of plastic viscosity and yield stress were 24, 28 and 42 mPa-s and 9.2, 9.9 and
10.6 Pa, respectively for the different addition ratios indicated above Thus, the grout flowability
decreased with the increase of oil sorbent. Consequently, higher energy for the grout to be pumped
is required as the yield stress increased. The authors also found that oil sorbents additions
decreased the unconfined compressive strength at any dosage and age tested (28, 56 and 90 days).
As mentioned in Table 3, incorporating microcapsules and vascular networks are options for
healing larger cracks. Encapsulation allows the healing agent to be released into the damaged area
without suffering from environmental conditions. The release of core material may be time-
dependent or triggered by external effects as diffusion, rupture and dissolution.

For a successful repairing effect, is important to know which chemical reactions and interactions
are responsible for the healing process. As important as the chemical crosslinkers, is fundamental
to understand from triggering process to structural factors, including diameter, wall-thickness,
shape, dispersion of the capsules and vascular network pattern.

A capsule-based self-healing method was investigated by Liu et al. [161] who added 0, 1%, 3%,
5% and 8% (by grout weight) of urea/formaldehyde microcapsules (epoxy resin as core material)
in a commercial cementitious grout (w/c = 0.13). The results showed that the flow decreased
regardless of the number of capsules. The decrease was by 8% for grouts with less than 3% of
capsule content. Above 3%, the reduction was up to 45%. Similar reduction was observed in
compressive strength measurements at 1, 3 and 28 days for grouts containing more than 3% of
microcapsules.

Bacteria have been explored to improve the durability and to remedy cracks of cement-based
materials [143]. The microorganisms can be added by several methodologies, such as
encapsulation, aggregates impregnation and mixed with water [141,142]. The crack sealing is a
result of the precipitation of calcium carbonate (CaCOs3) [143]. Joshi et al. [162] evaluated the
microbially induced carbonate precipitation (MICP) biobased approach on cementitious grouts to
repair cracks in existing concrete structures. In the study, a mixture composed by cement, FA
(cement replacement from 10% to 50%) and two bacterial suspension-binder ratios (0.45 and 0.5)
was evaluated to repair artificial cracks. The cracks were made with a steel plate of 0.8 mm width
and 20 mm depth - in horizontal and vertical positions. The water ingress was measured by
sorptivity tests that showed that the bacterial grout treatment was very efficient. The sorptivity
coefficient of untreated concrete was 0.03, while the coefficient of specimens with vertical and
horizontal cracks were, respectively 0.005 and 0.002.

6. CONCLUSIONS

This work has compiled the relevant topics on the development of cementitious grouts
highlighting the main constituent materials, properties and applications. "Grout" describes many
types of injectable fluid cementitious materials and their properties vary significantly according
to numerous possibilities of mixing design. Therefore, this work has first of all pointed out that
there is no rigid pattern of grout behavior. As seen throughout the sections, small differences in
formulation (from the granulometry of the aggregate to the excessive amount of SP) result into
infinite possibilities of results. From the information gathered the following statements hold about
the relationships between grout composition and application-oriented performance, in whose
fields efforts have to be done for a better comprehension of the correlation and a likely
prescription-to-performance based treatment/funneling of the existing data:
- Cementitious grout is mostly composed by cement, water, sand and additive. Grout mixture
is mainly optimized by adjusting its water/cement and cement/solid ratios to achieve the
desired performance. It is essential that the grout is fluid enough without losing cohesion and
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stability. The consistency is mainly affected by the amount of water. Very fluid grouts (with
high water/cement ratio) can easily segregate.

High amounts of water also promote bleeding. High bleeding rate favors sedimentation and
increases porosity. Very porous grouts are more susceptible to the entry of aggressive
substances and have low compressive strength. Normally, grout stability is ensured by
chemical admixtures. However, large amounts can cause a reverse effect, which means that
the excessive use not only increases bleeding, but also reduces the mechanical strength and
impairs the penetrability.

Adequate water retentivity is essential, otherwise flowability can decrease, which can
promote filtration. The control of rheological behavior is essential for the injectability as the
grout must withstand high rates of shear stress without destabilizing. As a grout normally
requires high fluidity, the use of viscosity modifiers to enhance stability and cohesion is
recurrent.

Water-reducing admixtures provide workability and can increase the strength. Shrinkage-
reducing admixtures are an important chemical additive in very fluid grout as they delay
water absorption. Fly ash increases the workability, extends the setting-time and increases
its impermeability. Slag additions decrease porosity and increase long-term mechanical
properties. Silica fume increases fluidity, early and long-term strength, reduces the viscosity,
decreases bleeding and porosity. In high quantities, silica fume can excessively increase the
fluidity and impair the workability of the grout.

Self-healing cementitious materials are designed to heal damage caused by, for example,
mechanical stress or aging of the structure, in order to restore the original functionality,
extend the life and safety of structures. Several publications reported the healing effect
promoted by microencapsulation, mineral admixtures, bacteria, absorbent polymers, among
others. Self-healing approach has been further explored in concrete and mortar, but it is not
much explored in grouts. In the last 10 years, the number of documents related to cement
and mortars is up to 800% greater than those about grout, which indicates a research gap in
grouting field. Thus, a lot of research has to be done in this area, mainly focusing on the
mechanisms/interactions of the grout matrix and healing agents.

Acknowledgement

The financial support from the ITN-MSCA SMARTINCS project is
acknowledged by all the authors. This project has received funding
from the European Union's Horizon 2020 research and innovation

programme under the Marie Sktodowska-Curie grant agreement No
860006.

22



742
743

744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795

7. REFERENCES

[1]

[8]

[9]

[10]

[11]

[17]

[18]

E.. Nonveiller, Grouting Theory and Practice, Elsevier Science Publishers B. V.,
1989.

R. Glossop, The invention and development of injection processes part I: 1802-
1850, Geotechnique. 10 (1960) 91-100. https://doi.org/10.1680/geot.1960.10.3.91.
R.K. Dhir, N.A. Henderson, Specialist Techniques and Materials for Concrete
Construction, in: International Conference Held at the University of Dundee, 1999:
p. 467. https://doi.org/10.1680/stamfcc.28258.fm.

D. Gouvenot, State of the art in European grouting, in: Ground Improvement, 1998:
pp. 51-67. https://doi.org/10.1680/gi.1998.020201.

