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Abstract Crystalline admixtures (CA) are often
proposed as admixtures for improving self-healing
ability of cement-based materials. While significant
progress has been made in smart concretes and mor-
tars, the application of self-healing technology in
grouts remains underexplored. The design of a grout
is complex because any change in its composition will
have a significant effect on its properties, especially in
the fresh state. This work analyses the effect of the
incorporation of the CA on the production of a self-
repairing grout. The study focuses on the effects of
CA on the fresh and hardened properties of grouts. A
comprehensive analysis of grout design highlights the
influence of critical parameters such as water/binder
(w/b) and sand/binder (s/b) ratios, supplementary
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materials (fly ash and limestone), and superplasticizer
(SP) dosages. Formulating a grout with CA requires
greater efforts to achieve an optimal balance between
the fresh and hardened properties. CA affected par-
ticle dispersion, stability and consistency of grouts.
Designing grouts (with and without CA) with similar
fluidity required higher SP dosages, which improved
the viscosity and delayed the setting time. CA accel-
erates the hydration of C;S and C;A hydrates for-
mation and shortens the induction period, but when
combined with SP, its contribution is reduced. Com-
pressive strength of grout with CA were higher than
reference at all tested ages.

Keywords Grout - Mix design - Crystalline
admixtures - Workability

1 Introduction

When designing a cement-based grout, expertise is
essential in grout formulation due to the wide range of
applications and numerous parameters (e.g., compo-
sition, w/b and s/b ratios, mixing conditions, among
others) that must be considered in an overall design
framework [1-3]. Although there are some research
reports and standards [4-7], many do not specify the
exact properties a grout must exhibit nor detail the
particularities of its formulation, and most grouts are

produced based on empirical practices.
nilem


http://crossmark.crossref.org/dialog/?doi=10.1617/s11527-025-02598-w&domain=pdf
http://orcid.org/0000-0002-2197-2787
http://orcid.org/0000-0002-6518-0685
https://doi.org/10.1617/s11527-025-02598-w
https://doi.org/10.1617/s11527-025-02598-w

91 Page?2 of 21

Materials and Structures (2025) 58:91

Workability is an essential property and is usually
measured through rheological measurements, setting
time and flow measurements (flow time and flow table
spreading) [2]. As fluidity is a primary characteristic
of grout, it requires a balanced w/b ratio to maintain
the grout performance. A high w/b ratio improve
fluidity, but can also increase bleeding and poros-
ity, impairing cohesion and leading to sedimentation
and segregation [8]. When bleeding is high, this also
results in uneven settling and strength losses [9-12].
Minimizing bleeding is important for achieving opti-
mal grout performance. Some papers indicated that a
maximum of 5% of bleeding is acceptable [13, 14].

To address workability issues, chemical admix-
tures (as superplasticizers (SP)) and some supplemen-
tary cementitious materials (SCM) are often incorpo-
rated [15-22]. In this study, part of the cement was
replaced with fly ash (FA) as it was reported as an
agent to improve the workability due to a lubrication
effect [23], in addition to decreasing the yield stress
[24] and, reducing the apparent viscosity [25]. Lime-
stone (LS) was also used as it can improve the micro-
structure and may modify the rheological properties.
Although it is considered an inert filler, LS can alter
the hydration kinetics of cement and the morphol-
ogy of hydration products [26, 27]. Depending on the
grain size distribution of fine aggregates, the bleeding
rate and compressive strength can be improved [28].

Grouts can exhibit fluid, plastic or flowable con-
sistencies, with flow tests (flow table spread and
flow time) frequently used to measure this property
[7, 29-31]. Generally, grout stability is proportional
to its viscosity and inversely proportional to fluidity.
Therefore, studying its rheological behavior is essen-
tial to anticipate and mitigate issues like sedimenta-
tion, segregation and filtration [32-36].

Usually, cementitious grouts are described as non-
Newtonian fluids. The rheological models provide
theoretical descriptions of the rheological behav-
ior and are not absolute rules. In a real scenario, the
material may demonstrate more than one behavior
across different shear rate ranges.

For grouts, both the yield stress (related with the
cohesion forces between particles) and viscosity are
important parameters because they provide informa-
tion on the stability and injectability. Some grouts
follow the simplest rheological behavior, called Bing-
ham model, that obey Eq. 1, where 7 is the measured
shear stress (Pa) at a shear rate (s™') of 7, 7, is the

(dynamic) yield stress (Pa) and y, is the plastic vis-
cosity (Pa.s).

T=1'0+Mp>x<j/ (D

As Bingham does not consider the nonlinearity of
the flow curve in certain shear rate ranges, grouts can
be characterized by more complex models, such as
the Casson or Herschel-Bulkley models. In the Her-
schel-Bulkley model, shown in Eq. 2, 7 is the shear
stress (in Pa), 7 is the shear rate (in s7), 7, 1s the yield
stress (in Pa), K is the consistency index (in Pa s”)
and 7 is the exponent (flow behavior index). Values of
n< 1 are related to a shear thinning behavior (viscos-
ity decreases by increasing the shear rate), and n> 1
with a shear thickening behavior (viscosity increases
by increasing the shear rate), and when n=1, this
model is equivalent to the Bingham model.

T=1y+Kx*p" 2)

Grouts are also susceptible to cracking that impairs
their durability (as cracks can expand and propagate).
In this context, self-healing materials have emerged
as an option to enhance the durability [37]. Cement
inherently exhibits a degree of self-healing (classi-
fied as autogenic healing) limited to repairing cracks
smaller than 100 microns. For cracks exceeding
this width, autonomic healing is required (repairing
depends on the addition of other materials). A variety
of design strategies can provide self-healing ability
[38] and addition of CA is one of them [39-43].

