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Abstract. The main objective of this article is to describe the influence of hydrothermal curing
conditions in an autoclave device (different pressure and temperature), which took place at various
ages of a fresh mixture (cement matrix – CM, and fibre-reinforced cement matrix – FRCM), on textile
reinforced concrete production. The positive influence of autoclaving has been evaluated through the
results of physical and mechanical testing – compressive strength, flexural strength, bulk density and
dynamic modulus of elasticity, which have been measured on specimens with the following dimensions:
40 × 40 × 160mm3. In addition, it has been found that increasing the pressure and temperature resulted
in higher values of measured characteristics. The results indicate that the most suitable surrounding
conditions are 0.6MPa, and 165 °C at the age of 21 hours; the final compressive strength of cement
matrix is 134.3MPa and its flexural strength is 25.9MPa (standard cured samples achieve 114.6MPa
and 15.7MPa). Hydrothermal curing is even more effective for cement matrix reinforced by steel fibres
(for example, the compressive strength can reach 177.5MPa, while laboratory-cured samples achieve a
compressive strength of 108.5MPa).
Keywords: compressive strength; flexural strength; dynamic modulus; steel fibres; hydrothermal
curing; boundary conditions.

1. Introduction
Current research activities in the field of material
science and civil engineering focus on investigations
into the properties of advanced materials´ and their
implementation into real practical use. In the con-
text of sustainability and global efforts to minimize
energy intensity, new types of cement composites and
special curing conditions to help achieve higher me-
chanical properties and durability are investigated.
This paper deals with an experimental analysis of
the influence of hydrothermal curing on the mechani-
cal properties of cement matrix for textile reinforced
concrete. The aim of this study is to quantify the
mechanical properties of textile reinforced concrete
cement matrix autoclaved under various boundary
conditions (pressure in autoclave vessel and age of
concrete). Hydrothermal curing took place at various
ages after the first contact water of with cement (from
12 to 24 hours). Two types of concrete were used
(cement matrix and fibre-reinforced cement matrix).

The material presented in this research was origi-
nally developed at the Experimental Centre, Faculty
of Civil Engineering, CTU in Prague, for textile re-
inforced concrete production in general. Taking into
account the international political situation and ter-
rorist risks we can find its application for protective
façade panes or slabs production. Projectile impact
on slabs made from this composite (reinforced by var-
ious types of textiles and in some case in combination
with steel fibres), as well as their response to dynamic

load, have been experimentally investigated. Textile
reinforced concrete (TRC) is a new type of advanced
composite material with successful practical use in
real constructions. The philosophy of TRC combines
the advantages of cement matrix (high-performance
concrete – HPC or ultra-high-performance concrete –
UHPC) and the tensile characteristics of textile, usu-
ally made from high-strength material (glass, carbon,
basalt) [1]. The typical compressive strength of ce-
ment matrix lies in the range from 70 to 130MPa.
This material finds its application in façade panel pro-
duction, strengthening of existing reinforced concrete
load bearing elements, elements for footbridge man-
ufacture [2], etc. Several elements of the structure
belong to the category of prefabricates, where the time
development of mechanical properties determines the
removal from formwork and the economic efficiency of
the production. The possibility of accelerating the in-
crease of mechanical properties becomes more relevant;
therefore the process of hydrothermal curing in an
autoclave device becomes more important. The effect
of hydrothermal curing on the mechanical properties
of CM and FRCM is presented in this article.
Several works of research deal with the issue of

