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This paper focuses on the effect of moderate temperature variations on the flexural behavior of polypropylene
macro-synthetic fiber reinforced concrete. A comprehensive study has been carried out to investigate the
influence of temperature on the tensile constitutive parameters. The study is based on the results of an
experimental campaign consisting of compression tests and three point bending tests conducted on specimens
cured at different temperatures, ranging from -30 °C to 60 °C. The core of the research is the calibration
of the relationship between the constitutive parameters for polypropylene macro-synthetic fiber reinforced
concrete and temperature values. A hybrid regression model is developed to describe the relationship and the
most adequate regression model is selected among several alternatives according to the Akaike Information
Criterion. It involves a bi-linear relationship between each one of the constitutive parameters and temperature,
with a common transition temperature for the parameters mostly related to the post-cracking behavior. This
model proves to be well suited to describe the temperature effect for different polypropylene macro-synthetic
fiber reinforced concretes and it provides valuable insights for structural applications. The paper also presents
the procedure for the estimation of the hybrid regression model, which can be adopted for modeling the
temperature effect on fiber reinforced concretes constituted by materials of different properties.

Inverse analysis
Prediction model

1. Introduction variations, while for the remaining two no remarkable effects were
observed. For the long term test, temperature ranged between 20 °C

Macro-synthetic fiber reinforced concrete with polypropylene fibers
(PP-MSFRC) is undergoing a considerable diffusion for the improved
mechanical properties, energy absorption capacity and crack bridg-
ing ability compared to plain concrete [1,2]. The different structural
applications regarding PP-MSFRC imply an exposition to varying en-
vironmental conditions [3,4] and this aspect can affect its behavior.
In particular, mechanical properties of PP-MSFRC like compressive
strength, tensile strength, modulus of elasticity, and flexural tensile
strength are sensitive to temperature change, thus affecting the final
structural performance. This work is not interested in the behavior at
very high temperatures due to fire events, already studied by many
authors [5-7], but rather to the influence of moderate temperature

and 50 °C. These variations can have significant effects and in some
cases trigger creep failure. Caballero-Jorna et al. [9] performed an
experimental investigation on fiber reinforced concrete containing steel
or macro-synthetic fibers. Specimens were conserved at temperatures of
5, 20, 35 and 50 °C and tested in TPBTs. Results revealed that for both
fiber types the temperature effects are more noticeable for larger Crack
Mouth Opening Displacement (CMOD) compared to a small CMOD of
0.5 mm.

Aidarov et al. [10] studied the effects of low temperatures on the
flexural behavior of MSFRC. They observed an enhancement of the
post-cracking behavior for temperature under 0 °C. Indeed, the residual

variations in service conditions.

In the past years, specific experimental campaigns have been carried
out in this regard. Buratti and Mazzotti [8] investigated for the first
time the effects of moderate temperature variations on the short and
long term behavior of cracked MSFRC. For the former, three-point
bending tests (TPBTs) were carried out at 20 °C and 40 °C on four
different types of MSFRC. Two of these were sensitive to temperature
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tensile strength at CMOD of 0.5 mm and 2.5 mm increased up to 54%
and 71% of the reference values at the room temperature of 20 °C.
Richardson and Ovington [11] obtained consistent results about the
improved strength at low temperatures. Pull-out tests showed a 50%
increase of the pull-out force when the temperature is reduced from
60 °C to —20 °C.
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The thermal behavior of a composite material like PP-MSFRC de-
pends on the properties of matrix and fibers together with their in-
teractions. The main factor that affects the mechanical properties of
concrete is the freezing of water inside its pores. Hence, the moisture
content plays a major role for this aspect. Strength and stiffness of the
concrete gradually increase up to moderate low temperature, about
—30 °C [12,13]. As concerns positive temperatures, normal concrete
mixes are usually characterized by a loss of strength and stiffness
mainly caused by water migration, dehydration and inter-facial thermal
incompatibility [14,15]. As far as PP is regarded, it is a thermoplastic
semi-crystalline polymer that shows a large thermal sensitivity due to
the low melting point. Its mechanical properties highly depends on
its state, defined by two transition regions [16]. In addition, temper-
ature effect on the fiber-matrix interaction has to be emphasized. The
shrinkage of the concrete matrix at low temperatures determines an
increase of the confinement pressure of the fibers and thus an improved
anchorage capacity [17].

In the context of FRC modeling, a common strategy to determine
the constitutive parameters is based on inverse analysis [18,19]. For
example, tensile constitutive parameters can be calibrated on the basis
of the experimental results of TPBTs [20,21]. Studies on the influence
of temperature change on the model constitutive parameters are limited
compared to the experimental counterpart [10,22] and the theme has
to be further investigated. This work aims at studying the effect of
temperature change on the constitutive parameters of a cracked hinge
model, which are obtained by means of inverse analysis based on the
results of TPBTs. Specimens are preserved at different temperatures
(=30 °C, =15 °C, 0 °C, 20 °C, 40 °C and 60 °C) before the execution
of the test. Moreover, a prediction model relating temperature and
constitutive parameters is developed in the form of a hybrid regression
model. This maintains the structure of a standard regression model,
but numerical simulations of the mechanical model are embedded into
the regression coefficient estimation. Different relationships between
temperature and parameters, namely linear and bi-linear types, are
studied and compared. The Akaike Information Criterion (AIC) is used
as model selection criterion in order to select the more appropriate
relationship [23]. The work aims at proposing a general strategy, that
can be employed for different material properties, as the case of fibers
characterized by different properties. For this reason, three groups of
concrete specimens are considered, each one reinforced with different
PP fibers. The results of TPBTs performed on these specimens are the
basis for the development of three different prediction models, one
for each fiber type. Analogies among the estimated prediction models
are found, confirming the consistency of the proposed approach in the
study of temperature effect on the parameters of different PP-MSFRC.