In particular, the CA used in this work is a PRAH
type (permeability reducing admixture used for con-
crete in non-hydrostatic conditions). According to
ACI 212.3R-10 report [44], the proposed reaction
mechanism of PRAH type is similar to the formation
of C-S-H, that is, the active ingredients of the CA
react with water and cement particles to form C-S—-H
and/or pore-blocking precipitates that are deposited in
the capillaries and microcracks. The reaction mecha-
nism is represented in Eq. 3:

3Ca - SiO, + M{R, + H,0 —
Ca,Si,0.R — (H,0). +MxCaRx — (H,0)_ &)

There is no consensus on the impact of CA on
workability as both improvements and worsening
were reported [39, 41, 45-48].Publications on the
design of grouts with CA is scarcely reported. Wang
et al. [49] reported that CA did not alter the slump
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but increased both long-term compressive strength
and modulus of elasticity. Zheng et al. [50] did not
observed significant changes in setting time and in
viscosity but registered a slight increase in compres-
sive strength.

Due to the limited studies detailing grout composi-
tions with CA, this work analyzes the influence of CA
on grouts. First, the study discusses the production of
grouts (with and without CA) analyzing the flow and
bleeding results. Two w/b ratios (0.45 and 0.6) and
two s/b ratios (0.9 and 1.2) were considered starting
points for the grout design. The tests began with the
preparation of grouts containing only cement, sand
and water to identify how these parameters would
affect the stability (bleeding measurements) and con-
sistency (flow measurements) of the mixtures. The
grouts designed were thought to be fluid in terms of
Marsh flow time (less than 1 min in continuous flow)
presenting bleeding as low as possible. It is important
to note that qualitative results from Marsh flow tests
can give a false-positive result, as many formulations
may flow perfectly through the cone despite being
clearly unstable due to high bleeding content. Thus,
flow results must be interpreted together with bleed-
ing rate data. Additionally, when the optimal formu-
lations were found, they were characterized by the
initial setting-time and early hydration process (ultra-
sonic pulse measurements and isothermal calorim-
etry), rheological behavior and compressive strength.

The design process was carried out through a
series of experiments, establishing a benchmark that
allows other workers/researchers to compare and
identify gaps and potential improvements to make
performance comparable.

2 Methodology

2.1 Design of grout mixtures: optimization of fresh
properties (flow and bleeding)

The grout preparation was divided into two stages: in
the first stage, an initial study was undertaken to iden-
tify the most suitable formulation, focusing on the
proportions of components, consistently maintaining
a CA dosage of 3% (by weight of binder), as recom-
mended by the manufacturer. This preliminary study
analyzed the effects of two key parameters on fluid-
ity and bleeding: the w/b ratio (0.45 and 0.6) and the

s/b ratio (0.9 and 1.2). The primary criterion aimed
for a stable mix with minimal bleeding and a flow
time as consistent as possible between the grouts with
and without CA. To optimize workability and stabil-
ity, several approaches were tested, including adding
or substituting cement with FA, adding or substitut-
ing sand with LS and incorporating SP. The design
process prioritized the formulation of grouts contain-
ing CA. Once these were optimized, a reference grout
with matching flow time was developed. This refer-
ence formulation was designed to obtain similar per-
formance in terms of fluidity, with minimal bleeding.

After finalizing both formulations, the second
stage focused on further evaluations to better under-
stand the effects of CA on the fresh and hardened
properties of the grouts.

2.2 Materials

Grouts were prepared using Portland cement I 42.5 R
(according to European standard EN 197-1), class F
FA, siliceous standard sand EN 196-1 (Normensand
GmbH), LS (provided by Votorantim Cimentos),
MasterCast 228 (beta naphthalene-based SP provided
by Master Builder Solutions), defoamer (a solid addi-
tive provided by Master Builder Solutions) and Pen-
etron Admix ( provided by Penetron Italia Srl). All
components used were solid and were stored at con-
trolled temperature of 24+ 1 °C.

The chemical composition of the cement, FA, LS
and CA obtained by X-Ray Fluorescence (XRF) is
presented in Table 1. All the raw materials are rich
in CaO and SiO, except FA which is rich in SiO, and
Al,O;. CA and cement have similar CaO/SiO, ratio,
3.75 and 3.72, respectively. It is also observed that
CA has a higher percentage of MgO (4.89%).

A diffractometric analysis (XRD) is presented in
Fig. 1. The XRD pattern of CEM I 42.5R revealed the
presence of the main phases: C;S (alite), C,S (belite),
C;A (tricalcium aluminate), C,AF (ferrite) and gyp-
sum in agreement with [51, 52]. The CA pattern
shows C;S, C,S, C,AF, gypsum and quartz, along
with additional phases such as portlandite and calcite
in agreement with [53]. The FA contains quartz, mul-
lite and magnetite in agreement with [54], while LS
is predominantly composed of calcite and quartz in
agreement with [55].

The grain size distribution of sand grading is
seen in Table 2. Figure 2 shows the particle size
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Table 1 Compositions of the cement, FA, LS and CA by XRF
analysis

Oxide, weight % CEM1425R CA FA LS

CaO 55.63 46.16 2.22 48.02
Sio, 14.94 1230  36.19 3.96
AlL,O4 3.37 3.07 22.66  1.59
Fe,04 4.34 1.40 15.06 1.14
TiO, 0.34 0.10 0.66 0.06
Cr,04 0.02 0.02 0.01 0.00
Mn;0, 0.07 0.08 0.03 0.07
SrO 0.03 0.24 0.04 0.03
MgO 1.44 4.89 0.73 0.61
K,0 1.53 0.79 1.78 0.32
Na,O 0.27 1.59 0.30 0.06
P,0; 0.18 0.16 0.07 0.09
SO, 3.94 3.41 3.22 0.18
LOI* 13.91 2580 17.02  43.88
Total 100 100 100 100

a=loss on ignition

distribution of cement, FA and LS measured with
a Malvern Mastersizer 3000 (using a dry chamber,
AeroS). The CA is a commercial product and the
product datasheet states [56] that it contains: 65-80%
of Portland cement (PC) and the rest are hydroxides.
Therefore, the refractive index and the absorption
index of PC-I were used to estimate its particle size.
Although the CA curve distribution is an estimation,
it contributes to understanding the effects of CA on
the mixtures. Values of D, ;4, D, 50 and D, gy shown in
Table 3 indicate that LS exhibits the smallest median
particle size (D, 50), and FA the largest one.