the effect of the curing conditions of concrete and
high-performance cement composites on final mechan-
ical properties and their development in time. The
final properties depend on the composition of the
mixture (use of active admixtures, type of cement,
plasticizer, etc.) and on the applied curing method.
Afther 28 days the system of HPC shows a com-
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pressive strength of 137.2/149.6MPa (cured in wa-
ter/air), and after 180 days it reaches 154.9/168.3MPa
(cured 28 days in water/air) [3]. Samples of UHPC
stored for 48 hours in hot steam at 90 °C and 95%
relative humidity are characterized by a 19% in-
crease of modulus of elasticity (52.7GPa) compared
to laboratory-cured samples [4]. The maximum flexu-
ral strength of ultra-high-performance fibre-reinforced
concrete (UHPFRC) increases by 11% after being
exposed for 72 hours to a temperature of 90 °C in
a humid environment [5]. Vogel et al. [6] describe
the time development of compressive strength and
flexural strength of CM and FRCM for textile con-
crete production cured under laboratory conditions.
At the age of one day compressive strength reached
49.7/27.5MPa (CM/FRCM), while after 28 days it
reached 114.0/108.5MPa (CM/FRCM). A rapid in-
crease of mechanical properties during the first 7 days
characterizes cement composites classified as HPC
or UHPC (containing basalt aggregate and CEM I
42,5 R) [7]. In this work, Reiterman et al. described
the time dependence of compressive strength from an
early age until 180 days.

Hydrothermal curing in an autoclave device (with a
combination of high pressure and temperature, under
the simultaneous effect of steam) provides a sophis-
ticated possibility to achieve high final strength in a
short time after the first contact between water and
cement (approximately 2 days). A major effect of this
solution is the formation of a denser microstructure
with the formation of a calcium silicate hydrate (C-
S-H) phase, which results in higher mechanical prop-
erties [8]. The texture of autoclaved UHPC shows
a homogeneous, dense cement paste which consists
of close networked crystal fibres with a length up to
one micrometre in a specimen cured at 200 °C and
15 bar [9]. A magnificent increase of compressive and
flexural strength was achieved on high-performance
concrete with addition of reactive powder concrete
(RPC). Compared to a reference mixture (80MPa) the
combination of 2MPa and 210 °C resulted in compres-
sive strength of 202MPa after 8 hours of curing [9].
In addition, different behaviour of matrix for TRC in
terms of special curing conditions can be expected at
higher-strength characteristics.

The evaluation of the hydrothermal curing process
took into account basic material and mechanical prop-
erties (bulk density, flexural strength, compressive
strength and dynamic modulus of elasticity). During
the experimental program specimens with dimensions
of 40×40×160mm3 were made from high-strength ce-
ment matrix and steel fibre-reinforced cement matrix
and various mechanical tests were performed.

2. Hydrothermal curing
2.1. Curing before hydrothermal

process
Samples from CM and FRCM with dimensions of
40 × 40 × 160mm3 were produced under laboratory

Figure 1. Pressure vessel and steel holder with spec-
imens.

conditions. Fresh mixtures were put into steel forms
and their surface was covered by impermeable foil to
avoid evaporation of technological water. The speci-
mens remained in steel forms under laboratory con-
ditions (20 °C, at a relative humidity of 50%) until
the time when the hydrothermal process took place.
The hydrothermal process took place at various ages
of the fresh samples (12, 15, 18, 21 and 24 hours).

2.2. Hydrothermal process
“Hydrothermal curing condition” refers to the combina-
tion of high pressure (0.1–0.8MPa) and temperature
(100–250 °C) in a steam-saturated environment ap-
plied at an early stage of thehydration process. These
conditions can be achieved in the autoclave device.
The arrangement of a high pressure vessel´s enables
the current treatment of six samples with the fol-
lowing dimensions 40 × 40 × 160mm3. The process
itself consists of several phases: measurement of the
dimensions and weight and placement of the samples
into a stainless steel stand; relocation of the spec-
imens into the pressure chamber (Figure 1) of the
autoclave, along with approximately 1.0 litre of water;
placement of the cover onto the pressure vessel and
locking by nuts. The second phase of the autoclaving
process involves setting the required pressure at the
set-point pressure gauge, opening the pressure-release
valve, and turning on the heating units. After reach-
ing 100 °C, the steam started to escape from the pipe
of the pressure-release valve, which had to be closed.
The pressure and temperature in the high-pressure
chamber started to rise up due to the closed pressure-
release valve until the required values were reached
(in this experimental program, there were 135 °C and
0.3MPa; 150 °C and 0.45MPa; 165 °C and 0.60MPa).
After four hours the heating units were switched off
while the cooling fan was switched on. During the
cooling phase, the pressure and temperature gradually
decrease to 100 °C and 0.1MPa, when the precision
pressure-release valve opens and from this moment the
pressure in pressure vessel is the same as atmospheric
pressure. The pressure vessel was opened and the spec-
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Figure 2. Pressure and temperature curves of hy-
drothermal processes.

