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� Sprayed mortars were analyzed with a novel in situ ultrasonic continuous monitoring system.
� Continuous monitoring of early age properties was possible without drawbacks.
� The system can also characterize the reactivity between cement and accelerator.
� 4 hydration stages were delimited in the ultrasonic curves as in calorimetry.
� Correlations are provided between ultrasound and penetration resistance.
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a b s t r a c t

The development of early age properties of sprayed concrete is a key factor that governs its mix design
and safe application. The conventional methods to evaluate the evolution of mechanical strength in
sprayed concrete present a large interval between each set of measurements and results present a high
scatter. In this context, the objective of this study is to characterize the early age properties of sprayed
mortars through a novel continuous monitoring system based on in situ ultrasound measurements.
Sprayed mortars were also analyzed by isothermal calorimetry, needle penetration and stud driving
method. Results indicate that the system developed here can monitor the evolution of early age proper-
ties of sprayed mortars continuously without the common drawbacks observed in penetration tests. This
research may lead to the development of a more reliable procedure to characterize the early age mechan-
ical properties of sprayed materials in the worksite under safer conditions.

� 2021 Elsevier Ltd. All rights reserved.
1. Introduction

Sprayed concrete is a construction process applied widely for
the stabilization of slopes and tunnel excavation fronts [1,2]. The
evolution of early age properties of sprayed concrete is the key
parameter that governs its mix design, applicability and proper
placement. The technological control of the spraying process is
fundamental to ensure the required structural support to the
unstable ground and to prevent dangerous fallouts of large masses
of fresh material from walls and overhead areas [3].
The characterization of the mechanical strength of sprayed con-
crete at early ages is usually performed by needle penetration [4,5]
and by the stud driving method [6], following the recommenda-
tions of UNE EN 14488-2 [7]. These tests are discontinuous in time,
that is, present a large interval between each set of measurements.
In addition, results present a high scatter (from 10 to 30%, approx-
imately [8]) and depend significantly on the experience and ability
of the operator. Furthermore, the in situ execution of these tests
entails exposing workers to unsafe conditions.

Over the last decades, promising outcomes have been reported
on the application of ultrasound (US) techniques to monitor the
development of microstructure and mechanical properties of
cementitious matrices [9–13]. A great effort has been made to find
correlations between the evolution of early age properties of
concrete and ultrasonic parameters, such as wave transmission
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Table 1
Composition and properties of accelerators.

Property AF 0.59 AF 0.61 AK

Dry matter content (%) 40.0 34.5 43.0
Al2O3 content (%) 12.5 13.5 24.0
SO4

2� content (%) 20.0 21.0 Not applicable
Na2O content (%) Not applicable Not applicable 19.0
Al2O3/SO4

2� molar ratio 0.59 0.61 Not applicable
Stabilizing agent Organic acid Inorganic acid Not applicable
pH at 20 �C 3.2 3.0 12.0
Specific weight (g/cm3) 1.37 1.47 1.52

F. Pellegrino, R. Salvador, S. Aparicio et al. Construction and Building Materials 292 (2021) 123389
[14–17], wave reflection [11,18,19] and wave attenuation [20,21].
These methods provide a relatively simple approach to assess the
strength evolution of concrete during construction.

Despite the substantial work conducted on the characterization
of conventional concrete, a reduced number of studies addressed
the application of ultrasound techniques in sprayed concrete tech-
nology. De Belie et al. [22] and Salvador et al. [23] presented mean-
ingful results on the characterization of the reactivity of
accelerators for sprayed concrete by ultrasound monitoring, con-
firming the potential application of the technique to evaluate the
early age properties of the fast hydrating matrix. Nevertheless,
these studies were performed with mechanically mixed mortars
containing accelerators. Therefore, it is necessary to characterize
sprayed materials by ultrasound measurements, to provide a dee-
per knowledge of the relationship between the evolution of early-
age mechanical properties and ultrasound velocity.

In this context, the objective of this study is to evaluate the
early age properties of sprayed mortars through a novel continuous
monitoring system based on in situ ultrasound measurements con-
ducted in laboratory-controlled conditions. The instrumented
panel developed could monitor the evolution of early age proper-
ties of sprayed mortars continuously, overcoming several limita-
tions found in the execution of penetration tests. Significant
changes were observed in the behavior of sprayed mortars depend-
ing on the type and dosage of the accelerator employed, indicating
the system could characterize the reactivity between cement and
accelerator. This method may result in a potential system to char-
acterize sprayed materials continuously in field applications. In
addition, it requires no operator, which may contribute to reduce
the number of workers exposed to risky conditions during tunnel
construction.
2. Experimental methodology

2.1. Materials

All experiments were conducted with mortars produced with
CEM I 52.5R, containing 4.7% of C3A, a C3A/SO3 molar ratio equal
to 0.39 and a specific weight equal to 3.10 g/cm3. The XRD, FRX
and physical characterization of this cement may be found in a pre-
vious research [13]. Based on the XRD mineralogical composition
of the cement, its total heat of hydration was equal to 433 J/g, con-
sidering the relative sum of the heats of hydration of the individual
phases (C3S: 510 J/g; C2S: 260 J/g; C3A: 1100 J/g; C4AF: 410 J/g
[24]).