D. Johnson, Cementitious Grouts - Standards Update 1999, in: Specialist
Techniques and Materials for Concrete Construction, Thomas Telford Publishing,
1999: pp. 41-48. https://doi.org/10.1680/stamfcc.28258.0004.

D.M. Harrison, Cement Grouts, in: The Grouting Handbook - A Step-by-Step
Guide for Foundation Design and Machinery Installation, 2013: pp. 57-68.
https://doi.org/10.1016/b978-0-12-416585-4.00003-1.

J.C. Ni, W.-C. Cheng, Monitoring and Modeling Grout Efficiency of Lifting
Structure in Soft Clay, International Journal of Geomechanics. 10 (2010) 223-229.
https://doi.org/10.1061/(asce)gm.1943-5622.0000026.

D.J. Kim, G.J. Park, H.V. Le, D. Moon, Fresh and hardened properties of steel
fiber-reinforced grouts containing ground granulated blast-furnace slag, Constr
Build Mater. 122 (20106) 332-342.
https://doi.org/10.1016/j.conbuildmat.2016.06.005.

M.K. Swenty, B.A. Graybeal, Characterization of materials used in field-cast
precast concrete  connections, PCI  Journal. 62 (2017) 33-44.
https://doi.org/10.15554/pcij62.6-03.

M. Cyr, M. Trinh, B. Husson, G. Casaux-Ginestet, Design of eco-efficient grouts
intended for soil nailing, Constr Build Mater. 41 (2013) 857-867.
https://doi.org/10.1016/j.conbuildmat.2012.12.020.

F. Ascione, M. Lamberti, A. Napoli, R. Realfonzo, Experimental bond behavior of
Steel Reinforced Grout systems for strengthening concrete elements, Constr Build
Mater. 232 (2020) 117105. https://doi.org/10.1016/j.conbuildmat.2019.117105.
M.J. Shannag, High-performance cementitious grouts for structural repair, Cem
Concr Res. 32 (2002) 803—-808. https://doi.org/10.1016/S0008-8846(02)00710-X.
R.C. Omar, H. Taha, R. Roslan, [.N.Z. Baharudin, Study of bio-grout treated slope
models under simulated rainfall, International Journal of GEOMATE. 14 (2018)
154-159. https://doi.org/10.21660/2018.43.40742.

L.G. Baltazar, F.M.A. Henriques, F. Jorne, M.T. Cidade, The use of rheology in
the study of the composition effects on the fresh behaviour of hydraulic lime grouts
for injection of masonry walls, Rheol Acta. 52 (2013) 127-138.
https://doi.org/10.1007/s00397-013-0674-x.

M.I. Khan, M.H. Sutanto, M.B. Napiah, M. Zahid, A. Usman, Optimization of
Cementitious Grouts for Semi-Flexible Pavement Surfaces Using Response
Surface Methodology, in: IOP Conf Ser Earth Environ Sci, 2020.
https://doi.org/10.1088/1755-1315/498/1/012004.

K. Zheng, X. Yang, R. Chen, L. Xu, Application of a capillary crystalline material
to enhance cement grout for sealing tunnel leakage, Constr Build Mater. 214 (2019)
497-505. https://doi.org/10.1016/j.conbuildmat.2019.04.095.

M. Vasumithran, K.B. Anand, D. Sathyan, Effects of fillers on the properties of
cement grouts, Constr Build Mater. 246 (2020).
https://doi.org/10.1016/j.conbuildmat.2020.118346.

S. Zhang, W.G. Qiao, P.C. Chen, K. Xi, Rheological and mechanical properties of
microfine-cement-based grouts mixed with microfine fly ash, colloidal nanosilica

23



796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850

[24]

[25]

and  superplasticizer, Constr Build Mater. 212 (2019) 10-18.
https://doi.org/10.1016/j.conbuildmat.2019.03.314.

M.C.G. Juenger, R. Snellings, S.A. Bernal, Supplementary cementitious materials:
New sources, characterization, and performance insights, Cem Concr Res. 122
(2019) 257-273. https://doi.org/10.1016/j.cemconres.2019.05.008.

Y. Kim, Y.-S. Chu, S.-K. Seo, J.J. Kim, The non-shrinkage grout to use ground fly
ash as admixture, Journal of Ceramic Processing Research. 19 (2018) 509-513.
Z. Damiche, M. Lounis, M. Hamadache, H. Maachou, O. Chaib, Rheological study
of heavy cement grouts with physical and chemical characterization of barite
powder, Asian Journal of Civil Engineering. 21 (2020) 805-813.
https://doi.org/10.1007/s42107-020-00241-3.

M. Sonebi, A. Abdalqader, T. Fayyad, A. Perrot, Y. Bai, Optimisation of
rheological parameters, induced bleeding, permeability and mechanical properties
of supersulfated cement grouts, Constr Build Mater. 262 (2020).
https://doi.org/10.1016/j.conbuildmat.2020.120078.

F. Perez-Garcia, M.D. Rubio-Cintas, M.E. Parron-Rubio, J.M. Garcia-Manrique,
Advances in the analysis of properties behaviour of cement-based grouts with high
substitution of cement with blast furnace slags, Materials. 13 (2020).
https://doi.org/10.3390/mal13030561.

P. min Zhan, Z. hai He, Application of shrinkage reducing admixture in concrete:
A review, Constr Build Mater. 201 (2019) 676—690.
https://doi.org/10.1016/j.conbuildmat.2018.12.209.

G. Zhang, D. Qiu, S. Wang, P. Wang, Effects of plastic expansive agent on the
fluidity, mechanical strength, dimensional stability and hydration of high
performance cementitious grouts, Constr Build Mater. 243 (2020) 118204.
https://doi.org/10.1016/j.conbuildmat.2020.118204.

D.Y. Yoo, G.S. Ryu, T. Yuan, K.T. Koh, Mitigating shrinkage cracking in
posttensioning grout using shrinkage-reducing admixture, Cem Concr Compos. 81
(2017) 97-108. https://doi.org/10.1016/j.cemconcomp.2017.05.005.

F. Perez-Garcia, M.E. Parron-Rubio, J.M. Garcia-Manrique, M.D. Rubio-Cintas,
Study of the suitability of different types of slag and its influence on the quality of
green grouts obtained by partial replacement of cement, Materials. 12 (2019).
https://doi.org/10.3390/mal2071166.

P. Jafarpour, R. Ziaie Moayed, A. Kordnaeij, Yield stress for zeolite-cement
grouted sand, Constr Build Mater. 247 (2020).
https://doi.org/10.1016/j.conbuildmat.2020.118639.

