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Sti�ness modulus prediction against basic physical and
mechanical characteristics of recycled base course
with foamed bitumen and emulsi�ed bitumen

Grzegorz Mazurek1, Przemys“aw Buczy«ski2, Marek Iwa«ski3

Abstract: The paper’s objective was to present the results of predicting the sti�ness modulus of a recy-
cled mix containing a blended road binder with foamed bitumen and emulsi�ed bitumen. The (< (acc.
to IT-CY) indirect tensile test was used at temperatures of �10�C, ‚5�C, ‚13�C and ‚25�C. Prediction
of the sti�ness modulus accounted for the e�ect of temperature, the type of road binders, the sampling
location and the type of technology selected. All e�ects, except temperature, were included in the model
by entangling their e�ects through recycled base course physical and mechanical characteristics, such as
indirect tensile strength, compressive strength, creep rate, air void content and moisture resistance. As
a result, it was possible to determine a regression model based on multiple regression with a coe�cient
of determination ’2 = 0�78. Temperature and compressive strength were found to have the strongest
e�ect on the variability of sti�ness modulus. However, indirect tensile strength also signi�cantly af-
fected the Sm characteristic. In addition, FB-RCM (foamed bitumen) recycled mixtures proved to be
more favourable than EB-RCM (emulsi�ed bitumen) mixtures as they exhibited a lower deformation
rate while retaining limited sti�ness.
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1. Introduction
Recycled mixtures are a commonly used material for base and sub-base layers in both

reconstruction and new road construction. They can be made using foamed bitumen or
emulsi�ed bitumen. Note that using waste or recycled material quali�es this technology as
an environmentally friendly solution [1]. It is important to remember a vital role played
by the proper hydraulic binder in recycled base courses. Its presence is required for proper
cohesion of the recycledmix [2], eliminating the risk of exceeding the limit state. According
to researchers [3, 4], hydrated lime or cement in recycled mixtures, particularly those
made with foamed bitumen, improved the permanent deformation resistance of a service
road section in the early stage of service and increased its sti�ness. Applying a road
binder containing 100% cement is the most widely used way of increasing the cohesion of
recycled mixtures. According to Halles et al. [5], cement addition improves the mechanical
characteristics of the recycled mix in terms of sti�ness or indirect tensile strength (ITS).
Other authors [5] successfully applied both cement and cement kiln dust CKD [6] to
increase ITS and sti�ness modulus, using �y ash as a �ne �ller. Another important product
is hydrated lime. In the studies of Ramanujam et al. [4], hydrated lime was found to increase
the resistance to permanent deformation of recycled mixtures, particularly those produced
with foamed bitumen, in the early phase of road service. In this case, the strong e�ect of
high CaO content e�ectively dispersed the binder, resulting in a strong structuring of the
bitumen as occurs in the mastic [7, 8]. However, the lack of a correctly performed process
of optimizing the cement content can lead to excessive sti�ness of the recycled mixture and
hence, cracking [9,10]. When used with other binders or active dust, hydraulic binders will
contribute to cement savings, improved tightness of the recycled mix, and its resistance to
permanent deformation without losing its elasticity [11, 12].

Despite themany bene�ts of recycling, limitations are still encountered in its application
and popularization. Themain reason is the lack of comprehensive knowledge of the recycled
mixture’s internal structure and the rheological e�ects prevailing in it, leading to frequent
failures of heavily tra�cked roads constructed on recycled mixture base courses [10,13]. In
Poland, this was one of the reasons for limiting the use of this technology on roads with traf-
�c volumes above ESAL100 kN ¡ 7�3 million axles. The lack of comprehensive research
is also re�ected in the number of methods available for predicting the sti�ness modulus.
In Polish conditions, its value is set at a conventional level of 1500 MPa [14]. Correct
representation of the sti�ness modulus guarantees the correct estimation of the strain state
of the pavement structure [15]. There are few valuable studies on the recycled mix modulus
variation [16�18], but they consider conditions limited to single construction technology.
Therefore, the authors of the present paper undertook the task of predicting the change in the
recycled mixmodulus of sti�ness, expanding their work over the recycling technology, type
of binder and phenomena that may occur during the execution of the experimental section.