A calcareous sand (CaCO3 > 90%, specific weight = 2.42 g/cm3,
water absorption = 5.5% by mass) was used. The sand particle size
distribution ranged from 0 to 1 mm, which was a requirement for
the correct operation of the pumping and spraying system. Dis-
tilled water and a superplasticizer based on a polycarboxylate
ether solution (solid content = 34%, specific weight = 1.09 g/cm3)
were used.

Two alkali-free accelerators composed by aluminum sulfate
solutions were selected to cover the types commonly found in
practice. They contain different aluminum/sulfate ratios and their
nomenclature corresponds to ‘AF Al2O3/SO4

2� molar ratio’. In addi-
tion, an alkaline accelerator based on sodium aluminate, identified
as ‘AK’, was also employed. The composition and properties of
accelerators are summarized in Table 1.
2.2. Composition of mortars

All mortars had a water/cement ratio equal to 0.51 and an
aggregate/cement ratio equal to 1.7. Superplasticizer dosage was
1.0% by cement weight (% bcw). The resulting fresh mortar
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presented air content equal to 2.1% by volume, specific weight
equal to 2.05 g/cm3, spread diameter equal to 300 mm and no
bleeding. Although the elevated cement content in the mix design
(638 kg/m3), this mortar composition was required to comply with
the workability and pumpability required for the proper operation
of the spraying equipment. It is important to mention that the
mortar was designed only for laboratory tests, aiming at the char-
acterization of the chemical behavior of accelerators and its influ-
ence on the monitoring of the hardened mortar by ultrasound
measurements. It was not intended to employ this mix design for
structural applications.

Accelerator AF 0.59 was used at 3.5, 5.0, 8.0 and 10.0% bcw, AF
0.61 was added at 5.0, 8.0 and 10.0% bcw and AK was used at 3.0,
5.0 and 10.0% bcw. These dosages were determined according to
[8] to guarantee equivalent setting development in cement pastes
and fall within limits usually employed sprayed concrete applied
in tunnel linings. Mortars were identified by ‘accelerator name_ac-
celerator dosage’.

Table 2 presents the final C3A/SO3 ratio of each mortar, deter-
mined according to Salvador et al. [25]. This parameter indicates
if the mortar is properly or under-sulfated after accelerator addi-
tion and may be used to predict if accelerated C3A reactions occur
during early hydration. The sulfate balance of the mortar will be
used for further discussion of results.
2.3. Preparation of mortars

Batches containing 60 L of mortar were produced for each
spraying session, using a planetary mortar mixer type 65/2 K-3,
with paddle rotation and planetary speed equal to 150 and
40 rpm, respectively. Cement and 90% of the total amount of water
were mixed for 240 s. After that, the internal wall of the container
was scraped. Then, the remaining amount of water and the super-
plasticizer were added and mixed for 240 s. Finally, fine aggregate
was added and homogenized for 300 s. Accelerators were incorpo-
rated in the spraying process 1 h after cement and water had been
mixed, following previous experiences from the research group
[13,25].
2.4. Spraying process

A laboratory-scale mortar spraying equipment, whose detailed
description may be found in a previous paper from the research
group [25], was employed. This equipment consists of a helical
screw pump coupled with a 3-HP air compressor, a flowmeter to
dose accelerators and a spraying gun and a nozzle developed
specifically for this study. The spraying gun contained three differ-
ent inlets for the ingress of fresh mortar, compressed air and liquid
accelerators. The nozzle had a frustum shape (base diameter = 14.
0 mm, top diameter = 8.0 mm, height = 10.0 mm, presenting 6
holes at its base for the inlet of accelerator and compressed air).

The whole spraying process was performed in a thermally insu-
lated climatic chamber kept at 20 �C and 50% relative humidity.



Table 2
Final C3A/SO3 ratio of mortars.