A. Mofidi, J. Abila, J.T.M. Ng, Novel advanced composite bamboo structural
members with bio-based and synthetic matrices for sustainable construction,
Sustainability. 12 (2020). https://doi.org/10.3390/su12062485.

A. Patel, Grouting, in: A. Patel (Ed.), Geotechnical Investigations and
Improvement of Ground Conditions, Woodhead Publishing, 2019: pp. 37-48.
https://doi.org/10.1016/B978-0-12-817048-9.00005-6.

J.P. Welsh, State of the art of grouting in North America, Ground Improvement. 2
(1998) 11-15. https://doi.org/10.1680/gi.1998.020103.

R.W. Henn, Practical Guide to Grouting of Underground Structures, American
Society of Civil Engineers, 2010.

E. Luso, P.B. Lourengo, Experimental characterization of commercial lime based
grouts for stone masonry consolidation, Constr Build Mater. 102 (2016) 216-225.
https://doi.org/10.1016/j.conbuildmat.2015.10.096.

S. Kazemian, B.B.K. Huat, Assessment and comparison of grouting and injection
methods in geotechnical engineering, European Journal of Scientific Research. 27
(2009) 234-247.

S. Bandimere, Aff. M.ASCE, Compaction Grouting - A Half-Century Review, in:
Grouting and Deep Mixing 2012, 2012:  pp. 1664-1671.
https://doi.org/10.1061/9780784412350.0141.

24



851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904

[52]

[53]

P.G.A. Njock, J. Chen, G. Modoni, A. Arulrajah, Y.H. Kim, A review of jet
grouting practice and development, Arabian Journal of Geosciences. 11 (2018).
https://doi.org/10.1007/s12517-018-3809-7.

W.H. Huang, An investigation of the fluid characteristics of cement grouts, J Test
Eval. 2 (1974) 516-521. https://doi.org/10.1520/JTE116851J.

A. Pekrioglu Balkis, Properties and performance of a high volume fly ash grout,
Marine  Georesources and  Geotechnology. 38  (2020)  73-82.
https://doi.org/10.1080/1064119X.2018.1552999.

A. Joshaghani, M.A. Moeini, M. Balapour, A. Moazenian, Effects of
supplementary cementitious materials on mechanical and durability properties of
high-performance non-shrinking grout (HPNSG), J Sustain Cem Based Mater. 7
(2018) 38-56. https://doi.org/10.1080/21650373.2017.1372318.

G.C. Sang, J.P. Liu, Study of properties of Portland and aluminate cementitious
composited grouting material, Materials Research Innovations. 14 (2010) 200—
205. https://doi.org/10.1179/143307510X12719005364387.

S. Perret, K.H. Khayat, E. Gagnon, J. Rhazi, Repair of 130-year old masonry bridge
using high-performance cement grout, Journal of Bridge Engineering. 7 (2002) 31—
38. https://doi.org/10.1061/(ASCE)1084-0702(2002)7:1(31).

F. Sha, S. Li, R. Liu, Q. Zhang, Z. Li, Performance of typical cement suspension-
sodium silicate double slurry grout, Constr Build Mater. 200 (2019) 408—419.
https://doi.org/10.1016/j.conbuildmat.2018.12.119.

Y. Zhang, S. Wang, L. Li, J. Han, B. Zhang, D. Hou, J. Wang, C. Lin, A
preliminary study of the properties of potassium phosphate magnesium cement-
based grouts admixed with metakaolin, sodium silicate and bentonite, Constr Build
Mater. 262 (2020) 119893. https://doi.org/10.1016/j.conbuildmat.2020.119893.
K.H. Yang, Y.B. Jung, M.S. Cho, S.H. Tae, Effect of supplementary cementitious
materials on reduction of CO2 emissions from concrete, J Clean Prod. 103 (2015)
774-783. https://doi.org/10.1016/j.jclepro.2014.03.018.

R. Snellings, G. Mertens, J. Elsen, Supplementary cementitious materials, Rev
Mineral Geochem. 74 (2012) 211-278. https://doi.org/10.2138/rmg.2012.74.6.

B. Lothenbach, K. Scrivener, R.D. Hooton, Supplementary cementitious materials,
Cem Concr Res. 41 (2011) 1244-1256.
https://doi.org/10.1016/j.cemconres.2010.12.001.

J. Skibsted, R. Snellings, Reactivity of supplementary cementitious materials
(SCMs) in cement Dblends, Cem Concr Res. 124 (2019).
https://doi.org/10.1016/j.cemconres.2019.105799.

E. Aprianti S, A huge number of artificial waste material can be supplementary
cementitious material (SCM) for concrete production — a review part II, J Clean
Prod. 142 (2017) 4178—4194. https://doi.org/10.1016/j.jclepro.2015.12.115.

J.M. Paris, J.G. Roessler, C.C. Ferraro, H.D. Deford, T.G. Townsend, A review of
waste products utilized as supplements to Portland cement in concrete, J Clean
Prod. 121 (2016) 1-18. https://doi.org/10.1016/j.jclepro.2016.02.013.

K. Wesche, Fly Ash in Concrete Properties and Performance - Report of Technical
Committee 67-FAB, Taylor & Francis, 1991.

D.P. Bentz, C.F. Ferraris, M.A. Galler, A.S. Hansen, J.M. Guynn, Influence of
particle size distributions on yield stress and viscosity of cement-fly ash pastes,
Cem Concr Res. 42 (2012) 404-4009.
https://doi.org/10.1016/j.cemconres.2011.11.006.

G.C. Wang, The utilization of slag in civil infrastructure construction, Woodhead
Publishing, Amsterdam, Netherlands, 2016.
https://doi.org/https://doi.org/10.1016/C2014-0-03995-0.

C.K. Park, M.H. Noh, T.H. Park, Rheological properties of cementitious materials
containing mineral admixtures, Cem Concr Res. 35 (2005) 842-849.
https://doi.org/10.1016/j.cemconres.2004.11.002.

25



905
906
907
908
909
910
911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
936
937
938
939
940
941
942
943
944
945
946
947
948
949
950
951
952
953
954
955
956
957
958

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

LN. Markou, C.K. Kakavias, D.N. Christodoulou, I. Toumpanou, D.K. Atmatzidis,
Prediction of cement suspension groutability based on sand hydraulic conductivity,
Soils and Foundations. 60 (2020) 825-839.
https://doi.org/10.1016/j.sandf.2020.05.011.