2. Materials

2.1. Experimental design

The subject of the study was a cold recycled mix (RCM) composed of two types of
binding agent, i.e., foamed bitumen and emulsi�ed bitumen, as well as Portland cement
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(CEM I 32.5R) and a dedicated hydraulic binder (designated 5C). The e�ects of the binder
type on the properties of the cold recycled mix were evaluated. Both the bitumen foam and
emulsionwere prepared frompaving grade bitumen 70/100. The recycledmixturewasmade
under industrial conditions using �in situ� technology. The base course layer was designed
for tra�c volume KR3-4 (0�50 � ESAL100 � 7�30 million standard axles 100 kN) [19].
The target experimental section constructed using two recycling technologies with the
dedicated hydraulic binder was located at an open-pit mine site in the �wiƒtokrzyskie
Province, Poland. The experimental section was divided into four subsections of 300 m2

each. The schematic and division of the section are shown in Fig. 1.

Fig. 1. Test section and subsections [20]

A monitoring system for environmental factors such as temperature and moisture
content in the layers was installed. It also monitored the strain state of the base course
and subgrade in FB-RCM_5C/EB-RCM_5C sections containing dedicated road hydraulic
binder (5C). More detailed results from the monitoring system analysis can be found in the
paper [21].

2.2. Dedicated road hydraulic binder

The composition of the 5C blended binder recommended for use in the test section was
determined based on the multi-criteria optimization. The experimental domain resulted
from the mixture design. The initial design was modi�ed so that the content of each
component varied from 20% to 80%. For that purpose, seven di�erent compositions of the
universal binder were prepared and randomized [22]. The binder compositions are shown
in Table 1.

The sum of the mixture’s components should not be greater than 100%. Detailed
information about the e�ects of the three-component binder on the properties of standard
mortar and the chemical composition of the binder is given by [23,24]. The extensive data
set allowed other optimal solutions for the given criteria and conditions of the binder’s
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Table 1. Amount of the universal binder components based on the constrained mixture design

Designation of
the components
combination

Percentage share content of each binder component

Hydrated Lime
(CaOH2)

Cement
(CEM)

Cement By-pass Dust
(CBPD)

7 C(2) 33% 33% 33%

6 C(1) 40% 40% 20%

5 C(1) 40% 20% 40%

1 V 20% 20% 60%

4 C(1) 20% 40% 40%

3 V 20% 60% 20%

2 V 60% 20% 20%

use. Therefore, as part of the study, the authors developed a computer program with VBA.
As a result of the optimization of the binder composition for the desired characteristics
of the recycled mix, the most optimal solution for maximum fatigue life, high sti�ness at
high temperatures and the lowest possible sti�ness at low temperatures was determined
within the TECHMATSTRATEG project [20] with foamed bitumen. The evaluation of the
e�ect of blended binder composition on the mixture properties was based on the simplex-
centroid design [25]. The optimal solution was projected onto the mix design (Fig. 2a).
The simplex experiment plan allows to read out modelled relation between at least three
factors projected on 2D surface (experiment domain) by means of some mathematical
manipulation. In detail, Fig. 2b gives the data reading methodology.

The binder with a composition corresponding to code designation 5C was used to make
a recycled cold mix with foamed bitumen and emulsi�ed bitumen (Fig. 2). The proportion

(a) (b)

Fig. 2. The simplex experiment plan: a) hydraulic binder optimization result [20]; b) simplex-centroid
mixture design scheme
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of binder components was 40% cement (CEM), 20% hydrated lime (CaOH2” and 40%
dust from the cement dust collection system (CPBD). The resulting solution was highly
satisfactory [22] and met the premise of maximum utilization of the CPBD component. In
addition, the 5C solution was close in quality to the solution where 100% cement was used.
The best solution was obtained for the area in which the 3V binder predominated (Table 1).
Nevertheless, the CPBD content in the composition of the binder would account for only
20%, which would reduce the e�ciency of the optimal solution from the viewpoint of the
level of CPBD utilization.