The paper is organized as follows: Section 2 describes the exper-
imental campaign performed on the three specimen groups together
with its results. Section 3 details the mechanical model adopted for
the simulation of each experimental test and the procedure of inverse
analysis. Section 4 presents the hybrid regression model that relates
temperature and constitutive parameters, while its application to this
case is shown in Section 5. Finally, conclusions are drawn in Section 6.

2. Experimental campaign
2.1. Materials and methods

The experimental campaign is carried out to characterize the tem-
perature effect on the flexural behavior of three MSFRCs. Three differ-
ent types of Polypropylene Macro Synthetic fibers (MSF) are employed;
their properties are specified in Table 1, while Table 2 lists the concrete
mix adopted. For MSFRC1 CEM I 52.5R is used as the fibers employed
in this mixture are specifically designed for precast applications, where
this type of cement is commonly adopted, for the other MSFRCs CEM
I A-LL 42.5 R is used because the fibers used are for cast in place
applications. The choice is therefore intended to reproduce typical
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industrial practice; however, the authors do not expect the type of
cement to have a significant influence on the results presented in this
study. Concrete is mixed using a vertical axis mixer, following the
prescriptions of EN 14651 [24]. A polycarboxylic ether superplasticizer
is used in all the mixes; its dosage adjusted to achieve a concrete
consistency in class S3.

The campaign involves the execution of compression tests and
TPBTs on specimens cured at different temperatures, namely —30 °C,
—15 °C, 0 °C, 20 °C, 40 °C and 60 °C. The upper bound of the
temperature range adopted in this study was selected to include re-
alistic environmental conditions that fiber-reinforced concrete (FRC)
structural elements may experience during their service life. The up-
per limit (+60 °C) represents the typical maximum temperature that
may be reached by concrete surfaces or near-surface regions directly
exposed to solar radiation, particularly in hot climates or under in-
tense solar heating [25]. The lower limit (—30 °C) was chosen not
only to represent exposure to severe cold climates but also to include
the glass transition temperature T, of polypropylene (approximately
—10 °C [26]). This temperature represents a critical threshold for
the mechanical performance of polymers even if polypropylene, being
semi-crystalline, is more stable than amorphous polymers. In fact the
crystalline phase provides structural rigidity that remains largely stable
over a wide temperature range, while the amorphous phase undergoes a
significant change in mechanical behavior around 7,. The temperature
of 20 °C was selected to represent standard laboratory conditions and to
provide baseline mechanical properties for comparison. Tests between
0 °C and 60 °C were performed at 20 °C intervals, while for sub-zero
temperatures, an increment of 15 °C was adopted, as the environmental
chamber used in the experimental campaign cannot operate below
—30 °C. Compression tests are carried out on cubes with dimensions
150 mm X 150 mm x 150 mm, using 4 specimens per temperature.
Before testing, specimens are cured for 25 days in water at 20 °C, then
for one day at ambient temperature, and finally for two days in an
environmental chamber at the target temperature.

As for TPBTs, eight specimens are tested for each MSFRC for each
temperature. They have a size of 150 mm x 150 mm x 600 mm.
After casting, TPBTs specimens are cured for 25 days in water at
20 °C, then a notch is sawed at mid span, with a depth of 25 mm
and a thickness of 5 mm, as required by EN 14651; after notching
the specimens are moved to an environmental chamber and exposed
to the target test temperature for 48 h. The duration of the curing
process is defined based on preliminary tests in which thermocouples
were inserted inside a beam exposed to different temperatures. Fig.
1 depicts the positioning of the thermocouples within the mid-span
notched cross-section. In addition, Fig. 1 illustrates the temperature
readings from two sensors, obtained when the beam was subjected to a
temperature of 59 °C, starting from an initial temperature of 22 °C. The
air temperature sensor, denoted as T1, indicates that the environmental
chamber requires approximately 5 h to attain the desired temperature.
Conversely, the sensor T5, positioned within the beam, shows that
the temperature within the cross-section reaches 95% of the target
within approximately 9 h, while the target temperature is achieved in
about 20 h. After curing the specimens are tested in TPB according
to EN 14651. A clip-on displacement transducer is installed at the
bottom of the specimen, across the notch, in order to measure the
Crack Mouth Opening Displacement (CMOD). Test are carried out in
CMOD control with an opening rate of 0.05 mm/min for CMOD <
0.1 mm and 0.2 mm/min for CMOD > 0.1 mm, until a CMOD value
of 4.0 mm is measured. Then, the displacement transducer is removed
and the beam is tested to complete failure in displacement control,
with a rate of 5 mm/min. A MTS servo-hydraulic testing machine is
used to carry out the tests. The experimental setup is presented in
Fig. 2. It is noted that tests are carried out at ambient temperature;
however great care is taken in order to minimize the duration of the
process after removing each specimen from the curing chamber, in
order to reduce the temperature variation in the specimen. The entire
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Table 1
Geometrical and mechanical properties of the fibers tested, as declared by the producer on the product
label.
Property MSF1 MSF2 MSF3
Equivalent diameter [mm] 0.81 0.85 0.70
Length [mm] 54 48 55
Aspect Ratio [-] 66.7 56.5 78.6
Tensile strength [MPa] 550 400 470
Modulus [GPa] 6.0 4.7 6.0
Melting point [°C] 160 160 160
Density [kg/m®] 910 910 910
60 T T T
60 . : . 1 T3
T5
55 —T6 ]
50 T3‘:P oT6| 1109 T8
T1 T4 T Test duration
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Fig. 1. Temperature distribution during curing at 59 °C for one of the beam
specimens.