S.K. Lim, C.S. Tan, K.P. Chen, M.L. Lee, W.P. Lee, Effect of different sand
grading on strength properties of cement grout, Constr Build Mater. 38 (2013) 348—
355. https://doi.org/10.1016/j.conbuildmat.2012.08.030.

G. Gelardi, S. Mantellato, D. Marchon, M. Palacios, A.B. Eberhardt, R.J. Flatt,
Chemistry of chemical admixtures, in: Science and Technology of Concrete
Admixtures, Elsevier Ltd, 2016: pp. 149-218. https://doi.org/10.1016/B978-0-08-
100693-1.00009-6.

P.C. Nkinamubanzi, S. Mantellato, R.J. Flatt, Superplasticizers in practice, in:
Science and Technology of Concrete Admixtures, Elsevier Ltd, 2016: pp. 353—
377. https://doi.org/10.1016/B978-0-08-100693-1.00016-3.

M. Shamsuddoha, G. Hiisken, W. Schmidt, H.-C. Kiihne, M. Baeller,
Superplasticizer and Shrinkage Reducing Admixture Dosages for Microfine
Cement in Grout Systems, MATEC Web of Conferences. 278 (2019) 01001.
https://doi.org/10.1051/matecconf/201927801001.

W.H. Huang, Improving the properties of cement-fly ash grout using fiber and
superplasticizer, Cem Concr Res. 31 (2001) 1033-1041.
https://doi.org/10.1016/S0008-8846(01)00527-0.

G. Baker, R. Hockings, J. Blanck, The Influence of Accelerator on the Long-Term
Strength of Steel Fibre Reinforced Shotcrete, Specialist Techniques and Materials
for Concrete Construction. (1999) 121-130.
https://doi.org/10.1680/stamfcc.28258.0012.

Z. Yu, L. Yang, S. Zhou, Q. Gong, H. Zhu, Durability of cement-sodium silicate
grouts with a high water to binder ratio in marine environments, Constr Build
Mater. 189 (2018) 550-559. https://doi.org/10.1016/j.conbuildmat.2018.09.040.
M. Jachiet, N. Azéma, G. Le Saoit, E. Garcia-Diaz, V. Kocaba, Influence of
triethanolamine on cement pastes at early age of hydration, Advances in Cement
Research. 30 (2018) 159-171. https://doi.org/10.1680/jadcr.17.00041.

N.C. Collier, N.B. Milestone, K.P. Travis, A review of potential cementing systems
for sealing and support matrices in deep borehole disposal of radioactive waste,
Energies (Basel). 12 (2019) 1-15. https://doi.org/10.3390/en12122393.

K.H. Khayat, Viscosity-enhancing admixtures for cement-based materials - An
overview, Cem Concr Compos. 20 (1998) 171-188. https://doi.org/10.1016/s0958-
9465(98)80006-1.

S. Li, J. Zhang, Z. Li, Y. Gao, Y. Qi, H. Li, Q. Zhang, Investigation and practical
application of a new cementitious anti-washout grouting material, Constr Build
Mater. 224 (2019) 66-77. https://doi.org/10.1016/j.conbuildmat.2019.07.057.

M. Saric-Coric, K.H. Khayat, A. Tagnit-Hamou, Performance characteristics of
cement grouts made with various combinations of high-range water reducer and
cellulose-based viscosity modifier, Cem Concr Res. 33 (2003) 1999-2008.
https://doi.org/10.1016/S0008-8846(03)00214-X.

J.J. Assaad, Y. Daou, Cementitious grouts with adapted rheological properties for
injection by vacuum techniques, Cem Concr Res. 59 (2014) 43-54.
https://doi.org/10.1016/j.cemconres.2014.01.021.

G.A. Archibong, E.U. Sunday, J.C. Akudike, O.C. Okeke, C. Amadi, A Review of
the Principles and Methods of Soil Stabilization, International Journal of Advanced
Academic Research. 6 (2020) 89-115.

E.G.A. Ferreira, J.T. Marumo, M.K.K.D. Franco, F. Yokaichiya, R. Vicente, 10000
years cement — Can hydrated cement last as much as long-lived radionuclides?,
Cem Concr Compos. 103 (2019) 339-352.
https://doi.org/10.1016/j.cemconcomp.2019.05.016.

26



959
960
961
962
963
964
965
966
967
968
969
970
971
972
973
974
975
976
977
978
979
980
981
982
983
984
985
986
987
988
989
990
991
992
993
994
995
996
997
998
999
1000
1001
1002
1003
1004
1005
1006
1007
1008
1009
1010
1011
1012
1013

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[80]

[81]

[84]

[85]

S. He, J. Lai, L. Wang, K. Wang, A literature review on properties and applications
of grouts for shield tunnel, Constr Build Mater. 239 (2020) 117782.
https://doi.org/10.1016/j.conbuildmat.2019.117782.

L. Valentini, G. Ferrari, V. Russo, M. Stefangi¢, V. Zalar Serjun, G. Artioli, Use
of nanocomposites as permeability reducing admixtures, Journal of the American
Ceramic Society. 101 (2018) 42754284, https://doi.org/10.1111/jace.15548.

A. de S. Oliveira, J. Dweck, E. de M.R. Fairbain, O.R.D.T. Filho, Crystalline
admixture effects on crystal formation phenomena during cement pastes’
hydration, J Therm  Anal Calorim. 139  (2020) 3361-3375.
https://doi.org/10.1007/s10973-019-08745-0.

J. Michael, S.H. Smith, S.A. Durham, M.G. Chorzepa, Crack control in concrete
walls through novel mixture design, full-scale testing, and finite element analysis,
Constr Build Mater. 166 (2018) 301-314.
https://doi.org/10.1016/j.conbuildmat.2018.01.081.

P. Azarsa, R. Gupta, A. Biparva, Inventive microstructural and durability
investigation of cementitious composites involving crystalline waterproofing
admixtures and Portland limestone cement, Materials. 13 (2020).
https://doi.org/10.3390/mal13061425.

J.L. Garcia Calvo, F. Pedrosa, P. Carballosa, D. Revuelta, Evaluation of the sealing
effectiveness of expansive cement grouts through a novel water penetration test,
Constr Build Mater. 251 (2020).
https://doi.org/10.1016/j.conbuildmat.2020.118974.