imens were removed when the temperature decreased
to laboratory conditions (approximately 20 °C). At
the end of this process, all the samples reach the final
properties and are suitable for expedition (in the case
of real production) or for testing of material proper-
ties (in laboratory practice). Figure 2 schematically
shows all three hydrothermal processes (characterized
by different boundary conditions – temperature and
pressure). We can see the pressure curve and temper-
ature curve depending on time. The pressure starts
to rise up when the temperature exceeds 100 °C and
the pressure-release valve is closed.

3. Composition
The maximum grain size of 2mm characterizes the
cement matrix for TRC production in general; the
designed mixture used for this experiment has a max-
imum grain size of 1.2mm. Due to the excellent work-
ability of the fresh mixture, the water to binder ratio
achieves a slightly higher value (0.29 or even 0.31) than
in the case of UHPC or UHPFRC (0.19) [10] or than
in the case of high-performance cement composite for
high temperature application (0.25) [11]. The com-
position of the mixtures used can be seen in Table 1.
The slightly higher value of water to binder ratio of
FRCM is due to steel fibres dosage. Applied CEM
I 42.5 R cement replaces the commonly used CEM
52.5 R in the UHPC category [12,13]. The philosophy
of manufacture is in compliance with the technology
of UHPC productions. In short, the homogenization
of silica sand and silica fume takes place for 5 minutes;
the process of mixing continues with the addition
of silica powder and cement and homogenization for
next 5 minutes. The water and the plasticizer are
added in the same time and the process of mixing the
cement matrix ends after 5 minutes. In the case of
fibre-reinforced cement matrix the gradual addition
of full fibres dosage and their even mixing takes the
last 5 minutes.

Component CM FRCM
[kg/m3] [kg/m3]

CEM I 42.5 R cement 680 680
Silica fume 129 129
Silica sand 0.1/0.6 326 326
Silica sand 0.3/0.8 340 340
Silica sand 0.6/1.2 258 258
Silica powder 326 326
SVC 1035superplasticizer 6.8 7.5
Potable water 238 252
Steel fibres 0.14 × 13mm – 102
Water-binder 0.29 0.31

Table 1. Composition of the mixture used.

Figure 3. Principle of ultrasonic testing.

4. Investigated properties
Evaluation of the optimal age of cement matrix or
fibre-reinforced cement matrix and of the conditions in
the autoclave device (temperature and pressure) took
place with the help of non-destructive measurements of
dynamic modulus (Ecu), calculation of bulk density (%)
and destructive measuring of the following mechanical
parameters: compressive strength (fcm) and flexural
strength (ftm). All properties were measured on three
samples and the final value is an average, except for
the compressive strength value (average of six values
– fragments from bending tests).

4.1. Dynamic modulus of elasticity
Non-destructive methods find their significant role in
civil engineering, material science, diagnostics of struc-
tures, and descriptions of gradual changes in materials
due to temperature, moisture and dynamic loading
[14, 15, 16]. A Proceq PunditLab+ ultrasonic velocity
test instrument has been used to determine ultrasound
speed vL by 54 kHz pulse transducer. Ultrasonic di-
rect transmission is the most frequently used arrange-
ment where pulse amplitude reaching the receiving
transducer is the highest. The one-dimensional ad-
justment requires the position of pulse transducer and
the receiver to be positioned on the opposite sides of
the 40 x 40 x 160 mm3 specimen, and to be pointed
directly at each other (Figure 3). The following equa-
tion determines the values of the dynamic modulus
of elasticity (bulk density was calculated from dimen-
sion and weight; pulse velocity measured by Proceq
PunditLab+ and the characteristics of environment
were equal to one, because of the one dimensional
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Conditions Age fcm [MPa] ftm [MPa] Ecu [GPa] % [kgm−3]
CM FRCM CM FRCM CM FRCM CM FRCM