Fig. 2. The experimental setup for TPBT.

procedure takes less than 30 min. To better understand the temperature
changes in the specimen during the tests, the same specimen used to
collect the data reported in Fig. 1 is taken at environment temperature
(22 °Q), after curing for 48 h at 59 °C. The temperatures measured by
the thermocouples are reported in Fig. 3. It is possible to notice that,
within the test duration the variation of temperature measured by the
thermocouple T5 (see Fig. 1 for the position) decreases by 2 °C while
in the other positions by 4 °C. It is noted that at temperatures closer to
the environment temperature a smaller variation is expected based on
the Newton’s law of cooling, which states that the rate of heat loss of
a body is proportional to the difference the temperature between the
body and the environment

Fig. 3. Temperature changes in the specimen of Fig. 1 when exposed to an
environmental temperature of 22 °C after curing for 48 h at 59 °C.
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Fig. 4. Mean value of the concrete compression strength R, measured at
different temperatures.

2.2. Experimental results

Fig. 4 illustrates the mean values of the concrete compression
strength measured at the different temperatures for the three materials
tested. In general, excluding some limited fluctuations, it is possible
to observe a monotonic variation of the strength with temperature;
specifically the strength decreases as the temperature increases. This
is consistent with the literature on plain concrete. The mean nominal
stress vs. CMOD curve for each temperature is presented for MSFRC1,
MSFRC2 and MSFRC3 in Fig. 5(a), Fig. 5(b) and Fig. 5(c), respectively.
The three groups of curves show notable differences especially in
the post peak region, mainly due to the different properties of the
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Table 2

Concrete mix used for the MSFRCs tested.
Component MSFRC1 MSFRC2 MSFRC3
CEM I 52.5 R [kg/m?] 400.0 - -
CEM A-LL 42.5 R [kg/m®] - 400 400
Fine Sand 0-1 mm [kg/m?] 171.7 171.7 171.7
Sand 0-5 mm [kg/m?] 729.5 729.5 729.5
Gravel 5-15 mm [kg/m?] 836.8 836.8 836.8
Fiber type MSF1 MSF2 MSF3
Fiber dosage [kg/m®] 8.0 8.0 8.0
Water [L/m?3] 184.0 184.0 184.0
W/C ratio [-] 0.46 0.46 0.46

! ! !

0 0.5 1 1.5

2 2.5 3 3.5

CMOD [mm)]

Fig. 5. Mean nominal stress vs. CMOD curves for groups of specimens tested at different temperatures: (a) MSFRC1, (b) MSFRC2, (c) MSFRC3.

fibers. However, similar features regarding the temperature effect on
the specimen response can be observed, as discussed in the following.
Considering the curve at 20 °C as reference, for all the materials
tested higher temperatures lead to a strength decrease, while colder
temperatures produce a strength increase. To better understand the
effect of temperature, in the following the flexural tensile strength at
the limit of proportionality (f cf, ;) and the nominal flexural residual
tensile strengths at CMOD = 0.5 mm (f¢;) and at CMOD = 2.5 mm
(fr3) are analyzed in detail.

Fig. 6 presents f Cf; . for the three MSFRCs subjected to testing. The
crosses denote experimental outcomes, while the error bar highlights
the interval defined by the mean tensile strength of the specimens
tested at a specific temperature plus or minus one standard deviation.
The right axis illustrates the ratio between the strength at temperature
T and the strength at 20 °C. For all materials, it is evident that tensile
strength increases as temperature decreases. The ratio of the strength
at —30 °C to that at 20 °C is 1.54 for MSFRC1, 1.57 for MSFRC2, and
1.73 for MSFRCS3. It is noted that the results at temperatures below 0 °C

may be influenced by an ice-strengthening effect, which depends to the
moisture content of the concrete [27-29].

At 60 °C, the strength ratio is 0.85, 0.62, and 0.74, respectively. It
is noted that the trend is similar to that observed for the compression
strength. Fig. 7 shows the values of fr, and fr; as a function of
temperature for the three materials under consideration. The right axis
indicates the ratio of the strength at a given temperature T, f (T) (j
=1 or 3) to the mean strength at 20 °C, f ;(20 °C). Analyzing this plot
in contrast with Fig. 6, it becomes evident that the experimental results
exhibit higher variability. Specifically, f ; and fy ; are significantly in-
fluenced by the number of fibers crossing the crack, while f Cft ;, does not
depend on the number of fibers for the materials under consideration.
MSFRC2 and MSFRC3 demonstrate a nearly linear decrease in fg ;(T)
(j = 1 or 3) as temperature increases. Conversely, MSFRC1 deviates
from this linear trend at lower temperatures.