N.C. Collier, N.B. Milestone, K.P. Travis, Lessons Learned from the Development
of Cementitious Grouts for Deep Borehole Disposal Applications, Journal of
Materials in Civil Engineering. 29 (2017) 1-8.
https://doi.org/10.1061/(asce)mt.1943-5533.0002006.

M. Sonebi, M.T. Bassuoni, J. Kwasny, A.K. Amanuddin, Effect of Nanosilica on
Rheology, Fresh Properties, and Strength of Cement-Based Grouts, Journal of
Materials in Civil Engineering. 27 (2015).
https://doi.org/10.1061/(ASCE)MT.1943-5533.0000026.

C.A. Anagnostopoulos, Effect of different superplasticisers on the physical and
mechanical properties of cement grouts, Constr Build Mater. 50 (2014) 162—168.
https://doi.org/10.1016/j.conbuildmat.2013.09.050.

F. Sha, C. Lin, Z. Li, R. Liu, Reinforcement simulation of water-rich and broken
rock with Portland cement-based grout, Constr Build Mater. 221 (2019) 292-300.
https://doi.org/10.1016/j.conbuildmat.2019.06.094.

J. Mirza, M.S. Mirza, V. Roy, K. Saleh, Basic rheological and mechanical
properties of high-volume fly ash grouts, Constr Build Mater. 16 (2002) 353-363.
https://doi.org/10.1016/S0950-0618(02)00026-0.

M. Sahmaran, N. Ozkan, S.B. Keskin, B. Uzal, 1.0. Yaman, T.K. Erdem,
Evaluation of natural zeolite as a viscosity-modifying agent for cement-based
grouts, Cem Concr Res. 38 (2008) 930-937.
https://doi.org/10.1016/j.cemconres.2008.03.007.

F.S. Fonseca, R.C. Godfrey, K. Siggard, Compressive strength of masonry grout
containing high amounts of class F fly ash and ground granulated blast furnace
slag, Constr Build Mater. 94 (2015) 719-727

https://doi.org/10.1016/j.conbuildmat.2015.07.115.

G.H. Tattersall, Workability and Quality Control of Concrete, 1st Editio, Taylor &
Francis Group, LLC, London, 1991.
https://doi.org/https://doi.org/10.1201/9781482267006.

A.M. Neville, J.J. Brooks, Concrete Technology, 2nd ed., Pearson Education
Limited, 2010.

A. Miltiadou-Fezans, T.P. Tassios, Fluidity of hydraulic grouts for masonry
strengthening, Mater Struct. 45 (2012) 1817-1828.
https://doi.org/10.1617/s11527-012-9872-8.

27



1014
1015
1016
1017
1018
1019
1020
1021
1022
1023
1024
1025
1026
1027
1028
1029
1030
1031
1032
1033
1034
1035
1036
1037
1038
1039
1040
1041
1042
1043
1044
1045
1046
1047
1048
1049
1050
1051
1052
1053
1054
1055
1056
1057
1058
1059
1060
1061
1062
1063
1064
1065
1066

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[101]

[102]

[103]

Y. Peng, R.A. Lauten, K. Reknes, S. Jacobsen, Bleeding and sedimentation of
cement paste measured by hydrostatic pressure and Turbiscan, Cem Concr
Compos. 76 (2017) 25-38. https://doi.org/10.1016/j.cemconcomp.2016.11.013.
T.S. Krishnamoorthy, S. Gopalakrishnan, K. Balasubramanian, B.H. Bharatkumar,
P. Rama Mohan Rao, Investigations on the cementitious grouts containing
supplementary cementitious materials, Cem Concr Res. 32 (2002) 1395-1405.
https://doi.org/10.1016/S0008-8846(02)00799-8.

T.K. Erdem, E. Bilgi¢, Z. Kanpara Civas, A new method to quantify the robustness
of  self-consolidating  grouts, Constr Build Mater. 229 (2019).
https://doi.org/10.1016/j.conbuildmat.2019.116849.

W. Cui, Q. Tang, H. Song, Washout resistance evaluation of fast-setting cement-
based grouts considering time-varying viscosity using CFD simulation, Constr
Build Mater. 242 (2020) 117959
https://doi.org/10.1016/j.conbuildmat.2019.117959.

O. Tan, A.S. Zaimoglu, Taguchi approach for investigation of the setting times on
cement-based grouts, Indian Journal of Engineering & Materials Sciences. 11
(2004) 63-67.

American Concrete Institute, ACI CT-13. ACI Concrete Terminology - An ACI
Standard, 2013.

G. Lombardi, The role of cohesion in cement grouting of rock, in: Quinziéme
Congres International Des Grands Barrages, Lausanne, Switzerland, 1985: pp.
235-261.

S. Gopinathan, K.B. Anand, Properties of cement grout modified with ultra-fine
slag, Frontiers of Structural and Civil Engineering. 12 (2018) 58—66.

G. Giaccio, A. Giovambattista, Bleeding: Evaluation of its effects on concrete
behaviour, Mater Struct. 19 (1986) 265-271. https://doi.org/10.1007/BF02472109.
Y. Li, G. Zhang, H. Jiang, Y. Liu, C. Kuang, Performance assessment of a newly
developed and highly stable sandy cementitious grout for karst aquifers in China,
Environ Earth Sci. 79 (2020). https://doi.org/10.1007/s12665-020-8894-8.

ASTM (939, Standard Test Method for Flow of Grout for Preplaced-Aggregate
Concrete  (Flow  Cone  Method), @ ASTM  International.  (2016).
https://doi.org/10.1520/C0939-16A.

ASTM C230, Standard Specification for Flow Table for Use in Tests of Hydraulic
Cement, ASTM Interna. (2020). https://doi.org/10.1520/C0230.

ASTM C1107, Standard Specification for Packaged Dry, Hydraulic-Cement Grout
(Nonshrink), ASTM International. (2020).

M. Shamsuddoha, G. Hiisken, W. Schmidt, H.C. Kiihne, M. BaeB3ler, Ternary mix
design of grout material for structural repair using statistical tools, Constr Build
Mater. 189 (2018) 170—180. https://doi.org/10.1016/j.conbuildmat.2018.08.156.
A. Miltiadou-Fezans, T.P. Tassios, Penetrability of hydraulic grouts, Materials and
Structures/Materiaux et Constructions. 46 (2013) 1653-1671.
https://doi.org/10.1617/s11527-012-0005-1

E.E. Toumbakari, D. van Gemert, T.P. Tassios, N. Tenoutasse, Effect of mixing
procedure on injectability of cementitious grouts, Cem Concr Res. 29 (1999) 867—
872. https://doi.org/10.1016/S0008-8846(99)00054-X.