FTIR spectra (see Fig. S1 of Supplementary
Information (S.I.) of cement and CA present bands
related to the stretching (1411 cm™ for cement
and 1424 cm™' for CA) and bending (874 cm™! for
cement and 877 cm™! for CA) vibrations of CO5>".
The bands around 870 cm™' might also be associ-
ated with the stretching of S—O bonds in sulfates. The
bands at 1104 cm™! for cement and at 1113 cm™' for
CA are associated to the symmetric stretching vibra-
tions of S—O presented in the sulfate ion of gypsum.
The bands at 916 cm™' and 519 cm™' are associated
with asymmetric stretching of Si—O bonds presented
in the silicate phase (C;S and C,S). The spectrum of
cement also shows a band at 713 cm™' that is related

to the stretching vibrating of Al-O of C;A in agree-
ment with [58, 59]. The LS spectrum shows bands at
1424 cm™!, 873 cm™! and 712 cm™! associated to the
stretching vibration and bending vibrations of carbon-
ate, respectively. The band at 1032 cm™' corresponds
with asymmetric stretching vibrations Si—O-T (T=Si
or Al) in agreement with [60, 61]. In the FA spec-
trum, the band at 1033 cm™! corresponds with asym-
metric stretching vibrations Si—O-T (T=Si or Al) and
the band at 667 cm™! is associated with the mullite in
agreement with [62].

2.3 Grout composition

The experimental program is dedicated to the produc-
tion of the self-healing grout (grout with CA) and to
the production of the reference grout (without CA)
as control case with similar workability. The influ-
ence of the two most significant parameters (w/b and
s/b ratios) in the fluidity and bleeding properties was
studied. Two different conditions of each parameter
were evaluated: w/b ratio (0.45 and 0.6) and s/b ratio
(0.9 and 1.2). Different approaches were adopted to
improve the workability and stability of the mixes:
the addition/replacement of cement by FA, addition/
replacement of sand by LS and addition of SP. The
grouts containing CA were first designed, and then
the reference grout. Details of all formulations tested
are given in Table 4. After designing each grout,
additional tests (setting time, hydration at the early
age, rheological behavior and mechanical strength)
were carried out to understand the effects of CA on
the grout properties.

2.4 Mixing procedure

All grouts were prepared in the laboratory using a
rotary mixer with a flat beater. All materials were
mixed at 24+ 1 °C. Depending on the composition,
the mixture of dry materials varied. FA, SP and
defoamer were first mixed with cement for 30 s, the
water was then added (mixed for 30s) followed by the
addition of fine aggregates. Afterwards, the mixture
was mixed for 2 min. For mixtures containing CA and
LS, both were previously mixed with sand for 30 s, as
recommended by CA manufacturers.
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Fig. 1 XRD pattern of a cement, b CA, ¢ FA andd LS

Table 2 Grain size distribution of sand used for producing
grouts [57]

Merge size Lower limit Intervall aver- Upper limit
(mm) age

2.00 0 0 0

1.60 2 7 12

1.00 28 33 38

0.50 62 67 72

0.16 82 87 92

0.08 98 99 100

2.5 Flow measurements

Fresh grouts were evaluated for flow using a flow
table and a flow cone (cone Marsh) as described in
[7, 29, 30, 63]. As the consistency can be evaluated
by different flow tests, the measurement by the Marsh
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cone was prioritized over the flow table because in
many formulations the spreadability exceeded the
diameter of the table. The cone had a nozzle of 11
mm in diameter. The criterion of a continuous flow
through the Marsh cone without interruption was
adopted to label the grout as “fluid grout”. In case
that flow could not be measured by the cone, the flow
table was used.

2.6 Bleeding measurements

In the bleed test, 1000 mL graduated cylinder glass
was filled to the 800 mL level. The top of the cylin-
der was covered to prevent potential evaporation, and
it was left to settle. Bleeding was monitored for 3 h.
The bleed water was calculated as the water volume
released after 3 h divided by the total grout volume
(800 mL) and multiplied by 100, as indicated in [64].
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2.7 Setting-time assessment in the early stage
The setting time was evaluated by Vicat needle test

Table 3 Dv,10, Dv,50 and Dv,90 of particle size values for
cement, CA, FA and LS

Dy 1o (um) D, 5o (um) D, g9 (um)
CEM142.5R 2.0 16.1 43.5
CA 3.1 41.6 374.0
FA 11.0 83.1 306.0
LS 1.4 4.4 20.6

and ultrasonic measurements. The initial setting time
was measured with an automatic Vicat apparatus
(Proeti) according to [65]. Ultrasonic pulse velocity
(UPV) was measured with an ultrasonic tester (Pun-
dit 200/Proceq). The pair of transducers (@ =50 mm)
were placed in a silicon mold (60X60X160 mm) on
opposite sides of the specimens at a distance of 16
cm. The ultrasonic frequency of the transducers was
54 kHz and the velocity was measured every 1 min
for 21 h.

2.8 Rheological measurements

A rotational rheometer (Haake Viscotester iQ AIR,
ThermoFisher Scientific Haake), equipped with a

Particle size (um)

vane sensor (FL16 4B/SS) and a serrated cup (CC38)
was utilized. The torque (up- and down-curves) was
measured from 0 to 500 rpm and then decreased from
500 to O rpm. Each angular velocity was maintained
for the duration of 10 s, so the total measuring time
was 280 s (140 s for ascending and 140 s for descend-
ing curves). Before any measurement, the samples
were pre-sheared at 500 rpm for 60 s, and kept at O
rpm for 5 s. The data obtained from the rheometer,
in relative units (torque and angular velocity), were
transformed into fundamental units (shear stress,
shear rate and viscosity) following the methodol-
ogy explained in [66, 67]. Values of A (conversion
factor for shear stress) and M (conversion factor for
shear rate) of 1.269 x 10° Pa/Nm and 1.2 (1/s)/(rad/s),
respectively, were used for the transformation accord-
ing to Eq. 4 and 5.