0.30 MPa 135 °C 12h 83.5 94.1 13.3 25.2 38.9 37.4 2150 2250
15 h 117.5 133.8 13.0 23.5 41.7 41.6 2190 2285
18 h 113.5 145.2 15.5 34.6 42.0 41.8 2200 2300
21 h 116.9 144.0 10.0 28.6 41.9 41.7 2190 2305
24 h 120.4 154.7 16.9 39.8 45.0 43.1 2240 2320

0.45 MPa 150 °C 12h 58.3 63.4 9.5 24.0 30.2 29.2 2165 2295
15 h 102.4 106.7 16.9 29.6 43.7 39.7 2180 2250
18 h 122.5 163 17.2 40.0 41.2 43.3 2140 2310
21 h 118.8 175.3 19.2 39.2 44.7 45.2 2220 2320
24 h 125.5 171.9 15.6 46.0 46.1 45.6 2225 2260

0.60 MPa 165 °C 12h 30.1 48.7 4.1 11.4 13.9 20.1 2200 2260
15 h 84.2 70.7 12.0 23.3 38.2 32.2 2190 2250
18 h 123.0 150.1 16.3 38.4 44.7 48.9 2190 2300
21 h 134.3 177.5 25.9 48.4 44.9 45.5 2225 2320
24 h 127.3 169.2 16.0 52.3 45.3 46.1 2190 2315

Reference: 1 day 49.7 27.5 9.4 23.9 23.1 22.1 2240 2270
Reference: 28 days 114.6 108.5 15.7 34.1 34.2 34.3 2260 2230

Table 2. Summary of performed experiments – measured data.

arrangement):

Ecu = %v2
L

k2 , (1)

where Ecu is the dynamic modulus of elasticity [MPa];
% is the bulk density of measured material [kgm3]; vL

is the pulse velocity of ultrasonic waves [m s−1]; k is
the characteristics of the environment [–] [17].

4.2. Mechanical properties
All investigated parameters were determined on pris-
matic specimens which had the following dimensions:
40 × 40 × 160mm3. The measurement of flexural
strength ftm was organized as a three-point bending
test with supports at a distance of 100mm according
to [18], and was calculated with the help of the maxi-
mum reached force. An MTS 100 universal loading
machine was used for this testing, and the test was con-
trolled by the increase of deformation (1.0mm/min).
The compressive strength test fcm was performed on
two fragments left after the bending test with the help
of the EU 40 machine with a maximum force of 400 kN.
The area under compressive load (40 × 40mm2) was
demarcated by the Matest loading-device put to EU
40. This arrangement fully complies with the require-
ments for refractory cement composites, HPC, UHPC,
UHPFRC testing [11,13].

5. Results
First, it is necessary to say that all testing of the
mechanical properties of the hydrothermally cured
specimens was performed on the day following the
hydrothermal curing process (the final properties are
achieved at the end of the hydrothermal curing pro-
cess in an autoclave device). The values measured

for the samples cured under laboratory conditions
and tested after 1 day and after 28 days (which is
the time when the strength parameters of cement
composites are investigated in practice) are listed
for better comparison. Table 2 shows the results
of all measurements (compressive strength, flexural
strength, dynamic modulus of elasticity and bulk
density) performed during the experimental program.
The values for all these parameters of the 1-day and
28-day-old samples are shown for comparison with
the autoclaved samples. Three different sets of con-
ditions (0.3MPa and 135 °C; 0.45MPa and 150 °C;
0.60MPa and 165 °C), together with the different ages
at which the samples were hydrothermally cured, are
listed.