F. Jorne, F.M.A. Henriques, L.G. Baltazar, Influence of superplasticizer,
temperature, resting time and injection pressure on hydraulic lime grout
injectability. Correlation analysis between fresh grout parameters and grout
injectability, Journal of Building Engineering. 4 (2015) 140-151.
https://doi.org/10.1016/j.jobe.2015.08.007.

A. Bras, F.M.A. Henriques, Natural hydraulic lime based grouts - The selection of
grout injection parameters for masonry consolidation, Constr Build Mater. 26
(2012) 135-144. https://doi.org/10.1016/j.conbuildmat.2011.05.012.

28



1067
1068
1069
1070
1071
1072
1073
1074
1075
1076
1077
1078
1079
1080
1081
1082
1083
1084
1085
1086
1087
1088
1089
1090
1091
1092
1093
1094
1095
1096
1097
1098
1099
1100
1101
1102
1103
1104
1105
1106
1107
1108
1109
1110
1111
1112
1113
1114
1115
1116
1117
1118
1119
1120
1121

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

F.Jorne, F.M.A. Henriques, L.G. Baltazar, Evaluation of consolidation of different
porous media with hydraulic lime grout injection, J Cult Herit. 16 (2015) 438—451.
https://doi.org/10.1016/j.culher.2014.10.005.

M. Axelsson, G. Gustafson, A. Fransson, Stop mechanism for cementitious grouts
at different water-to-cement ratios, Tunnelling and Underground Space
Technology. 24 (2009) 390-397. https://doi.org/10.1016/j.tust.2008.11.001.

J. Liu, Y. Li, G. Zhang, Y. Liu, Effects of cementitious grout components on
rheological properties, Constr Build Mater. 227 (2019).
https://doi.org/10.1016/j.conbuildmat.2019.08.035.

G. Sant, C.F. Ferraris, J. Weiss, Rheological properties of cement pastes: A
discussion of structure formation and mechanical property development, Cem
Concr Res. 38 (2008) 1286—1296.
https://doi.org/10.1016/j.cemconres.2008.06.008.

B. Bohloli, O. Skjelsvold, H. Justnes, R. Olsson, E. Grav, A. Aarset, Cements for
tunnel grouting — Rheology and fl ow properties tested at di ff erent temperatures,
Tunnelling and Underground Space Technology. 91 (2019) 103011.
https://doi.org/10.1016/j.tust.2019.103011.

H. Giilli, A. Cevik, KM.A. Al-Ezzi, M.E. Giilsan, On the rheology of using
geopolymer for grouting: A comparative study with cement-based grout included
fly ash and cold bonded fly ash, Constr Build Mater. 196 (2019) 594-610.
https://doi.org/10.1016/j.conbuildmat.2018.11.140.

P. Gelade, R. Le Roy, I. Boucenna, P. Flaud, Stability of cement grout: Study of
sedimentation = phenomena, Applied Rheology. 12 (2002) 12-17.
https://doi.org/https://doi.org/10.1515/arh-2002-0001.

L.G. Baltazar, F.M.A. Henriques, F. Jorne, M.T. Cidade, Combined effect of
superplasticizer, silica fume and temperature in the performance of natural
hydraulic lime grouts, Constr Build Mater. 50 (2014) 584-597.
https://doi.org/10.1016/j.conbuildmat.2013.10.005.

Z. Zhou, H. Zang, J. Zhang, S. Wang, X. Du, D. Ma, Filtration Behaviour of
Cement-Based Grout in Porous Media, Transp Porous Media. 125 (2018) 435-463.
https://doi.org/10.1007/s11242-018-1127-x.

J.J. Assaad, Correlating water extraction to viscosity variations of injection grouts,
Constr Build Mater. 77 (2015) 74-82.
https://doi.org/10.1016/j.conbuildmat.2014.12.024.

A.N. Ghafar, S.A. Akbar, Uncertainties in Grout Penetrability Measurements ;
Evaluation and Comparison of Filter pump , Penetrability Meter and Short Slot,
Geotechnical and  Geological  Engineering. 36  (2018)  747-762.
https://doi.org/10.1007/s10706-017-0351-4.

D. Eklund, H. Stille, Penetrability due to filtration tendency of cement-based
grouts, Tunnelling and Underground Space Technology. 23 (2008) 389-398.
https://doi.org/10.1016/j.tust.2007.06.011.

A. Draganovié, H. Stille, Filtration and penetrability of cement-based grout: Study
performed with a short slot, Tunnelling and Underground Space Technology. 26
(2011) 548-559. https://doi.org/10.1016/j.tust.2011.02.007.

B. Bohloli, E. Katrine, E. Grev, O. Skjelsvold, H. Olav, Strength and fi Itration
stability of cement grouts at room and true tunnelling temperatures, Tunnelling and
Underground Space Technology. 71 (2018) 193-200.
https://doi.org/10.1016/j.tust.2017.08.017.

L. Peng, H. Lingyao, W. Kai, W. Qian, Z. Qingsong, Z. Xiao, Pressure Monitoring
in Tunnel Grouting Simulation Test, Pol J Environ Stud. 31 (2022) 2787-2794.
https://doi.org/10.15244/pjoes/143913.

B. Xie, H. Cheng, X. Wang, Z. Yao, C. Rong, R. Zhou, L. Zhang, L. Guo, H. Yu,
W. Xiong, X. Xiang, Theoretical Research on Diffusion Radius of Cement-Based
Materials Considering the Pore Characteristics of Porous Media, Materials. 15
(2022) 1-16. https://doi.org/10.3390/mal5217763.

29



1122
1123
1124
1125
1126
1127
1128
1129
1130
1131
1132
1133
1134
1135
1136
1137
1138
1139
1140
1141
1142
1143
1144
1145
1146
1147
1148
1149
1150
1151
1152
1153
1154
1155
1156
1157
1158
1159
1160
1161
1162
1163
1164
1165
1166
1167
1168
1169
1170
1171
1172
1173
1174
1175

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

L. Zhang, R. Yu, Q. Zhang, R. Liu, H. Feng, Y. Chu, Permeation grouting diffusion
mechanism of quick setting grout, Tunnelling and Underground Space
Technology. 124 (2022) 104449. https://doi.org/10.1016/j.tust.2022.104449.