7 = Torque * A % 107° 4)

T=Q%xM 5)

where 7 represents the shear stress (Pa), y denotes
the shear rate (s™') and Q corresponds to the angular
velocity (rad/s), and the torque is expressed in uNm.
The measurements were taken at 10, 30 and 60 min
after adding water, and they will be named hereaf-
ter as t0, t30 and t60. Between each measurement,
the grout was kept in the plastic beaker and, before
any rheological measurement (at t30 and t60), it was
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Table 4 Grouts mixtures prepared in the study. In all mixes with SP, 0.15% bwoc# of defoamer was added
wilb s/b Binder Fine aggregates CA SP (%bwoc®)
(%bwob*)
Cement FA (%bwob*) Sand (%bwob*) LS (%bwob*)
(%bwob*)
Gl 0.45 0.9 100 0 100 0 0 0
G2 0.45 1.2 100 0 100 0 0 0
G3 0.6 0.9 100 0 100 0 0 0
G4 0.6 1.2 100 0 100 0 0 0
G5 0.45 0.9 90 10 100 0 0 0
G6 0.45 0.9 80 20 100 0 0 0
G7 0.45 0.9 70 30 100 0 0 0
G8 0.6 0.9 90 10 100 0 0 0
G9 0.6 0.9 80 20 100 0 0 0
G10 0.6 0.9 70 30 100 0 0 0
Gll1 0.45 0.9 80 20 100 0 3 0
G12 0.45 0.9 70 30 100 0 3 0
G13 0.45 0.9 80 20 100 10 3 0
Gl4 0.4 0.9 80 20 90 10 3 0
G15 0.45 0.9 80 20 100 20 3 0
Gl6 0.45 0.9 80 20 80 20 3 0
G17 0.45 0.9 80 20 100 20 3 2.5
G18 0.45 0.9 80 20 80 20 3 2.5
G19 0.45 0.9 80 20 100 0 0 1.0
G20 0.45 0.9 70 30 100 0 0 1.0
G21 0.45 0.9 70 30 100 0 0 0.5
G22 0.45 0.9 70 30 80 20 0 0.5
G23 0.45 0.9 70 30 85 15 0 0.5

* =by weight of binder (bwob) and #=by weight of cement (bwoc)

mechanically stirred at 500 rpm for 5 s and then left
for 10 min to stabilize. The Herschel-Bulkley model
was used to analyze the down-curves of all flow
curves (shear stress vs. shear rate) from 3 to 30 s
(25-250 rpm) and from 30 to 63 s~1 (250-500 rpm).

2.9 Hydration at the early stage

The heat of hydration was measured by isothermal
calorimetry with a TAM Air 8-channel calorimeter
from TA Instruments maintained at 25 °C. The meas-
urements of the grouts (G18 and G23) were carried
out using a glass ampoule with automatic stirring. For
these measurements all dry components (total mass
of 7.68 g respecting the proportion of the components
described in Table 4) were mixed together. Once the

ampoule was placed inside the calorimeter, water
(1.82 g) was added. After adding water, the grout was
stirred for two minutes. The heat flow was recorded
for 48 h.

The influence on hydration of FA, SP, LS and CA
was also evaluated. Polyethylene ampoules containing
5.36 g of dry components and 2.41 g of water were
used in this case. The composition of each ampoule
is described in Table 5. All dry materials were first
mixed manually for 10 s, and then water was added.
The mixture was manually mixed for 1 more min.
After mixing, the ampoules were placed into the calo-
rimeter. Heat flow began to be recorded after 45 min
(when the equipment baseline was stable). The heat
flow was recorded for 48 h.

niem



91 Page 8 of 21

Materials and Structures (2025) 58:91

Table 5 Composition of Mixture  w/b  Binder LS (%bwob*) CA SP (%bwoc®)
the c-?ment paste studied in (%bwob*)
calorimetry tests Cement FA (%bwob*)
(%bwob*)
I 045 70 30 0 0 0
I 045 70 30 0 0 0.5
11 045 70 30 15 0 0
v 045 70 30 15 0 0.5
\% 045 80 20 0 0 0
VI 045 80 20 0 0 2.5
VII 045 80 20 20 0 0
VIII 045 80 20 20 0 2.5
IX 045 80 20 0 3 0
X 045 80 20 20 3 0
* =Dby weight of binder XI 045 80 20 0 3 2.5
(bwob) and #=by weight of XII 045 80 20 20 3 2.5

cement (bwoc)

2.10 Compressive strength

Compressive strengths were determined after 7, 14
and 28 days of standard curing (temperature at 20
°C and humidity above 90%), following the stand-
ard UNE_EN196-1 [68]. According to the standard,
prismatic specimens (40x40x160 mm) were first
cast and then broken into two halves by a three-point
bending test. Then, on each half, the compressive
strength test was carried out with a loading rate of
2400200 N/s.

3 Results/discussion
3.1 Design of grout mixtures

The initial tests began with the preparation of grouts
containing only cement, sand, water and CA, as sum-
marized in Figs. 3 and 5. The flow and bleeding
results were also represented separately and are pro-
vided in the S.I. section (Figs. from S2 to S9).

3.1.1 Grout containing CA

The starting point in the preparation of the grouts was
to investigate how the CA would first influence the
workability in terms of stability (bleeding measure-
ments) and consistency (flow measurements) of the
mixtures. A flowchart illustrating the manufacturing
process is presented in Fig. 3.

Figure 3 shows that the increase of water in
grouts without CA (G1, G2, G3 and G4 from Fig.
S2), produced an increase in fluidity and bleeding.
The increase in solids content is an option to mini-
mize bleeding. When increasing the s/b of mixtures
with w/b=0.45, fluidity and bleeding practically did
not change. In turn, for w/b=0.6, fluidity decreased
and bleeding increased.