The dependence of the compressive strength (fcm)
of CM (Figure 4) and FRCM (Figure 5) on pressure
and on temperature is expressed in graphs for better
illustration. Figures 6 and 7 show the values of the
flexural strength (ftm) of CM and FRCM after differ-
ent hydrothermal conditions and ages of the samples.
Especially in Figures 4 and 5, we can see the influence
of rising pressure on the compressive strength applied
to specimens of various ages. The red line in each
graph defines the boundary of each mechanical prop-
erty measured on the reference samples at 28 days.
This will help achieve better orientation, where all
values of hydrothermal cured samples up to the line
reach higher values of mechanical properties.

6. Conclusions and discussion
Based on the performed experiments, on the summa-
rization of the results, and on the graphical evaluation,
we can find several dependencies and draw several con-
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Figure 4. Average values of compressive strength
fcm of CM after curing under different conditions.

 
0

20

40

60

80

100

120

140

160

180

200

12 h 15 h 18 h 21 h 24 h

C
om

pr
es

si
ve

 s
tr

en
gt

h 
[M

P
a]

0.3 MPa

0.45 MPa

0.6 MPa

28 days FRCM 

Figure 5. Average values of compressive strength fcm

of FRCM after curing under different conditions.

clusions. The compressive strength, flexural strength,
and the dynamic modulus of elasticity were measured
on 90 specimens in total, which were tested after be-
ing cured under various conditions in an autoclave
device (135 °C and 0.3MPa; 150 °C and 0.45MPa;
165 °C and 0.6MPa). According to the outcomes from
the performed experimental program, the following
conclusions can be presented:

(1.) The compressive strength (fcm) of the cement
matrix does not increase as rapidly as that of the
fibre-reinforced cement matrix. The maximum in-
crease achieved for CM is 14.5% in comparison with
samples tested at 28 days. The increase observed
for FRCM is 38.9%. We can observe the maximum
compressive strength on samples hydrothermally
cured at the ages of 21 hours or 24 hours. Based on
the values of flexural strength (ftm), we can confirm
the assumption of theoretical research that the pos-
itive influence of hydrothermal curing lies in tensile
characteristics. An increase of 34.7% character-
izes the flexural strength of FRCM hydrothermally
cured at 24 hours under the following conditions:
165 °C and 0.6MPa.
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Figure 6. Average values of flexural strength ftm of
CM after curing under different conditions.
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Figure 7. Average values of flexural strength ftm of
FRCM after curing under different conditions.

(2.) Application of pressure higher than 0.60MPa at a
temperature higher than 160 °C will probably result
in even better mechanical characteristics, but to
the detriment of economy of production. Higher
pressure means more expensive production (costs
for energy) and the hydrothermal process has to be
applied to older samples (due to the initial strength
being sufficient to resist the high pressure).

(3.) Increasing the temperature and pressure in an
autoclave leads to lower values of mechanical proper-
ties of younger samples (typically 12 and 15 hours).
The samples at this age are not strong enough to
resist the pressure, which will result in micro-cracks
and decreased strength. Application of lower pres-
sure – 0.3MPa – at the age of 12 hours leads to
values of compressive strength three times higher
than 0.6MPa. The hydrothermal condition takes
effect especially at the ages of 21 and 24 hours,
when the initial strength parameters are able to
resist inner destruction due to high pressure.

(4.) Increasing mechanical parameters are accompa-
nied by growth of the bulk density and dynamic
modulus of elasticity. The bulk density growth is as-
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sociated with denser microstructure and hydration
products due to hydrothermal curing conditions.

We can conclude from the performed experiments
that hydrothermal curing has a great potential for
textile reinforced concrete production (especially of
façade panels, load-bearing elements and other pre-
cast structure parts). The most suitable combination
of boundary conditions (pressure and temperature)
and final mechanical properties always takes into ac-
count technological and especially economical aspects.
Denser microstructure, developed in autoclaved cured
specimens, is connected with the presumed lower per-
meability for liquids and gases. Higher durability and
long-term properties are connected with low perme-
ability. The financial costs of hydrothermally cured
samples have to be compensated by final mechanical
characteristics. Therefore, the hydrothermally cured
elements are supposed to be used in extreme extensive
places, with high requirements in terms of durability
and resistance to extreme static or dynamic load.
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