W. Zhang, S. Li, J. Wei, Q. Zhang, R. Liu, X. Zhang, H. Yin, Grouting rock
fractures with cement and sodium silicate grout, Carbonates Evaporites. 33 (2018)
211-222. https://doi.org/10.1007/s13146-016-0332-3.

F. Xiao, Z. Zhao, Influence of fracture deformation on grout penetrability in
fractured rock masses, Tunnelling and Underground Space Technology. 102
(2020) 103431. https://doi.org/10.1016/j.tust.2020.103431.

A. Teymen, Effect of mineral admixture types on the grout strength of fully-
grouted rockbolts, Constr Build Mater. 145 (2017) 376-382.
https://doi.org/10.1016/j.conbuildmat.2017.04.046.

M. Sahinagic-Isovic, G. Markovski, M. Cecez, Shrinkage strain of concrete -
Causes and types, Gradevinar. 64 (2012) 727-734.
https://doi.org/10.14256/jce.719.2012.

A. Elzokra, A. Al Houri, A. Habib, M. Habib, A.B. Malkawi, Shrinkage behavior
of conventional and nonconventional concrete: A review, Civil Engineering
Journal (Iran). 6 (2020) 1839—1851. https://doi.org/10.28991/cej-2020-03091586.
I.M.G. Bertelsen, L.M. Ottosen, G. Fischer, Influence of fibre characteristics on
plastic shrinkage cracking in cement-based materials: A review, Constr Build
Mater. 230 (2020) 116769. https://doi.org/10.1016/j.conbuildmat.2019.116769.

I. De la Varga, Z.B. Haber, B.A. Graybeal, Enhancing shrinkage properties and
bond performance of prefabricated bridge deck connection grouts: material and
component testing, Journal of Materials in Civil Engineering. 30 (2018) 1-12.
https://doi.org/10.1061/(ASCE)MT.1943-5533.0002235.

I. De la Varga, B.A. Graybeal, Dimensional stability of grout-type materials used
as connections between prefabricated concrete elements, Journal of Materials in
Civil Engineering. 27 (2015) 1-10. https://doi.org/10.1061/(ASCE)MT.1943-
5533.0001212.

R. Gupta, A. Biparva, Do crystalline water proofing admixtures affect restrained
plastic shrinkage behavior of concrete?, Revista ALCONPAT. 7 (2017) 15-24.
https://doi.org/10.21041/ra.v7il1.172.

K. Sisomphon, O. Copuroglu, E.A.B. Koenders, Self-healing of surface cracks in
mortars with expansive additive and crystalline additive, Cem Concr Compos. 34
(2012) 566—574. https://doi.org/10.1016/j.cemconcomp.2012.01.005.

N. de Belie, E. Gruyaert, A. Al-Tabbaa, P. Antonaci, C. Baera, D. Bajare, A.
Darquennes, R. Davies, L. Ferrara, T. Jefferson, C. Litina, B. Miljevic, A.
Otlewska, J. Ranogajec, M. Roig-Flores, K. Paine, P. Lukowski, P. Serna, J.M.
Tulliani, S. Vucetic, J. Wang, H.M. Jonkers, A Review of Self-Healing Concrete
for Damage Management of Structures, Adv Mater Interfaces. 5 (2018) 1-28.
https://doi.org/10.1002/admi.201800074.

H. Mihashi, T. Nishiwaki, Development of engineered self-healing and self-
repairing concrete, Journal of Advanced Concrete Technology. 10 (2012) 170-184.
https://doi.org/10.3151/jact.10.170.

S.H. Jakhrani, A. Qudoos, H.G. Kim, I.K. Jeon, J.S. Ryou, Review on the self-
healing concrete-approach and evaluation techniques, Journal of Ceramic
Processing Research. 20 (2019) 1-18.

M. Wu, B. Johannesson, M. Geiker, A review: Self-healing in cementitious
materials and engineered cementitious composite as a self-healing material, Constr
Build Mater. 28 (2012) 571-583.
https://doi.org/10.1016/j.conbuildmat.2011.08.086

W. Zhang, Q. Zheng, A. Ashour, B. Han, Self-healing cement concrete composites
for resilient infrastructures: A review, Compos B Eng. 189 (2020) 107892.
https://doi.org/10.1016/j.compositesb.2020.107892.

30



1176
1177
1178
1179
1180
1181
1182
1183
1184
1185
1186
1187
1188
1189
1190
1191
1192
1193
1194
1195
1196
1197
1198
1199
1200
1201
1202
1203
1204
1205
1206
1207
1208
1209
1210
1211
1212
1213
1214
1215
1216
1217
1218
1219
1220
1221
1222
1223
1224
1225
1226
1227
1228
1229

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

H. Huang, G. Ye, C. Qian, E. Schlangen, Self-healing in cementitious materials:
Materials, methods and service conditions, Mater Des. 92 (2016) 499-511.
https://doi.org/10.1016/j.matdes.2015.12.091.

A. Ravitheja, T.C.S. Reddy, C. Sashidhar, Self-healing concrete with crystalline
admixture - A review, Journal of Wuhan University of Technology-Material
Science. 34 (2019) 1143—1154. https://doi.org/10.1088/1757-899X/660/1/012057.
P. Termkhajornkit, T. Nawa, Y. Yamashiro, T. Saito, Self-healing ability of fly
ash-cement systems, Cem Concr Compos. 31 (2009) 195-203
https://doi.org/10.1016/j.cemconcomp.2008.12.009.

B. Park, Y. Cheol, Effect of healing products on the self-healing performance of
cementitious materials with crystalline admixtures, Constr Build Mater. 270 (2021)
121389. https://doi.org/10.1016/j.conbuildmat.2020.121389.

C. Aire, A. Reyes, Durable concrete specification development and
implementation for the New International Airport of Mexico, Case Studies in
Construction Materials. 11 (2019). https://doi.org/10.1016/j.cscm.2019.00286.

P. Singh, I. Kaur, N. Singh, A review of different bacteria carriers used in self-
healing  mechanism, Mater Today Proc. 32 (2020) 955-960.
https://doi.org/10.1016/j.matpr.2020.05.100.

M. Bayati, L.A. Saadabadi, Efficiency of bacteria based self healing method in
alkali activated slag (AAS) mortars, Journal of Building Engineering. 42 (2021)
102492. https://doi.org/10.1016/j.jobe.2021.102492.

R. Roy, E. Rossi, J. Silfwerbrand, H. Jonkers, Self-healing capacity of mortars with
added-in bio-plastic bacteria-based agents: Characterization and quantification
through micro-scale techniques, Constr Build Mater. 297 (2021) 123793.
https://doi.org/10.1016/j.conbuildmat.2021.123793.