The w/b ratio is directly proportional to fluidity,
i.e., by increasing the water content, the more fluid
the mixture will be. While mixes with w/b=0.45
did not show fluid performance, and only the flow
table could be measured, mixes with w/b=0.6
clearly showed a fluid behavior with flow times
between 21 — 15 s. However, it was observed for
mixtures with w/b=0.6 that the high amount of
water destabilized the grout causing segregation
and increased bleeding.

Regarding the s/b ratio, increasing the s/b from
0.9 (G1) to 1.2 (G2) did not improve the workability.
For the w/b=0.6 (G3 and G4), the increase of sand
amount hindered fluidity and bleeding. Thus, in any
case, independently of the w/b ratio, no improvement
in stability and consistency was observed.

Looking at the results with different s/b content,
it can be deduced that a s/b ratio of 0.9 seemed to
be more appropriate for the grout design, since the
bleeding results were lower, for both w/b ratios evalu-
ated. The best bleeding performance was registered
for the mixed with lower w/b ratio, although this was
not a fluid material.
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flow time: 50"

bleeding: 0%

Fig. 3 Flowchart of the fabrication steps for the cement grout containing CA

To enhance fluidity, 10 wt% to 30 wt% of cement
was replaced by FA (Fig. 3, Fig. S3 and Fig. S4). For
grout with 30 wt% cement replacement (G7), a slight
increase of spreadability was observed. For lower
replacements (G5 and G6), flow table values were
lower than the grout without FA (G1). The addition of
FA within a range of 10-20 wt% did not significantly
affect the fluidity of the mixture. However, when the
FA content exceeded this range (30 wt%), an increase
in fluidity was observed. This behavior can be attrib-
uted to the larger particle size of FA (Fig. 2) com-
pared to cement, which would reduce water adsorp-
tion and interparticle interactions.

In contrast, for the w/b=0.6, the addition of FA
(G8, G9 and G10) caused a decrease in the flow time
values in comparison with the mix without FA (G3).
As the replacement increased, the flow time tends to
increase and bleeding decreases. An increase in fluid-
ity was observed even at the lowest dosage of FA (10
wt%). While the higher water content in these grouts

inherently increases fluidity, the introduction of FA at
this level reduced the stability of the mixtures, as evi-
denced by increased bleeding. This behavior is also
attributed to particle size and water content. Replac-
ing cement with FA (that has a larger particle size),
combined with the presence of larger sand particles,
would effectively reduce the surface area and water
demand. However, this led to decreased fluidity and
greater instability (higher bleeding). Lower bleeding
indicates better packing density and grout homogene-
ity. In this case, the increased bleeding suggests that
the solids were not well dispersed and tended to settle
slightly. Although mixtures with high w/b (0.6) pre-
sented low flow times, the bleeding remained very
high.

The slight settling was sufficient to destabilize the
mix, increase segregation and therefore affect the
workability of the mix. As FA increases, the flow
time increases and bleeding decreases. This reduc-
tion in workability may be associated with increased
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attractive forces between the cement grains and
FA particles that were not compensated by the ball
bearing effect as also observed by Gullu et al. [34].
They worked with FA having slightly larger particle
size than cement and an increase in workability was
observed only when replacement exceeded 40% FA.
Changes in workability and stability depending on
the volume of FA was reported by [69]. Mirza et al.
[15] reported that addition of FA with 80% of parti-
cles finer than 45 pm resulted in shorter flow times
for water/cement ratios between 0.4 and 0.65. Above
0.65, the flow time remained the same, but an increase
in bleeding was observed. At low water content, no
influence on bleeding was noticed; but w/c>0.65
favored instability. A great reduction in bleeding was
recorded when the same type of FA with larger parti-
cle size was used.

The results in Fig. 3 indicated that is preferable to
work with w/b=0.45 and s/b=0.9, with FA additions
above 20 wt%. Despite not being very fluid, the mix-
tures are more stable due to their low bleeding. This
stability facilitates further optimization of the mixture
with the addition of other components.

Before optimizing the mixtures, the CA was added
and the results are also presented in Fig. 3 and Fig.
S5. The addition of 3 wt% of CA to the grouts G11
and G12 improved the fluidity, but with a greater
amount of FA, bleeding increased. A synergic effect
appears to occur when CA is combined with 20 wt%
FA, maintaining a fluid consistency (continuous flow
of the grout through the Marsh Cone in 50 s) with
0.5% of bleeding. As the CA producers do not pro-
vide information on the particle size, it is not possi-
ble to definitively attribute its effects to particle size
alone. However, considering the particle size of the
CA assumed in Fig. 2 and the results of G11 and
G12, it can be noticed that the particle size of CA is
likely larger than that of cement and smaller than that
of FA. This assumption is supported by the observed
increase in fluidity when CA is added to mixtures
containing 20 wt% of FA, without any significant
change in bleeding. In contrast, at 30 wt% of FA, flu-
idity increases, but bleeding is significantly higher.

From G11 to G12 grout, is noticed a reduction in
fluidity and an increase in bleeding. This suggests
that the smaller particle size of CA likely contrib-
uted to an increase in the surface area of the mixture,
resulting in higher water absorption and consequently
reducing fluidity. Thus, while intermediate particle

size of CA appears to improve the balance between
fluidity and stability at 20% of FA, its influence
becomes more pronounced at higher FA dosage (30%
wt), where its interaction with water and other par-
ticles affects the overall performance of the mixture.

Considering both results, the mixture G11 (grout
with w/b=0.45, s/b=0.9, 3 wt% of CA and with 20
wt% of cement replaced by FA) was selected to be
optimized. To reduce bleeding, mineral additions
(such as LS) are a possible solution. Thus, two design
approaches were used: 1) addition of 10 wt% and 20
wt% of LS in the grout and 2) replacement of sand by
LS (10 wt% and 20 wt%).

Comparing the G13, G14, G15 and G16 grouts
(Fig. 3 and Fig. S6), a reduction in bleeding is
observed, reaching 0.25% and 0% bleeding for the
mixes with 20 wt% of filler, as an addition or as a
replacement, respectively. The lower the bleeding,
the better the packing density and homogeneity of the
grout. However, both mixtures showed a decrease in
fluidity and none of them could be considered a fluid
grout because they remained thick.