Phase/compound AF
0.59_3.5%

AF
0.59_5.0%

AF
0.59_8.0%

AF
0.59_10%

AF
0.61_5.0%

AF
0.61_8.0%

AF
0.61_10%

AK_3.0% AK_5.0% AK_10%

Total sulfate in cement (mmol/g cement) 0.441 0.441 0.441 0.441 0.441 0.441 0.441 0.441 0.441 0.441
Aluminum in ccelerator (mmol/g cement) 0.086 0.123 0.196 0.245 0.132 0.212 0.265 0.141 0.235 0.471
Sulfate in accelerator (mmol/g cement) 0.146 0.208 0.333 0.416 0.219 0.350 0.437 0.000 0.000 0.000
Ettringite formed by accelerator reaction

(mmol/g cement)
0.043 0.061 0.098 0.123 0.066 0.106 0.132 0.071 0.118 0.147

AFm phases formed by accelerator reaction
(mmol/g cement)

– – – – – – – – – 0.227

Sulfate consumed in ettringite formation
(mmol/g cement)

0.129 0.184 0.294 0.368 0.199 0.318 0.397 0.212 0.353 0.441

Sulfate left after accelerator reaction
(mmol/g cement)

0.458 0.465 0.480 0.490 0.461 0.473 0.481 0.229 0.088 0.0

Final C3A/SO3 molar ratio 0.38 0.37 0.36 0.36 0.38 0.37 0.36 0.76 1.98 Not
applicable

F. Pellegrino, R. Salvador, S. Aparicio et al. Construction and Building Materials 292 (2021) 123389
Mortars were sprayed into trapezoidal metallic panels designed
according to EN 14488–1 [26] (base = 300 mm � 300 mm, top =
450 mm� 450 mm, height = 70 mm) and into prismatic wood pan-
els (length = 400 mm, width = 200 mm, height = 70 mm). Metallic
panels were used to perform pin penetration tests and to assess the
ultrasound propagation velocity of the mortars, while wood panels
were employed to conduct needle penetration tests.

All the panels were kept inside the chamber during spraying.
The distance from the exit of spraying gun to the panels was
1.0 m and the gun was positioned to conduct spraying perpendic-
ularly to the bottom of the panels. The optimal fresh mortar flow
was set to 5.0 L/min and the accelerator flow was determined
according to accelerator type and dosage.

2.5. Test methods

Sprayed mortars were characterized by the tests summarized in
Table 3. All the tests are described subsequently and were per-
formed considering accelerator addition as the start (time 0).

2.5.1. Isothermal calorimetry
Isothermal calorimetry was conducted to analyze the influence

of accelerators on cement hydration kinetics in sprayed mortars.
Tests were performed at 20 �C during 24 h with 35 g of sprayed
mortar, using an I-cal 4000 isothermal calorimeter. Mortars were
sprayed directly in the cups and placed in the equipment immedi-
ately after spraying.

2.5.1.1. Needle penetration test. Needle penetration test was per-
formed to determine the penetration resistance of sprayed mor-
tars. It is equivalent to the penetrometer test prescribed by UNE
EN 14488-2 [7], employed to determine the compressive strength
of sprayed concrete up to 1 MPa and to classify the evolution of
mechanical strength as either J1, J2 or J3. The test performed was
an adaptation of the procedure from ASTM C-403 [4] to provide a
constant rate of needle penetration. Therefore, the test was con-
Table 3
Tests performed with accelerated pastes and mortars.

Test Specimen Age/period Reference

Isothermal calorimetry Mortar in
fresh state

0–24 h [27]

Needle penetration test Mortar in
wood panels

From 15 min to
final setting

[4]

Pin penetration test Mortar in
metal panels

4, 6, 8, 10, 12
and 24 h

[7]

Determination of ultrasound
propagation velocity

Mortar in
metal panels

0–24 h [28]
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ducted in a displacement-controlled testing machine, as shown
in Fig. 1, at a constant penetration rate equal to 60 mm/min.

Cylindrical needles with diameters equal to 20.3, 14.3, 9.0, 6.4
and 4.5 mm were selected to obtain the minimum force of 100 N
when the penetration reached 25 mm. The penetration resistance
was obtained by dividing the penetration load by the sectional area
of the needle. This test was conducted from 15 min until the pen-
etration resistance reached 27.6 MPa, since this value corresponds
to the final setting defined in ASTM C-403 [4]. An average of five
penetrations was calculated at each age.

2.5.1.2. Pin penetration test. Pin penetration test (Fig. 2.a) was per-
formed to determine the indirect compressive strength of sprayed
mortars. It is equivalent to the stud driving method prescribed by
UNE EN 14488–2 [7], employed to determine the compressive
strength of sprayed concrete from 2 MPa on. The results obtained
by this test are also employed to classify the evolution of mechan-
ical strength as either J1, J2 or J3.