A. Beglarigale, D. Eyice, Y. Seki, C. Yalginkaya, O. Copuro”glu, H.Y. B, Sodium
silicate / polyurethane microcapsules synthesized for enhancing self-healing ability
of cementitious materials : Optimization of stirring speeds and evaluation of self-
healing efficiency, Journal of Building Engineering. 39 (2021) 102279.
https://doi.org/10.1016/j.jobe.2021.102279.

Y .K. Song, Y.H. Jo, Y.J. Lim, S.Y. Cho, H.C. Yu, B.C. Ryu, S.I. Lee, C.M. Chung,
Sunlight-induced self-healing of a microcapsule-type protective coating, ACS
Appl Mater Interfaces. 5 (2013) 1378-1384. https://doi.org/10.1021/am302728m.
Y. Wang, D.T. Pham, C. Ji, Self-healing composites: A review, Cogent Eng. 2
(2015) 1-28. https://doi.org/10.1080/23311916.2015.1075686.

Y. Shields, N. De Belie, A. Jefferson, K. Van Tittelboom, A review of vascular
networks for self-healing applications, Smart Mater Struct. 30 (2021).
https://doi.org/10.1088/1361-665X/abf4 1d.

B. Cao, L.R. De Souza, A. Al-tabbaa, Organic contaminant-triggered self-healing
soil mix cut-off wall materials incorporating oil sorbents, Materials. 13 (2020).
American Concrete Institute Committee 212, ACI 212.3R-10 Report on Chemical
Admixtures for concrete Chapter 15, 2017.

L. Ferrara, V. Krelani, F. Moretti, On the use of crystalline admixtures in cement
based construction materials: From porosity reducers to promoters of self healing,
Smart Mater Struct. 25 (2016) 1-17. https://doi.org/10.1088/0964-
1726/25/8/084002.

J. Pazderka, E. Hajkova, Crystalline admixtures and their effect on selected
properties of concrete, Acta Polytechnica. 56 (2016) 306-311.
https://doi.org/10.14311/AP.2016.56.0306.

A. de S. Oliveira, O. da F.M. Gomes, L. Ferrara, E. de M.R. Fairbairn, R.D.T.
Filho, An overview of a twofold effect of crystalline admixtures in cement-based
materials : from permeability-reducers to self-healing stimulators, Journal of
Building Engineering. 41 (2021) 102400.
https://doi.org/10.1016/j.jobe.2021.102400.

31



1230
1231
1232
1233
1234
1235
1236
1237
1238
1239
1240
1241
1242
1243
1244
1245
1246
1247
1248
1249
1250
1251
1252
1253
1254
1255
1256
1257
1258
1259
1260
1261
1262
1263
1264
1265
1266
1267
1268

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

M. Roig-flores, F. Pirritano, P. Serna, L. Ferrara, Effect of crystalline admixtures
on the self-healing capability of early-age concrete studied by means of
permeability and crack closing tests, Constr Build Mater. 114 (2016) 447-457.
https://doi.org/10.1016/j.conbuildmat.2016.03.196.

R.D.S. Petrucci, D. Hastenpflug, Evaluation of Crystalline Waterproofing
Admixture on Portland Cement Concrete, in: Proceedings of International
Structural Engineering and Construction, 2017.
https://doi.org/10.14455/isec.res.2017.95.

D. Neverkovica, A. Korjakins, Influence of Additives on Reinforced Concrete
Durability, Construction Science. 16 (2015) 21-26. https://doi.org/10.1515/cons-
2014-0009.

L. Wang, G. Zhang, P. Wang, S. Yu, Effects of fly ash and crystalline additive on
mechanical properties of two-graded roller compacted concrete in a high RCC arch
dam, Constr Build Mater. 182 (2018) 682—690.
https://doi.org/10.1016/j.conbuildmat.2018.06.101.

G. Li, S. Liu, M. Niu, Q. Liu, X. Yang, M. Deng, Effect of granulated blast furnace
slag on the self-healing capability of mortar incorporating crystalline admixture,
Constr Build Mater. 239 (2020) 117818.
https://doi.org/10.1016/j.conbuildmat.2019.117818.

X. Wang, H. Qiao, Z. Zhang, S. Tang, S. Liu, M. Niu, G. Li, Effect of fly ash on
the self-healing capability of cementitious materials with crystalline admixture
under  different  conditions, @ AIP  Adv. 11 (2021)  075018.
https://doi.org/10.1063/5.0056183.

H.X.D. Lee, H.S. Wong, N.R. Buenfeld, Self-sealing of cracks in concrete using
superabsorbent  polymers, Cem Concr Res. 79 (2016) 194-208

https://doi.org/10.1016/j.cemconres.2015.09.008.

D. Li, B. Chen, X. Chen, B. Fu, H. Wei, X. Xiang, Synergetic effect of
superabsorbent polymer (SAP) and crystalline admixture (CA) on mortar macro-
crack  healing, Constr  Build  Mater. 247  (2020) 118521.
https://doi.org/10.1016/j.conbuildmat.2020.118521.

Y.L. Liu, Y.S. Wang, G. Fang, Y. Alrefaei, B. Dong, F. Xing, A preliminary study
on capsule-based self-healing grouting materials for grouted splice sleeve
connection, Constr Build Mater. 170 (2018) 418423

https://doi.org/10.1016/j.conbuildmat.2018.03.088.

S. Joshi, S. Goyal, M. Sudhakara Reddy, Bio-consolidation of cracks with fly ash
amended biogrouting in concrete structures, Constr Build Mater. 300 (2021)
124044, https://doi.org/10.1016/j.conbuildmat.2021.124044

32



	1. INTRODUCTION
	2. GROUTING METHODS
	3. MAIN COMPONENTS OF CEMENTITIOUS GROUTS
	4. PROPERTIES OF CEMENTITIOUS GROUTS
	4.1 WORKABILITY
	4.2 BLEEDING
	4.3 CONSISTENCY
	4.4 INJECTABILITY
	4.5 MECHANICAL PROPERTIES
	4.6 SHRINKAGE

	5. CEMENTITITOUS GROUTS WITH SMART FUNCTIONALITIES
	5.1 AUTOGENOUS AND AUTONOMOUS HEALING IN CEMENTITIOUS GROUTS.

	6. CONCLUSIONS
	7. REFERENCES