It was already expected that fluidity would
decrease with the increase of fine particles, but once
the bleeding is well controlled, adjusting fluidity by
adding SP becomes more manageable. In this way,
2.5 wt% of SP was added into formulations contain-
ing 20 wt% of LS (G15 and G16 in Fig. 3 and Fig.
S7). Results showed that both mixtures (G17 and
G18) presented better flow time, but the mixture
replacing sand by LS showed the best fresh proper-
ties, with shorter flow time (50 s) and no bleeding.
Therefore, this mixture was found to give a good bal-
ance between stability and fluidity and was selected
(mix G18 in Table 4) as the best formulation for the
grout with CA.

3.1.2 Reference grout (grout without CA)

With the aim of evaluating the effect of CA in the
cementitious grouts, it was necessary to design a
reference grout. The first test was to prepare a grout
with the same composition of G18, but without CA.
However, a non-stable grout with segregation was
obtained (Fig. 4). Then, a new criterion of same flu-
idity without bleeding was defined as parameter of
comparison, even though this reference grout had dif-
ferent composition than the self-healing one contain-
ing CA.
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20",‘!-‘!"‘_""7‘ - ‘ In this way, a reference grout (without CA) was
m?'w;’)d prepared to have the same flow time as the one with
P ' CA. To minimize the possible interferences from for-
mulation changes, the new composition was thought
to be as close as possible to the G18 grout, which
means that the same type of components was main-
tained, avoiding adding any extra material that had
not being used to prepare the G18. Based on the pro-
cedure detailed in Fig. 3, the tests started maintaining
the same binder composition, the same s/b (0.9) and
w/b (0.45) ratios. The mixtures containing FA (G5,
G6 and G7) did not present adequate fluidity but G6
and G7 showed a good bleeding result. Therefore, to
improve fluidity, SP was added. A flowchart illustrat-
ing the manufacturing process of this new grout is
presented in Fig. 5.
Fig. 4 Visual appearance of G18 grout with (left) and without The results showed that the addition of 1 wt% of
(right) the addition of CA SP (G19 and G20 in Fig. 5 and Fig. S8) improved
the fluidity as expected, obtaining a reference grout
with a shorter flow time compared to the grout with
CA (G18) However, in the G19, the increase in bleed

)

Fig. 5 The flowchart of the 100% CaM |
fabrication steps for the ref- w/b 0.45
erence grout (without CA) s/b 0.9

v

+20% FA (cement replacement) +30% FA (cement replacement)

v v

Gb6 G7
flow table: 16.53cm flowtable: 19.18cm
flow time: verythick flow time: verythick
(not measured) (not measured)
bleeding: 0.5% bleeding: 0.125%
+1.0% P +1.0% P l+o.5%sp
v
G19 G20 G21
flowtable: >30cm flow table: >30cm flow table: 26.02cm
flow time: 27" flow time: 41" flow time: 49"
bleeding: 2.5% bleeding: 0.88% bleeding: 0.97%
v
+20%]limestone (sand replacement) +15%limestone (sand replacement)
flow table: 19.57 cm flow table: 23.83cm
flow time: thick grout com
(not measured) flowtime: 48
bleeding: 0.31% bleeding: 0.43%
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water was more pronounced, leading to destabiliza-
tion of the mixture and visible segregation. There-
fore, the mix with a replacement of 30 wt% (G7) was
chosen to be optimized. As 1 wt% of SP decreased
the flow time more than expected (G20), another dos-
age was evaluated: 0.5 wt% (G21). The G20 and G21
showed similar bleeding values, but the flow time of
G21 was more similar to that of G18 grout.

To reduce bleeding, LS was added to G21. Try-
ing to not surpass the amount of filler used in G18,
the maximum amount tested was 20 wt%. As seen
in Fig. 5 and Fig. S9, with 20 wt% (G22), bleeding
decreased, but flow worsened. With 15 wt% (G23),
the bleeding measured was 0.43% and the flow time
continued close to G18. Although zero bleeding was
not obtained and, as the criterion of comparison was
similar flow time, G23 mixture was selected as refer-
ence grout.

3.2 Analysis of grout properties
3.2.1 Rheological behavior

From the standpoint of applicability, it is of signifi-
cant importance to control the rheological behav-
ior of grouts. Fig. S10 (a and b), which is provided
as S.L, illustrates the torque versus angular velocity
curves at different times (t0, t30 and t60) for G23 and
G18. In both cases, by increasing the time, the torque
(and consequently, the shear stress and viscosity)
increases, as expected.

Figure 6-left and 6-right show the flow curves and
viscosity curves, respectively, of G23 and GI18 at
different times. Although both grouts have the same
w/b and s/b ratios (Table 4), these two grouts display
notable distinctions. G18 contains an additional 3
wt% of CA, more FA and LS compared to G23. Con-
sequently, the G18 grout required a higher SP content
(2.5 wt%) to achieve the targeted flow time (50 s),
which is similar to that of the G23 grout (48 s), as
previously discussed. This higher SP amount in G18
would result in improved dispersion, being respon-
sible for the lower viscosity (Fig. 6-right) and yield
stress values (Fig. 6-left and Table 6) [70] of G18,
at any age, as will be explained below. Furthermore,
it is also believed to be responsible for the slower
increase in viscosity over time of G18 compared to
G23, which is also observed in Fig. 6-right. The effect

of SP and CA on the rate of reaction will be examined
in greater detail in the following sections.