A Windsor WP-2000� pin system (Fig. 2.b) was used for this
test, instead of the commonly used Hilti� gun [7] due to the limi-
tation of the panels sizes. The pin penetration depth was deter-
mined using a micrometer and the compressive strength was
calculated based on a correlation table given in the technical man-
ual of the equipment [29]. An average of five penetrations was cal-
culated at the ages of at 4, 6, 8, 10, 12 and 24 h after spraying.

2.5.1.3. In situ ultrasound measurements. An ultrasound monitoring
system was used to monitor the evolution of early-age properties
of sprayed mortars continuously. This system is named
Fig. 1. Penetration resistance test.



Fig. 2. Execution of the pin penetration test (a) and the Windsor WP-2000� pin
system used (b).
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WilTempUS-II and was developed by ITEFI Institute from the Span-
ish National Research Council [30,31]. It contains two wireless sen-
sor networks coupled with 54 kHz ultrasound transducers, which
generate and receive longitudinal ultrasonic signals.

The detailed description of the instrumented panes used in this
study is presented in a previous paper published by the research
group [28]. It contains 2 transducers, which were embedded in
metal cones and installed on a spraying panel, 200 mm distant
from each other (Fig. 3). The cones improve the contact of the
Fig. 3. Spraying panel instrumented with 2 transducers embedded in metal cones.

4

transducer with the mortar thereby enhancing ultrasound trans-
mission [28]. The panels were separated from the floor by rubber
bearings to reduce the noise that could affect the quality of the
measurements. The ultrasound propagation velocity was deter-
mined every 5 min, from the time of spraying until 24 h. The signal
was processed in a python application designed specifically for the
system [28].
3. Results and discussion

3.1. Isothermal calorimetry

The heat flow curves of sprayed mortars produced with acceler-
ators AF 0.59, AF 0.61 and AK are presented in Fig. 4.a, 2.b and 2.c,
respectively. Results are shown from 0 to 18 h to provide a detailed
presentation of each curve. Table 4 summarizes the characteristic
points of the heat flow curves, determined according to Salvador
et al. [32]. Fig. 5 illustrates the degree of hydration of the sprayed
mortars, considering the area under the heat flow curves from
accelerator 0 to 24 h, divided by the total heat of hydration of
the cement employed (433 J/g).

A fast and highly exothermic ettringite formation reaction
occurs immediately after the addition of the accelerator [27,33].
This reaction consumes calcium and sulfate ions from the liquid
phase, leading to the dissolution of gypsum and alite to balance
the concentration of these ions. Therefore, induction periods are
reduced when accelerators are employed, taking for comparison
sprayed mortars produced with no accelerator in the studies of Sal-
vador et al. [25] and Herrera et al. [13].

In general, induction periods are the shortest in mortars with AF
0.59, when compared to mortars containing AF 0.61 and AK with
similar amounts of Al2O3 derived from the accelerator. As acceler-
ator AF 0.59 provides the smallest amount of aluminum ions, the
smallest amount of ettringite is formed by accelerator reaction
(see Table 4). Therefore, the onset of the main hydration peak
occurs earlier in mortars containing AF 0.59, because the amount
of ettringite formed does not suppress alite hydration due to lack
of space [32,34].

As alite hydration is the least inhibited by ettringite formation
in mortars containing AF 0.59, the hydration rate and the maxi-
mum heat flow reached in the main hydration peak are the highest.
Also, the energy released in the main hydration peak in these mor-
tars is higher than in mortars produced with accelerators AF 0.61
and AK. The only exception is mortar AF 0.59_10%, where the large
amount of aluminate hydrates formed by accelerator reaction fills
up the space in the matrix and retard the onset of alite hydration as
observed in [32,34].

In mortars produced with AF 0.61, the reaction rate, maximum
heat flow and energy released in the main hydration peak are
lower than in mortars containing AF 0.59. This was expected as
AF 0.61 contains 8% more Al2O3 in its composition, which leads
to a larger amount of ettringite and suppresses alite hydration
due to lack of space. Furthermore, this accelerator contains an inor-
ganic acid as a stabilizing agent. Since phosphoric acid is the main
inorganic compound employed to that end, alite hydration may be
suppressed due to the precipitation of calcium phosphate on the
surface of cement particles, reducing their solubility and further
hydration [35].

Cement hydration is significantly affected when accelerator AK
is employed and mortars behave as under-sulfated. Since this
accelerator does not contain sulfate in its formulation, sulfate
depletion occurs fast, leading to mortars with high C3A/SO3 ratios
(see Table 4). It may be observed that sulfate content in cement
is not enough to lead to ettringite formation when AK is used at
10% and AFm phases may be formed by accelerator reaction.