To verify the variability attributed to the fiber distribution, a fiber
count was conducted at the conclusion of the bending tests. The crack
surface was divided into three horizontal strips of equal height, and
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fibers were distinguished between broken and pulled-out fibers. In the
following the number of fibers in the two bottom strips (N ;) is
considered, because previous works have shown that it has a good cor-
relation with the residual strength [30,31]. Fig. 8 shows an example of
the correlation between the number of fibers and the residual strength
fr3 for MSFRC3. Fig. 9 illustrates N, for all tested specimens. The
dots represent experimental data, while crosses indicate the mean num-
ber of fibers on the specimens tested at the specified temperature 7. The
dashed horizontal lines represent the mean number of fibers computed
considering all specimens for each MSFRC. Generally, the variability
is substantial, as anticipated, and appears particularly pronounced for
MSFRC2, where the mean number of fibers exhibits significant devi-
ations from the mean value at certain temperatures. Finally, Fig. 10
presents the ratio between the pulled-out fibers and the broken fibers
observed during the fiber counting at the conclusion of the bending
tests. The plot indicates that as the temperature rises, the number of
pulled-out fibers tends to increase, while the number of broken fibers
decreases. This observation aligns with the variation of the elastic
modulus of Polypropylene as the temperature increases [16,32], as this
parameter plays a pivotal role in determining the pull-out behavior of
fibers.

3. Cracked hinge model

A cracked hinge model is employed to simulate the behavior of
MSFRCs. The fundamental concepts of the model have been introduced
in [33] and are summarized in the following. The non-linearity due to
the presence of cracks takes place in a hinge of finite length (denoted as
s) that is delimited by rigid boundaries. Olesen [33] suggests to set the
hinge length to half of the section height, based on comparison with
nonlinear finite-element calculations, and on findings from Ulfkjer
et al. [34]. Independent horizontal springs arranged in layers and

attached at each end to the rigid boundary constitute the hinge. Outside
the boundaries, the behavior is that of an un-cracked element. For this
reason, the model is well suited for the simulation of an experimental
test where the crack triggering is controlled, as for those involved in
the present work .

The non-linear behavior of each spring layer is defined as:

Ee ifw=0
o(w) = { . (@]
gw) f, ifw>0

where E is the elastic modulus of concrete, e is the elastic strain,
fo is the tensile strength of concrete, w is the crack opening and
g (w) represents the stress-crack opening relationship normalized with
respect to f,,.

The choice of the type of relationship influences the model response
and it was analyzed by several authors. A good trade-off between
accuracy and simplicity can be obtained by multi-linear relationships.
In this way, an analytical formulation for the simulation of the flexural
behavior of concrete can be exploited [35]. It was shown in [36] that a
bi-linear relationship is unsatisfactory in reproducing with accuracy a
strain-hardening type response and it is suggested the use of tri-linear
o tetra-linear relationships.

In this work, a tri-linear relationship has been selected :

l+bhw if0<w<w
gw)=qa,+bw ifw, <w<w, &)

az+byw if wy <w < wy

where g (w;) = 0. The graphical representation of the trilinear stress-
crack opening relationship is reported in Fig. 11. The force-CMOD curve
resulting from a TPBT can be obtained through a numerical procedure,
for which it is convenient to vary the average curvature of the hinge
inside a range of values determined with engineering judgment. For
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Fig. 7. Residual flexural tensile strengths f, and fg for all the specimens tested: (a,b) MSFRCI, (c,d) MSFRC2 and (e,f) MSFRC3. The left axis indicates actual
strength values fp; while the right axis indicates the ratio between the strength at temperature 7' (f;(T)) and the mean strength at 20 °C (E(ZO °C).j=1

for (a,c,e) and j = 3 for (b,d,f).

each value of the average curvature, the force and CMOD values can be
computed by combining kinematic compatibility, force equilibrium and
constitutive law of the hinge. Due to the piece-wise linear stress-crack
opening relationship, the solution can be achieved numerically or in
a closed-form expression by defining transition values for the average
curvature that represent the transition from a segment of the stress-
crack opening relationship to the following one. More details can be
found in [37].

3.1. Inverse analysis
The constitutive parameters defining the structural behavior (Egs.

(1)-(2)) are usually calibrated by means of inverse analysis. As regards
the tri-linear stress-crack opening relationship, it is possible to directly

calibrate the parameters that appear in Eq. (2), namely b, a,, b, a3, bs,
wy, w, and w;. A better choice is to consider g (w;) and g (w,) instead
of the intercepts and the slopes of the three lines, since these latter
are related to each others. Moreover, it is easier to bound g (w,) and
g (w,). For these reasons, we consider the parameters f,,, wy, g (w;),
w,, g (w,), ws. The aim of the inverse analysis is to tune their values
in order to have a model simulation that best approximates an experi-
mental test. The force-CMOD curve resulting from an experimental test
can be symbolically described by the function F,, (CMOD) that gives
the force value for a generic CMOD. In analogy, the curve simulated by
the mechanical model is denoted as F,,;,, (CMOD). The inverse analysis
is carried out by solving an optimization problem aimed at minimizing
an error function that measures the discrepancy between F,, (CMOD)
and F,,, (CMOD). The calibrated parameters are those that allow to
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have the minimum value of the error function. The choice of the error
function is motivated by the necessity to have a common measure of
discrepancy that is effective for curves that can be very different among

Construction and Building Materials 501 (2025) 144385

>
w

O wy wo w3

Fig. 11. Trilinear normalized stress-crack opening relationship.

each other (see Fig. 5 for example). Hence, the error function J is
expressed as:

Cmax
J(x) = / w (CMOD) [Fnum (CMOD, x) — F, (CMOD)]2 dCMOD (3)
0

Xp
where C,,,, is the maximum value of CMOD reached in the experimen-
tal test,

X = [fornwy, g (W), wy, g (w;),ws] 4

contains the calibration parameters and y (CMOD) is a weighting func-
tion that gives more importance to the peak region of the force-CMOD
curve compared to the other regions. It has been shown in other
works [36,38] that a similar approach is necessary in order to simulate
with accuracy the behavior of fiber reinforced concrete when large
range of crack openings are considered. The weighting function is
defined as:

%CMOD if 0 <CMOD < C
w (CMOD) = {2y — %CMOD if C <CMOD < 2"’__ e (5)
74
25 -1 -
1 if X~ _C<CMOD<C,,,
74

C is the CMOD value corresponding to the peak of Fyp and  is the
weight associated to the peak (equal to 50 in this application). An
illustration of the weighting function is depicted in Fig. 12. The curves
involved in Eq. (3) are defined by discrete quantities, therefore the
integral needs to be numerically evaluated by means of the trapezoidal
rule.

It is recommended to devise some expedients in order to simplify the
optimization process. First, the parameter w, is substituted by 4w, _, =
w,—w in order to avoid the adoption of additional constraints. Second,
it was already pointed out [21] that the error function is not sensitive
to the variation of the w-coordinate of the last point, w; in this work,
beyond values larger than C,,.. For this reason, a better solution is
to calibrate the stress value corresponding to a crack opening value w
smaller than C,,,,, namely g (i0). In this work, it is chosen @ = 3 mm.
It should be noticed that the elastic modulus of the concrete is not
included into the calibration because it has a very limited effect on the
force-CMOD curve after the first peak. A value of 37200 MPa is used.

The minimization of the error function J can be a complex task for
the large dimension of the parameter space (i.e. 6) and for the use of
experimental data. The optimization is conducted with an improved
evolutionary algorithm [39]. It combines the robustness in the search
of the global minimum that is typical of evolutionary algorithms with
a local second-order surrogate of the error function and a proper
sampling strategy. The improved algorithm requires a reduced number
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Fig. 12. Weighting function (red) using @ = 10 associated to the experimental
force-CMOD curve (blue) and the corresponding calibrated numerical simula-
tion (black).

of evaluations compared to a traditional evolutionary algorithm and at
the same time it maintains a comparable accuracy.

4. Temperature effect on model parameters

The present section delineates a procedure for the development of
a prediction model relating temperature and constitutive parameters of
the cracked hinge model (see Section 3). In general terms, the relation-
ship between temperature T and the ith parameter of the cracked hinge
model x; is described as a regression model:

x;=h (T.B;)+e i=1,..,N, (6)

where x; is the response variable. h; represents the regression model
for each response variable x;, g; is the vector collecting the regression
model coefficients and e is an additive error term. The specific form
of each regression model 4; will be defined later. N, is the number
of model parameters and for each of these the coefficient vector g; =
Bitseees ﬁi.ni] is different. Note that also the number of coefficients n;
or each mechanical parameter x; can be different. The totality of the
coefficients to be estimated can be denoted as 0 = |8, ..., B;,.... B Np].
In this regard, a common approach involves the determination of the
coefficients in a least square sense by exploiting known values of
predictor and response variable. For the latter, known values are not
directly measured but derived through model inversion based on the
results of each tested specimen, following the procedure of Section 3.1.
However, the presence of outliers in the data and the errors intro-
duced by the inverse analysis can negatively influence the coefficient
estimation performed with the ordinary least square method.

A more robust approach does not involve the inversion of the
mechanical in a previous phase and the subsequent fitting of the
regression model, but it embeds model simulations in a unique phase
of regression coefficient estimation [40]. In this case, all the regres-
sion coefficients |B;,....B;.....B n,| are simultaneously estimated by
minimizing a global error function J,; defined as:

Np Nyp
TaBr s Biv By = 2 2T X (Bis BBy, )| @
j=1k=1
where J has been defined in Eq. (3) for the inverse analysis based on a
single specimen, Ny is the number of different temperatures considered
in the experimental campaign and N, is the number of specimens
preserved at each temperature. The dependence of x on the regression
coefficients is expressed in an implicit form in Eq. (6). Another advan-
tage of the proposed hybrid approach is that the global error function
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of Eq. (7) has also a regularizing task, since the predicted parameters
have a physical meaning for the temperature values adopted in the
calibration. This is not ensured by the former approach.

5. Results

The procedure delineated in Section 4 is applied to the data ob-
tained by the experimental campaign of Section 2. The aim is to assess
the temperature effect on the constitutive parameters of MSFRCs and
to develop a prediction model. Moreover, the selection of the most
adequate prediction model that fits the relationship between tempera-
ture and constitutive parameters is investigated. Four regression models
are studied and their specifications are listed in Table 3. M, involves
a linear relationship between each one of the six parameters of the
cracked hinge model and temperature, for a total of 12 coefficients.
With reference to the generic form of Eq. (6), it is possible to write:

xXp = fu hy =B+ 62T
Xy = w; hy =B+ BopT
M, 48 (wi) hs =P+ P37 ®
Xy =Aw; 5 hy=P4;+PyoT
xs =g (w) hs=Psy+ps T
x¢=8g(W)  hg=Pe1+BeoT

M,, M5z and M, consider a bi-linear relationship for each parameter.
M, is the most general and it assumes different coefficients for each
parameter:

X = e = Bii+ BT T <Py
P U \a BT TS By
o —w = Boi + BT T < Py
: ! : G+ hiT T > Py
xy=g (1)) hy= By + BT ifT <5y
’ v a3+ P33T T > Py
My 3t ; ©
_  Bay +BapT T <Py
xy=Awy by = .
Gy + PusT T > Py
xs=g(10y) hs= Bsy+ s T T < fsy
5= 2) hs= .
gs+Ps3T  if T > Psy
) Beoi + e T ifT <B
xe=g@) hg=4Pert Pl 1 6.4
go + 3T ifT > Py

The intercept for the second line of the generic parameter x; is ¢; =
Biy + By (Bin — Bi3)- Since a single bi-linear relationship is defined by
4 coefficients, M, has 24 in total. M; assumes that the transition
temperature, namely the temperature value determining the transition
from a line to the other, is the same for 5 parameters (w;, g (w;),
Aw|_y, g (w,), g () and it is different only for f,,. By referring to the
terminology of Eq. (9), it means that f,4 = f34 = f4q4 = P54 = Poa-
Finally, M, supposes a single transition temperature, that is equal for
all the six parameters (f) 4 = 4 = 34 = P44 = P54 = Ps4)- Hence, M;
and M, have 20 and 19 coefficients, respectively.

Each regression model is the component of a hybrid regression
model whose coefficients are determined by minimizing the error func-
tion of Eq. (7). The minimization is carried out by means of the
improved evolutionary algorithm introduced in Section 3.1.

The estimated coefficients of the hybrid models are presented in
Table 4 and the corresponding relationships are compared for each
parameter in Fig. 13. We present only the results for MSFRC3 because
they are similar to those of MSFRC1 and MSFRC2, which does not
add further observations. Black dots in Fig. 13 represent the parameter
values obtained with the inverse analysis based on each single experi-
mental force-CMOD curve. Red asterisks are the mean value computed
among the parameters associated to the same temperature. A simple
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Table 3

Analyzed regression models.
ID Relationship nr. of coefficients (K) Spec.
M, Linear 12 -
M, Bi-linear 24 6 transition temp.
M; Bi-linear 20 2 transition temp.
My Bi-linear 19 1 transition temp.

visual analysis of these data, performed before the development of
the prediction models, reveals that the bi-linear relationship can fit
very well the mean values, except for w, (Fig. 13(b)) and 4w,_, (Fig.
13(d)). As concerns the estimated regression models, linear relation-
ships largely differ from the others and are not well suited to describe
the dependency between the constitutive parameters and temperature.

M, and Mj result in very similar relationships, almost identical
for some parameters, for example f,, (Fig. 13(a)) and g (w,) (Fig.
13(e)). This is confirmed by the very limited difference among the
estimated coefficients listed in Table 4. Slightly larger differences are
found for w, (Fig. 13(b)) and Aw,_, (Fig. 13(d)), for which the fit
with the mean values at each temperature is not accurate. However,
this does not determine a large discrepancy between the predicted
curves, as it will be shown in the following. On the other hand, M,
has estimated coefficients characterized in some cases by different
order of magnitudes compared the corresponding ones of M, and Ms,
for example f; 3, fs,, Ba3, Bs3 and fg3. As a consequence, M, gives
different relationships compared to those of the other bi-linear models
for most of the parameters. This is motivated by the unique transition
temperature for all the parameters in the model.

The force-CMOD curves predicted by the competing hybrid models
are compared to the average experimental curves of MSFRC3 for each
temperature in Fig. 14. In analogy with the previous considerations,
the curves predicted by M, are in general the most distant from the
experimental target. M, and Mj predict curves that are practically
overlapped for each temperature. The discrepancies observed in Figs.
13(b) and 13(d) for the relationships T-w, and T-4w,_, given by M,
and M; do not cause differences in the model response. It is due to
the low sensitivity of the cracked hinge model to variations of the
these parameters in the ranges reported in Figs. 13(b) and 13(d). The
predicted curves are in high accordance with the experimental ones,
with only limited deviations for the temperatures of 20 °C (Fig. 14(d))
and 40 °C (Fig. 14(e)). The curves of M, shows large discrepancies
especially for the temperature of —15 °C (Fig. 14(b)), 20 °C (Fig. 14(d))
and 60 °C (Fig. 14(f)), confirming how the use of a unique transition
temperature for all the parameters is an excessive simplification. In
analogy to Fig. 13, the comparison for MSFRC1 and MSFRC2 is not
presented but the observations are similar.

5.1. Regression model selection

The accuracy of the estimated prediction model is directly related to
the regression model, namely to the type of function 4 used in Eq. (6)
to describe the relationship. A priori evaluation of the more adequate
function is not an easy task due to the complexity of the procedure.
A practical approach involves the comparison of different competing
models and the selection of the more appropriate one. This can be
carried out according to a measure of model quality. In this work we
use the Akaike Information Criterion (AIC) [23]. It is an information-
theoretic selection criterion based on the Kullback-Leibler information
theory [41]. Starting from the assumption that the best model is the one
that minimizes the information loss, Akaike proposed to approximate
the relative Kullback-Leibler information as:

AIC = —2log (£ (8]D, M)) + 2K (10)

where £ (9|D,M) is the maximum of the likelihood function for the
dataset D and the model M. @ is the value of the coefficient vector
0, introduced in Section 4, that maximizes the likelihood function and

2K is a bias correction depending on the dimension of 8, namely the
number of model coefficients. In [42] it is introduced a second-order
bias correction to be used when the ratio between dataset dimension
(N) and the number of model coefficients (K) is small:
2K (K + 1)
N-K-1

The following simplified expression is obtained by assuming a Gaussian
likelihood function and by approximating its variance with the sample
variance of the datasets [43]:

AICc = —2log (£ (8D, M)) +2K + an

2K (K + 1)

n-k-1 (P

N

AIC¢ = N (1 +log2x) + N log [% el (é)] +2K +
=1

where ¢, is the prediction error defined as the difference between the

rth dataset and the model prediction for . The best model among those

compared is associated to the minimum value of AIC.