In general, the grout without CA exhibits shear
thinning behavior, which is in accordance with the
literature [70]. Moreover, in all cases, at shear rate
values lower than 30 s™! (~250 rpm), the viscosity
harshly decreases by increasing the shear rate (shear
thinning behavior). However, beyond this point, by
increasing the shear rate, the viscosity decreases
moderately for G23, but it is kept almost constant or
slightly increases for G18. This (slight) shear thicken-
ing behavior of G18 has also been observed in sys-
tems with both high solid loading and superplasticizer
content [71]. This variation in viscosity with shear
rate (and time) is more clearly discernible in Fig. S11
(provided as S.I.). In this figure, the viscosity val-
ues (taken from the down-curves) of both grouts, at
selected shear rates, are plotted. All the flow curves
(down-curves) were fitted to the Herschel-Bulkley
model (Eq. 2), and the obtained rheological param-
eters are presented Table 6. Here, the fit was adjusted
from 3 to 30 s~! and from 30 to 63 s~! due to the dif-
ferences in the rheological behavior in these ranges of
shear rate.

Table 6 shows that the (dynamic) yield stress val-
ues of both grouts increase by increasing the hydra-
tion time and are lower for G18 than for G23 at any
studied time. This is due to the higher SP content in
G18, which allows a better dispersion and, hence,
lower interaction between particles. Only the yield
stress values taken in the adjustment from 3 to 30 s~
have been considered. In addition, G18 presented a
lower consistency index, which is a viscosity-related
constant, at any studied time than the reference grout.
The adjustments are found to fit reasonably well, as
evidenced by the high values of r. The lower viscos-
ity (Fig. 6-right) and yield stress (Table 6) values
obtained for G18 (at t0) explain its higher slump
spread (>30 cm, Fig. 3) than for G23 (23.8 cm,
Fig. 5). The shear thinning behavior of both grouts
discussed above (Fig. 6-right) in the range of 3-30
s~!, is also corroborated by the Herschel-Bulkley fit-
ting, as values of the exponent, n, lower than 1 were
obtained. In contrast, values of n>1 were obtained
for G18 in the range from 30 to 63 s~!, confirming
the (slight) shear thickening behavior previously
described. These results contribute to the understand-
ing of the rheological behavior of both grouts under
different hydration times and stirring conditions.
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Table 6 Values of yield stress, consistency index and flow behavior index (exponent) obtained using the Herschel-Bulkley model
(from 3 to 30 s-1 and from 30 to 63 s-1, using the down-curves) for G23 and G18 grouts

Shear rate range s™ Time Yield stress (Pa) K (Consistency n (exponent) r
index, Pa s")
G23 (0% CA) From 3 to 30 ty 14.78 2.29 0.82 1.0000
t30 28.90 2.54 0.81 0.9999
t60 33.99 3.18 0.76 0.9997
From 30 to 63 t0 - 0.27 1.35 1.0000
t30 - 1.53 0.94 0.9999
t60 - 7.61 0.60 0.9999
G18 (3% CA) From 3 to 30 t0 6.24 1.26 0.94 0.9999
t30 7.09 2.13 0.94 0.9999
t60 14.62 1.37 0.96 0.9995
From 30 to 63 t0 - 0.06 1.71 0.9999
t30 - 0.23 1.44 1.0000
t60 - 0.20 1.44 0.9999
3.2.2 Hydpration at the early stage oo28Ja ' ' T T _'G2'3 ]
_ 0.024 1 ——61 ]
Figure 7 shows the rate of heat development and 5 0,020 ] 1
cumulative heat generated in the binder hydration of s 7] ]
each grout during the first 48 h. Common heat release g 0.016 1 Sooo| ]
curves with three main stages (initial dissolution, ° 0-012'_ goo1 m ]
induction and main reaction stage) are observed in 0.008 &°-°gm5 .
Fig. 7a. During the initial dissolution stage (from 0 0_004-L/_\T"“e(")-
to 0.2 h), it can be observed that the grout with CA 0000 Pt
(G18) released more heat than the reference grout 0 8 16 24 32 40 48
(G23) with longer induction period for the grout with Time (h)
CA (from 0.2 to 6 h) than for the reference (from 0.2 350
to 4 h). The main differences are observed at the main Io ' ' ' ' '
reaction period, when the large-scale nucleation and 300+
growth of reaction products occur. The reference . 250‘_
grout reaches a heat peak between 8 —10 h, whereas S 2004
the peak of grout containing CA appears between 12 T 1504
—14 h. The cumulative heat of the grout with CA is T 100
slightly lower than that of the reference (Fig. 7b). 50.]
These results are consistent with the relative binder 0l
hydration rates discussed above. T T T T T
0 8 16 24 32 40 48

As the cement hydration depends on the chemi-
cal interaction between the different components of
the mixture, the effect of FA, SP, LS and CA in the
cement pastes was also monitored through calorim-
etry, and the results are presented in Fig. 8.

Figure 8a shows that FA does not significantly
affect the heat release during the acceleration period.
However, with LS additions, hydration reactions are
slightly advanced and a shoulder appears after 16 h

Time (h)

Fig. 7 Calorimetry curves for first 48 h of G23 (0% CA) and
G18 (3%CA) mixtures: a rate of heat evolution and (b) cumu-
lative heat evolution per gram of cement
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(which can be associated with the formation of C;A
hydrates promoted by LS). This effect is more pro-
nounced in the G18 paste. LS is reported to delay set-
ting by suppressing C;A reactions through the forma-
tion of calcium carboaluminate [72]. The cumulative
heat remains similar between the pastes, indicating no
significant difference in total heat released.

The effect of SP is illustrated in Fig. 8b, c. SP gen-
erally delays the main reaction period [69]. In G23
(Fig. 8b), the low dosage of SP (0.5 wt%) does not
seem to have a significant impact on early hydra-
tion, as similar curves are observed. When combined
with LS, SP slightly extends the induction period and
accentuates the shoulder. At a higher SP dosage (2.5
wt%), as in G18 (Fig. 8c), the onset of heat release is
delayed by almost 5 h and the cumulative heat evo-
lution is reduced. In the presence of LS, SP further
delays the acceleration period, the shoulder remains
unchanged and cumulative heat decreases.

Figure 8d highlights the influence of CA in the
binder G18 (green curve). CA shortens the dormant
period and increases heat release, particularly during
C;S hydration and shoulder formation. When com-
bined with LS (yellow curve), CA accelerates the
formation of monosulfate, as the shoulder appears
around 14 h. However, the cumulative heat is lower
than the paste without LS but slightly higher than
paste with LS only (Fig. 8c—green curve).