Fig. 4. Heat flow curves of sprayed mortars containing accelerator AF 0.59 (a), AF 0.61 (b) and AK (c).

Table 4
Parameters derived from heat flow curves of sprayed mortars.

Mortar Induction
period (h)

Slope acceleration -
main peak (mW/g.h)

Maximum heat flow -
main peak (mW/g)

Time to reach the
maximum heat flow (h)

Energy released -
main peak (J/g)

AF 0.59_3.5% 1.5 0.792 5.52 9.0 235.8
AF 0.59_5.0% 1.4 0.841 5.47 7.9 222.1
AF 0.59_8.0% 1.8 0.806 5.16 7.0 200.5
AF 0.59_10% 2.4 0.640 5.05 8.5 195.8
AF 0.61_5.0% 1.7 0.738 3.60 8.7 157.7
AF 0.61_8.0% 1.8 0.785 4.01 8.8 176.0
AF 0.61_10% 1.9 0.731 3.65 7.6 157.3
AK_3.0% 1.5 1.04 4.88 5.6 213.8
AK_5.0% 1.1 1.21 5.13 4.5 209.9
AK_10% 0.7 0.865 4.30 5.3 175.3

Fig. 5. Degree of hydration of sprayed mortars containing accelerator AF 0.59 (a), AF 0.61 (b) and AK (c).
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Moreover, the fast sulfate depletion accelerates C3A hydration.
As observed in Fig. 4.c, the main hydration peak does not present
the shoulder related to secondary ettringite formation after the
ascending part of the curve, as observed when accelerators AF
0.59 and 0.61 are employed. C3A and alite hydration occur con-
comitantly, leading to faster reaction rates and higher values of
maximum heat flow in the main hydration peak. As C3A hydration
is accelerated, the degree of hydration of mortars tends to decrease
for increasing dosages of accelerator AK (Fig. 5.c).

In mortar AK_10%, a shoulder related to the early formation of
AFm phases due to the accelerated C3A hydration is observed
around 1.5 h (Fig. 4.c). In a lower extent, this process may also
be observed during the induction period in mortar AK_5.0%
(Fig. 4.c). The early formation of AFm phases fills up the space in
the matrix before the onset of alite hydration and the precipitation
of these phases on the surface of cement particles reduces their
5

solubility and further hydration. Hence, the mortar produced with
AK_10% presents lower reaction rates and lower values of heat flow
if compared to mortars produced with lower dosages of this accel-
erator (Table 4).

3.2. Needle penetration test

Fig. 6 presents the average results of needle penetration resis-
tance in sprayed mortars. In each figure, the penetration resistance
values of 3.5 and 27.6 MPa are indicated, corresponding to the ini-
tial and final setting times presented in ASTM C-403 [4]. Points
marked with an ‘X’ in each curve represent the inflection points
of the penetration resistance evolution. Table 5 shows relevant
parameters extracted from the Fig. 6.

The initial penetration resistance depends on accelerator type
and dosage, as expected. The development of mechanical strength



Fig. 6. Average values of needle penetration resistance obtained in sprayed mortars containing accelerator AF 0.59 (a), AF 0.61 (b) and AK (c). Points marked with an ‘X’ in
each curve represent the inflection points of the penetration resistance evolution.

Table 5
Parameters related to the penetration resistance curves.

Mortar Initial setting time (h) Final setting time (h) Slope before inflection point (MPa/h) Slope after inflection point (MPa/h)

AF 0.59_3.5% 2.8 4.6 1.4 15.1
AF 0.59_5.0% 2.6 4.1 1.5 18.0
AF 0.59_8.0% 1.5 3.8 2.5 12.5
AF 0.59_10% 0.6 2.7 5.8 12.1
AF 0.61_5.0% 2.4 4.6 1.3 10.6
AF 0.61_8.0% 0.4 3.3 5.0 12.8
AF 0.61_10% – 0.7 Not applicable 32.9*
AK_3.0% 1.1 3.6 3.9 12.6
AK_5.0% 0.2 3.2 6.6 13.9
AK_10% – 0.3 Not applicable 14.9*

* The first point detected in the curve was used as the initial value to determine the slope.
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in sprayed mortars immediately after spraying is directly related to
the formation and growth of ettringite and AFm nanocrystals due
to accelerator reaction [34,36]. Since the amount of aluminate
hydrates precipitated is proportional to the aluminum content in
the accelerator formulation (Table 2), the higher the accelerator
dosage, the faster the mechanical strength develops after spraying.