For the present application, models to be compared are hybrid
regression models combining the cracked hinge model and different
regression models that will be described in Section 5. Hence, N =
Ny - Ny, Finally, it can be proved that ]ﬁ SN €2 (8) can be related
to the minimum value of the error function J, of Eq. (7). Model
performances for each material, measured by the error function J,; and
the AIC; values, are compared in Table 5. As concerns J, the same
consideration holds independently on the MSFRC type. The minimum
of the error function J, is always obtained by M,, the most complex
model in terms of coefficient number. M, has larger values, while the
value of M; is always very close to the minimum. If the AIC; values are
concerned, the results are different: the minimum value for MSFRC1
is obtained by M,, even if the value of Mj is very close, and the
minimum for MSFRC2 and MSFRC3 is obtained by Mj;. M; and M,
assume the same relationship type of M, for the parameters of the
cracked hinge model, namely a bi-linear type, but they have a reduced
number of coefficients due to specific simplifications. This is the reason
why they are the best models (M, for MSFRC1, M3 for MSFRC2 and
MSFRC3) according to the Akaike Information Criterion, that searches
a trade-off between accuracy and simplicity.

5.2. Variation of the constitutive parameters with temperature for the se-
lected model

The authors believe that M; can be assumed as the reference model
for the definition of the temperature effect on cracked hinge model
parameters. Indeed, it is the most adequate model for MSFRC2 and
MSFRC3 according to the AIC criterion, and for MSFRC1 the AIC value
is very close to the minimum obtained by M,. Its predictions are in
high accordance with the experimental data and they are practicality
the same of model M,, which however has a higher number of coef-
ficients. M is well suited to describe the temperature dependency for
all the MSFRCs considered in the experimental campaign, highlighting
the consistency of the proposed approach towards different materials
properties. Considering the aim of this work, namely the study of
temperature effects on the constitutive parameters of a design-oriented
model, the use of two transition temperatures can be justified by phys-
ical considerations related to the thermal behavior of its constituent
materials. Polypropylene has a melting temperature of 160 °C, and
it is more strongly affected by temperature variations than concrete.
Moreover, the glass transition usually lies in the range between —20 °C
and +40 °C, depending on the type of polypropylene [16,26,32]. When
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Fig. 13. Comparison among the different regression models for MSFRC3. Black dots: results of the inverse analysis for each tested specimen. Red asterisk: mean
over the same temperature value. Line colors: black-M,, blue-M,, green-M; and red-M,.

this phenomenon occurs, an increasing proportion of the material goes
to a rubbery or viscous stage, thereby reducing stiffness and strength of
the material [44]. Therefore it is deemed appropriate to use a transition
temperature for the parameters primarily associated with the post-
cracking behavior that is different from the transition temperature for
fct'

Fig. 15 shows the variation of the tri-linear stress-crack opening
relationship induced by temperature change in the interval [-30 60]
° C for the three MSFRCs. Figs. 15(a), 15(c) and 15(e) present the
constitutive relationship in a large range of crack opening (0-4 mm),
whereas Figs. 15(b), 15(d) and 15(f) are focused on the range 0-0.2 mm
in order to better highlight the differences induced by temperature
changes for the parameters f., and w;. It can be stated that the
modification of the constitutive relationship induced by temperature

10

ranging in the interval [-30 60] ° C is remarkable for all the MSFRCs
and it has a substantial influence on the model response. Common
trends are observed for all the MSFRCs. f., has a decreasing trend
with temperature. It is consistent with the behavior observed by other
authors, characterized by a ice-strengthening effect at temperatures
below 0 °C [11,12] and by the loss of strength and stiffness of normal
concrete mixes mainly caused by water migration, dehydration and
inter-facial thermal incompatibility [14,15]. w, increases with tem-
perature, reflecting a rightward shift of the valley in the force-CMOD
curve, accompanied by a reduction in the corresponding stress value
o(w,) = g(w,)- f, A similar trend is observed for w, which defines the
CMOD location of the second peak of the curve and its associated stress
o(w,) = g(w,) - f,,. Parameter w; shows a marked increase between
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Fig. 14. Comparison among the average experimental curve (dashed black line) at each considered temperature with the numerical predictions of the different
regression models for MSFRC3. Line colors: black-M,, blue-M,, green-M; and red-M,.

—30 and 0/10 °C, while at higher temperatures the variations are more
limited.