With 2.5 wt% SP added to the binder G18 con-
taining CA (Fig. 8d—grey curve), the SP extends
the induction period but reduces the heat-flow peak
associated with C;S hydration. The shoulder linked to
C;A hydrates is absent, indicating SP interferes with
the contribution of CA. In the paste with LS+ CA
(blue curve), SP extends the induction period without
reducing the heat-flow peak. Compared to the paste
without LS (yellow curve), LS seems to contribute
to this delay as the acceleration phase begins slightly
later. No significant change in C;A dissolution
(shoulder shape or heat released) is observed, and the
cumulative heat is similar to that of the of the paste
containing only CA + SP (grey curve).

3.2.3 Initial setting-time assessment in the early
stage

Figure 9 shows the development of the resistance
to the penetration of Vicat needle and the changes
on pulse velocity over time. A typical three-stage

evolution of pulse velocity on the first day was reg-
istered: a low propagation velocity for a long initial
period (first stage), followed by a sudden increase
in velocity as hardening begins to occur (second
stage) and then a more gradual increase in veloc-
ity (third stage). The initial setting time, determined
through UPV measurements, was considered as the
first moment the pulse-wave begins to increase [73].
A clear delay in the initial setting time is observed
for G18. However, once the formation of the first
hydrates begins, a faster development can be deduced
from the pulse-wave velocity if compared with the
reference grout.

Comparing with the initial setting time, we observe
that they were quite similar as the sudden increase in
pulse velocity occurred at very similar times to the
development of penetration resistance. Similar good
correlations between the evolution of cement hydra-
tion and the initial curing time were also reported by
other authors [74-76].

Grout containing CA (G18) has a longer initial set-
ting time, almost 4 h longer than the reference grout
(G23). This retarding effect may be mainly related to
the amount of the SP used, as this grout contains 5
times more SP. It was observed from the calorimetry
measurements that the addition of 0.5 wt% of SP to
G23 did not affect the dormant period nor the hydra-
tion processes of the mix.

Similarly done in calorimetry measurements, the
effect of each component on G18 mixture was also
analyzed. Figure 10 shows that CA accelerates the ini-
tial setting (peak appears almost 1 h before the refer-
ence peak) while SP delays it (peak appears approxi-
mately after 6.5 h later than the reference peak). Once
combined, setting begins 1 h earlier than the mixture
containing only SP. These results agree with those
presented in Fig. 8, as calorimetry measurements also
indicated the same trend of each component.

3.2.4 Compressive strength

The compressive strengths of grouts cured at differ-
ent ages are shown in Fig. 11, where can be seen that
the strength of both increases over time. The strength
of the grout with CA (G18) is greater at any age,
which suggests that the addition of CA did not nega-
tively impact the mechanical strength. In fact, it pro-
moted microstructural changes that contributed to the
strength gain. Additionally, the higher filler content
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«Fig. 8 Heat flux (per gram of cement) of pastes with amounts
of FA, LS, SP and CA: rate of heat evolution (left) and cumu-
lative heat evolution (right)

in G18 also contributed to creating a more compact
structure by filling the pores, further enhancing its
mechanical performance through the pore-filling
effect.

4 Conclusions

The paper focused on the design process of a grout
with (G18) and without CA (G23) and the effect of
this admixture could cause on the grout properties.
Although G18 and G23 have similar flow time, their
performance changed due to differences in composi-
tion and particle interactions.

In terms of fresh-state behavior, the addition of
CA consistently altered particle dispersion, absorbing
more water, affecting the stability and consistency of
the grout. While CA reduced bleeding, higher dos-
ages of SP were necessary to obtain a good fluidity.
Moreover, the additions of FA and LS influenced the

particle packing, directly impacting the mechanical
strength and early-age hydration of the grouts.

The grout with CA also exhibited lower viscos-
ity, but this effect was mainly due to the significantly
higher SP dosage rather than the presence of CA. The
influence of CA on fresh properties was secondary to
the effects of SP.

Small changes in components induced significant
variations in workability, emphasizing the critical
importance of parameters such as the w/c ratio, s/b
ratio and overall composition. The characterization
results did not highlight any significant effects solely
attributable to the presence of CA, as other param-
eters played more decisive roles in shaping the final
properties.

The varying outcomes reinforce the critical need
to tailor grout design to the specific requirements
of the site or structure to be grouted. A one-size-
fits-all approach is inadequate, as each formulation
responded uniquely to variations in the w/b and s/b
ratios, SP dosage, and the additions of SCM and CA.

Although the sole effect of CA could not be fully
quantified, the design process allows other workers/
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Fig. 10 Effect of SP and 3000
CA on the initial setting
time of the binder used in
the preparation of grout
with CA (G18) 2500 N
S
E
“» 2000 <
£ )
g ©
S 1500 - 5
G %
()
> ©
&
1000 — o
Yy S i
500 - b s o T R
T T T T T T T T T T T T T 0
0 3 6 9 12 15 18 21
Time (hour)
binder G18 (80% cement + 20% FA)_UPV ——o— binder G18 (80% cement + 20% FA)_Vicat
—— binder G18 + 2.5% SP_UPV —<o— binder G18 + 2.5% SP_Vicat
binder G18 + 3% CA_UPV —— binder G18 + 3% CA_Vicat
——— binder G18 + 2.5% SP + 3% CA_UPV —v— binder G18 + 2.5% SP + 3% CA_Vicat
Fig. 11 Compressive 45 T T T T T
strength of grouts at 7, 14 J i
and 28 days 10 G2 T T
— = -
35 T T =
] L / /v ]
@
s 30 % -
£ ] z ]
2 25 / .
g
= 4 ]
2 204 .
)
3 J ]
o
a 15 -
IS
) 4 ]
O
10 -
5 - -
0 T T
7 14 28
Time (days)



Materials and Structures (2025) 58:91

Page 19 of 21 91

researchers to compare and identify gaps and poten-
tial improvements to make performance comparable.
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