The inflection point occurs for penetration resistance values
above 3.5 MPa, that is, after the initial setting time of the mortar
(see Fig. 6). This indicates that the initial setting time depends
strongly on accelerator reactivity. Sprayed mortars present shorter
initial setting times and higher rates of strength evolution (steeper
slope before the inflection point) for increasing dosages of acceler-
ators (Table 5). Therefore, these chemicals clearly work as set
accelerators.

After the inflection point, the evolution of penetration resis-
tance depends on cement hydration. The rate of penetration resis-
tance evolution (slope after inflection point given in Table 5) is
directly related to the rate of cement hydration (slope acceleration
- main peak, Table 4). Therefore, the higher the rate of cement
hydration, the higher the rate of penetration resistance
development.

In mortars produced with accelerator AF 0.59, the penetration
resistance after the inflection point is the highest when accelerator
dosage is equal to 5.0% bcw. Above that dosage, the amount of
ettringite formed by accelerator reaction increases and may sup-
press alite hydration due to lack of space. Therefore, the rate of
penetration resistance development reduces because the rate of
C-S-H formation decreases.

When accelerators AF 0.61 and AK are employed in the interme-
diate dosage, the rate of cement hydration (Table 4) and penetra-
tion evolution (Table 5) are the highest. Although the hydration
rate decreases when the highest accelerator dosage is employed
6

(Table 4), the rate of penetration resistance development increases.
This occurs because mortars AF 0.61_10% and AK_10% behave as
under-sulfated, as discussed in the results of isothermal calorime-
try (Section 3.1). Therefore, the formation of AFm phases due to
accelerated C3A hydration is the main process responsible for the
evolution of penetration resistance after the inflection point. The
formation of theses phases before the onset of alite hydration
may be detrimental to the development of mechanical strength
at late ages [25].
3.3. Pin penetration test

Fig. 7 depicts the average results of indirect compressive
strength of sprayed mortars until 24 h. In all mortars, compressive
strength values at 4 and 6 h were below the lower detection limit
of the equipment (0.8 MPa) and, therefore, are not shown. Mortars
produced with accelerator AF 0.61 and AK_3% could not be evalu-
ated due to technical difficulties while performing the tests after
spraying. Despite the lack of these data, it is still possible to make
relevant considerations regarding this test, due to the full set of
available data related to AF 0.59 and the two meaningful evolu-
tions over time recorded for AK mixes.

The development of mechanical strength depends on accelera-
tor type and is closely related to the degree of hydration and the
energy released in the main hydration peak in the heat flow curves
(Table 4). The rate of strength evolution between 8 and 12 h is
higher than the rate in the interval from 12 to 24 h. As observed
in isothermal calorimetry, cement hydration is the most significant
prior to 12 h, resulting in a faster strength gain. After that time, the
rate of strength development reduces due to the deceleration of
the hydration process (Fig. 5).



Fig. 7. Average values of indirect compressive strength obtained in sprayed mortars containing accelerator AF 0.59 (a) and AK (b).
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The average results of indirect compressive strength tend to be
lower for increasing accelerator dosages. As concluded in previous
research [25], the determination of indirect compressive strength
by the pin penetration test depends mainly of the amount of C-S-
H formed during hydration and the values obtained are higher
for properly-sulfated systems. Therefore, since alite hydration is
suppressed by increasing amounts of aluminate hydrates formed
by accelerator reaction, increases in accelerator dosage tend to
reduce the compressive strength values from 12 h on, influencing
the development of mechanical strengths at late ages negatively.
This analysis is corroborated by the determination of the degree
of hydration of sprayed mortars (Fig. 5) and it may be inferred that
the lower the degree of hydration of the mortar, the lower its indi-
rect compressive strength.

3.4. In situ ultrasound measurements

Fig. 8 depicts a general curve obtained by the continuous mon-
itoring of a sprayed mortar by in situ ultrasound measurements.
The evolution of ultrasound velocity obtained by the system devel-
oped is consistent with findings from prior researches [22,37,38].
The curve contains four different stages, according to the cement
hydration process and the consequent development of mechanical
strength. Each stage is described subsequently.
Fig. 8. Designation of 4 stages during the measurement of ultrasound velocity in
sprayed mortars.
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� Stage I: This stage does not present any ultrasound signal. Due
to the configuration and geometry of the instrumented panel,
with a 20 cm span between transducers, ultrasound velocity
must overcome the threshold value of approximately 500 m/s
for the signal to be detected. To reach that value, the matrix
needs to present proper solid phase interconnectivity, which
depends on accelerator reaction and cement hydration
processes.

� Stage II: Ultrasound signals start to be recorded and ultrasound
velocity increases over time. This occurs due to the progress of
cement hydration and microstructure development, which
improves the interconnectivity of solid particles, increases the
solid/liquid ratio of the matrix and reduces porosity. The faster
the hydration reactions, the faster the rate of the increase in
ultrasound propagation velocity (Fig. 4).