Fig. 16 illustrates the relative variation of each parameter with
reference to its value at the room temperature of 20 °C. The relative
variation is presented for the parameters of MSFRC1 (Fig. 16(a)),
MSFRC2 (Fig. 16(b)) and MSFRC3 (Fig. 16(c)). First, the focus is on
the parameters that mainly influence the flexural response, namely f,,,
g(w,) and g(w,). f., has a decreasing trend with a maximum variation
at —30 °C of 84% for MSFRC1, 116% for MSFRC2 and 136% for
MSFRC3. The highest negative variation is reached at 60 °C and is

11

—24% (MSFRC1), —31% (MSFRC2) and —25% (MSFRC3). The maxi-
mum positive variation of g(w;) and g(w,) is obtained at the transition
temperature, which is approximately —1.5 °C for MSFRC1 and 10 °C
for MSFRC2 and MSFRC3. Two decreasing trends are observed for
temperature changes below and above the transition temperature. The
sensitivity to the temperature change below the transition temperature
is larger for MSFRC1 and MSFRC3. Considering in the order g(w;) and
g(w,), the highest negative variation for these parameters is [-42%,
—31%] for MSFRC1, [-38%, —51%] for MSFRC2 and [-45%, —41%]
for MSFRC3. As concerns the remaining parameters, w; and w, are
generally more sensitive to the temperature change above the transition
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Fig. 15. Variation of the trilinear constitutive relationship with temperature predicted by model M; for (a, b) MSFRC1, (c, d) MSFRC2 and (e, f) MSFRC3.
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Table 4
Estimated coefficients of the analyzed regression models for MSFRC3.
Par. Coef. Unit M, M, M My
By [MPa] 2.47 7.24-1071 6.68-101 3.41-101
s Bia [MPa-°C1] -2.10-102 -1.14-101 -1.17-10?! -1.28-107
o Bis [MPa-°C1] - -1.17-102 -1.10-102 -1.28-102
Bia [°Cl - -12.6 -12.5 -15.0
B [mm] 6.93-102 7.30-10°2 7.90-10°2 8.97:10
w b [mm-°C1] 6.11-107 7.31.10* 9.60-10 1.34.103
! Prs [mm-°C1] - 7.57.10* 3.60-10"* 5.46-10"*
Pra [°C] - 39.5 10.1 -15.0
Bs [ 2.97.101 3.49-10" 3.49-101 4.75-101
(1) sz [°c'] 1.48.103 4.58-103 4.62:10°3 8.93.103
gl i3 [°c1 - -1.46-103 -1.11-103 -9.38:10°
Bsa [°Cl - 11.9 10.1 -15.0
B [mm] 1.03 7.61-101 6.82:101 9.01-101
4 Bir [mm-°C1] 7.37-103 -6.64-103 -9.03-103 -6.16-10*
Wi Bus [mm-°C1] - 2.11-102 2.24.102 4.25.10°%
Baa [°C] - 13.4 10.1 -15.0
B [] 5.18-101 6.04-101 6.00-101 7.61-101
(w5) Ps2 [°C'] 1.14.10° 7.37-10°% 7.33:10° 1.28102
g\ Bs3 [°Ct] - —-2.41-103 -2.91-103 -1.73:10%
Bsa [°C] - 8.1 10.1 -15.0
Bo.1 [ 2.32:101 5.16-10" 5.53:101 8.97-101
(@) %3 [°Ct] 5.90-10° 1.89-10 1.99-102 3.07-10
& Bos [°c] - -8.37-103 -1.09-102 -1.45.10°
Poa [°Cl - 10.5 10.1 -15.0
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Fig. 16. Relative variation of the constitutive parameters with respect to their value at the room temperature predicted by model M, for (a) MSFRCI, (b)
MSFRC2 and (c) MSFRC3.

temperature. The variation of w; with temperature exhibits a trend
similar to that of g(w,) and g(w,). The flexural response of the model
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is not very sensitive to the variation of w,, w, and w; within ranges of
engineering interest, hence further details are not indicated.
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Table 5
Performance of the competing models. Minimum values in bold.
Ja AIC
M, M, M My M, M, M, My
MSFRC1 152.0 110.9 111.2 111.6 2453.9 2441.0 2430.1 2427.9
MSFRC2 127.5 83.2 83.5 88.0 2429.0 2400.3 2389.5 2394.1
MSFRC3 134.0 77.9 77.9 88.7 2436.1 2390.9 2379.5 2395.3

6. Conclusions

This paper investigates the temperature effect on the flexural behav-
ior of polypropylene macro-synthetic fiber reinforced concrete. First, an
extensive experimental campaign is carried out on specimens with dif-
ferent properties conserved at different temperatures, namely —30 °C,
—15 °C, 0 °C, 20 °C, 40 °C and 60 °C. The analysis of experimental
results shows the influence of temperature on compression and flexural
tensile strengths. An additional study is then realized for estimating the
dependency between the parameters of a tensile constitutive relation-
ship and temperature. The parameters are obtained by means of inverse
analysis of a cracked hinge model.

An hybrid regression model is developed to describe this depen-
dency. Moreover, the most adequate regression model is selected
among several alternatives according to the Akaike Information Cri-
terion. The selected model involves a dependency of bi-linear type
for each parameter. Only two transition temperatures are required,
one for the tensile strength and the other for the remaining param-
eters of the constitutive relationship. This model proves to be well
suited to describe the temperature effect for different polypropylene
macro-synthetic fiber reinforced concretes.

The predicted variations of the constitutive parameters with temper-
ature ranging in the interval [-30 60] ° C are remarkable. For example,
the maximum relative variation of the tensile strength with reference
to the value at the room temperature is of the order of 80% - 130%.
Even the relative variation of the other parameters is significant and it
ranges from 20% to 80%.

The results of this work can be employed for prediction purposes
with specific reference to the adopted materials. Finally, the presented
procedure and the selected regression model can be taken as a refer-
ence for modeling the temperature effect on fiber reinforced concretes
constituted by materials of different properties.
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