� Stage III: The rate of increase of ultrasound velocity starts to
descend. This occurs because the matrix presents a significant
hardening and cement hydration rates reduce significantly,
leading to a reduction in the rate of ultrasound velocity
increase.

� Stage IV: ultrasound velocity tends to stabilize, because the
hydration rate decelerates significantly and the matrix has a
porous structure that limits ultrasound velocity [39,40].

Fig. 9 presents the ultrasound velocity curves in sprayed mor-
tars and Table 6 shows relevant parameters extracted from each
curve according to each stage observed. Firstly, it is possible to
observe that the system developed could monitor continuously
the evolution of early age properties of sprayed mortars, as
expected. By using the instrumented panel, no decoupling was
observed, representing a significant advance in the characteriza-
tion of sprayed materials [23]. This has already been observed in
the characterization of conventional concrete [30], but no refer-
ences were found regarding the continuous monitoring of sprayed
materials. Therefore, this achievement may result in a potential
system to characterize sprayed materials continuously in field
applications.

Clear changes in the behavior of mortars were observed when
different accelerators and dosages were employed. In mortars pro-
duced with the lowest dosage of each accelerator, the time
required to overcome the ultrasound velocity threshold value of
500 m/s was the longest. As accelerator dosage increases, the dura-
tion of stage I reduces.

This occurs because the solid phase interconnectivity and the
solid/liquid ratio of the matrix, which are key parameters to pro-
vide ultrasound propagation, depend on the amount of aluminate



Fig. 9. Evolution of ultrasound propagation velocity obtained in sprayed mortars containing accelerator AF 0.59 (a), AF 0.61 (b) and AK (c).

Table 6
Parameters extracted from the ultrasound velocity curves.

Mortar Time to overcome threshold value
(duration of stage I) (h)

Slope stage II
(m/s.h)

Slope stage III
(m/s.h)

Duration of stage II + III (h) Beginning of stage IV (h)

AF 0.59_3.5% 3.9 473 122 8.2 12.1
AF 0.59_5.0% 3.5 462 77 8.0 11.5
AF 0.59_8.0% 2.4 538 143 8.4 10.8
AF 0.59_10% 2.1 367 105 7.4 9.5
AF 0.61_5.0% 2.0 750 300 9.2 11.2
AF 0.61_8.0% 1.6 780 298 8.2 9.8
AF 0.61_10% 0.2 561 148 8.2 8.4
AK_3.0% 1.6 809 157 8.8 10.4
AK_5.0% 1.5 976 149 6.4 7.9
AK_10% 0.1 509 112 7.1 7.2
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hydrates formed by accelerator reaction. In addition, the time
required to overcome the threshold value depends on the rate of
cement hydration, because the phases formed fill up the pores of
the matrix. A linear correlation between the time the inflection
point occurs in the penetration resistance analysis (Fig. 6) and
the time required to overcome the threshold value in ultrasound
measurements (Table 6) may be observed in Fig. 10.

Mortars produced with accelerator AK present shorter stage I
durations than mortars containing alkali-free accelerators. The
early formation of AFm phases by accelerator reaction and C3A
hydration is responsible for that fact [41] because the elastic mod-
ulus of these phases is around 2 times higher than the elastic mod-
Fig. 10. Relationship between the time the inflection point occurs in the penetra-
tion resistance analysis and the time required to overcome the threshold value in
ultrasound measurements.
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ulus of ettringite and C-S-H (EAFm = 42.3 GPa [41]; EEttringite = 22.4
GPa [41]; EC-S-H = 21.7 GPa [39]). Therefore, under-sulfated systems
may overcome the threshold value of ultrasound velocity faster
than properly-sulfated systems.

During stage II, the rate of increase in ultrasound velocity is
controlled by the precipitation of C-S-H and aluminate hydrates
due to alite and C3A hydration, respectively. Mortars containing
high dosages of accelerator present the lowest rates of ultrasound
velocity increase. This occurs because the large amount of alumi-
nate phases formed by accelerator reaction suppresses alite hydra-
tion and the consequent pore filling caused by the formation of C-
S-H. Although the correlation obtained in Fig. 11 is poor when
compared to Fig. 10, it may be observed that the slope from stage
II in ultrasound measurements is somewhat similar to the slope
from the acceleration period in the heat flow curves.
Fig. 11. - Relationship between the slope from stage II in ultrasound measurements
and slope from the acceleration period in the heat flow curves.



Fig. 12. Relationship between the beginning of stage IV in ultrasound measure-
ments and the degree of hydration of sprayed mortars when stage IV begins.
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In addition, the formation of aluminate hydrates by accelerator
reaction leads to a fast stiffening of the mortar. Consequently, mor-
tars sprayed with accelerators lose their plasticity immediately
after spraying, limiting handling operations. Since sprayed mixes
do not undergo consolidation such as conventional mixes, the air
entrapped due to spraying is not eliminated [25]. Therefore, mor-
tars are more porous when high dosages of accelerator are
employed, reducing the rate of ultrasound velocity increase in
stage II.

Stage III represents the final part of the acceleration period in
the heat flow curves determined in isothermal calorimetry
(Fig. 4). The slope of the ultrasound velocity vs time curve during
stage III is lower than the slope from stage II. This means that ultra-
sound velocity increases at a lower rate in stage III due to the
deceleration of hydration reactions [22,23]. The duration of stage
II summed with the duration of stage III (Table 6) corresponds to
the time required to reach the maximum heat flow in the curves
obtained by isothermal calorimetry (Table 4).

The time when stage IV begins corresponds to the time deceler-
ation period starts. As cement hydration rates decreases signifi-
cantly due to the hardening of the matrix, ultrasound velocity
tends to stabilize. As may be observed in Fig. 12, the time when
stage IV begins may be related to the degree of hydration of the
mortars.
4. Considerations on the determination of initial and final
setting times

The initial setting time of a cementitious matrix is defined as
the time this matrix begins to lose its plasticity [42]. When mortars
and concretes are sprayed with accelerators, their plasticity is lost
immediately after spraying, limiting handling operations. There-
fore, using the penetration resistance value of 3.5 MPa to deter-
mine the initial setting time may not be feasible for sprayed
materials.

In addition, initial setting times determined according to ASTM
C-403 [4] fell within the stage I period in ultrasound measure-
ments, before the threshold value of ultrasound velocity (500 m/
s) was overcome. Therefore, initial setting times could not be cor-
related to ultrasound velocity. This limitation occurred due to the
configuration and geometry of the instrumented panel. To reduce
the threshold value and optimize the data acquisition of the equip-
ment, authors suggest the reduction of the distance between trans-
ducers (from 20 cm to 10 cm) and the installation of transducers
with higher frequency (200 kHz).
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The final setting time of a cementitious matrix refers to the time
this matrix loses its plasticity and begins to develop mechanical
strength [42]. Ultrasound measurements may be successfully used
to determine the final setting time of conventional cementitious
matrices. Former studies concluded that the final setting time
occurs when ultrasound velocity reaches 1.5 km/s [38]. This value
may also be adopted to evaluate the final setting time of mortars
containing accelerators [23].

However, in the experiments performed in this research, no
direct correlation was obtained between final setting times and
ultrasound velocity. All the correlations tested showed R2 values
below 0.20 and, therefore, are not presented here. A more repre-
sentative approach would be to define the final setting time of
sprayed materials as the time the inflection point occurs in pene-
tration resistance results (Fig. 6). From that point on, the develop-
ment of mechanical strength of the matrix increases at a constant
rate. Besides, ultrasound measurements are registered because the
threshold value has been surpassed, as observed in Fig. 9 and
Table 6.
5. Conclusions

The following conclusions may be drawn according to the
results obtained in this study:

� The instrumented panel developed may be considered a reliable
tool to monitor the evolution of early age properties of sprayed
mortars continuously. This method may result in a potential
system to characterize sprayed materials continuously in field
applications. Nevertheless, the configuration of the test may
be further investigated, to reduce the variation of absolute
ultrasound velocity and the threshold value. Reducing the dis-
tance between transducers and using 200 kHz transducers are
recommended.

� By using the system developed, significant changes were
observed in the behavior of sprayed mortars depending on the
type and dosage of the accelerator employed. The higher the
dosage of the accelerator, the faster the threshold value of the
ultrasound velocity is reached. Therefore, the system developed
may be feasible to characterize the reactivity between cement
and accelerator.

� Four different hydration stages could be delimited in ultrasound
velocity curves. Each stage corresponds to a hydration period
observed in the heat flow curves obtained by isothermal
calorimetry. Stage I corresponds to the time required for the
onset of the acceleration period, stage II to the acceleration per-
iod, stage III to the final part of the acceleration period until the
maximum heat flow is reached and stage IV to the deceleration
period.

� A correlation was found between the time the threshold value
of the ultrasound velocity was reached and the inflection point
in the evolution of penetration resistance test. Before the inflec-
tion point, no ultrasound signal could be recorded. After the
inflection point, ultrasound signals were obtained, because
cement hydration rate increases significantly, forming C-S-H,
which improves the interconnectivity among solid particles.
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