2.3. Mineral mixture design

The design of the cold recycled mineral mixture composition was developed so that
the gradation curve would simultaneously meet the particle size requirements for EB-
RCM and FB-RCM [26]. The mineral mixture consisted of 3.0% bitumen binder (foamed
bitumen/emulsi�ed bitumen), 3.0% hydraulic binder (Portland cement/dedicated hydraulic
binder), 37.6% (m/m) reclaimed asphalt pavement, and 56.4% (m/m) 0/31.5 mm aggregate.
The designed gradation curve is shown in Fig. 3.

Fig. 3. Designed gradation curves for FB-RCM and EB-RCM

The 70/100 bitumen-based binders were used in the composition of the recycled mix.
The bitumen foam characterized by two parameters such as: Expansion ratio value was
determined as 14 (times) at corresponding half-time value of 10 sec. The optimal water
content in foaming process was 2.7%.

The produced mixture was sampled and compacted under laboratory conditions follow-
ing EN 12697-30 [27] using the Marshall method with 2Ö75 blows per side. The samples
were compacted in perforated Marshall molds according to the recommendation [28]. The
samples prepared from the recycled mixture under �in situ� conditions were designated
as (trial). For comparison purposes, mineral components were extracted from the exper-
imental section and mixed under laboratory conditions in the same proportions as in the
experimental section. The samples thus produced were designated as (lab.).
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3. Methods

The test methods adopted to evaluate the properties of recycled mixtures were selected
based on the review of domestic and foreign literature [26,29�31]. The testing programme
for the FB-RCM and EB-RCM mixes involved determining basic physical and mechanical
properties by the methods presented in Table 2.

Table 2. Test methods used for EB_RCM/FB_RCM mix evaluation

No. Property Standard
1. Air void content (+0” EN 12697-8 [32]
2. Uncon�ned compression strength (UCS) EN 13286-41 [33]
3. Indirect tensile strength (ITS) EN 12697-23 [34]
4. Resistance to water damage (TSR) Wirtgen [26, 31]
5. Sti�ness modulus ((<” acc. to IT-CY EN 12697-26 [35]
6. Creep rate under compression with lateral con�nement ( 52” EN 12697-25 [36]

4. Data set characterization

4.1. Data structure

All types of variables are characterized by speci�c variability. An essential element of
any analysis in the initial stage of this studywas to determine the average level and dispersion
of the values. The results of the calculated basic statistics required for parametric tests are
presented in Table 3.

Table 3. Descriptive statistics of the data set

Variable

Undivided into groups
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um

M
ax
im

um

Lo
w
er

qu
ar
til
e

U
pp

er
qu
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SD
*
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ew

.

K
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+0 [%] 13.1 13.5 9.5 15.3 12.2 14.1 1.6 �0.460 �0.216
UCS [MPa] 3 3 2 4 2 3 0 �0.405 �0.777
ITS [kPa] 635 647 404 849 478 793 165 �0.111 �1.655
TSR [%] 80 80 68 88 77 83 5 �0.646 1.096

(< � 10�C [MPa] 14578 14008 8187 19223 11495 17655 3466 �0.175 �1.458
(< ‚ 5�C [MPa] 10295 10511 6432 13497 8348 11456 2107 �0.148 �1.017
(< ‚ 13�C [MPa] 9400 8643 5857 14544 7742 10349 2451 1.040 0.304
(< ‚ 25�C [MPa] 6905 6453 4511 11009 4852 8377 2098 0.634 �0.782

Creep rate ( 52) �"/cycle 0.073 0.068 0.031 0.126 0.043 0.099 0.034 0.352 �1.171
*SD � standard deviation, Skew. � Skewness.
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Note the high skewness result of the sti�ness modulus (< at ‚13�C. The shape of the
probability density function of the probability distribution for the entire (< set is expected
to deviate from the normal distribution, as con�rmed by a signi�cant di�erence between
measures of central tendency, namely the mean and median. The second variable that raises
some doubts is the TSR result. A signi�cant value of the skewness parameter and a high
¡ 1�0 kurtosis was observed. This suggests some asymmetry in the distribution of the
results that are within a narrow range of variability. Therefore, before building the model,
the shape of the result probability distribution should be veri�ed.

The development of the regression model required using a certain data structure. The
approach used was that of machine learning [37]. The principle input set consisted of˝

# = 204 determinations containing 2�3 replications of the results. Before the essential
data analysis, the data set was divided into a training set and a test set. The test set contained
12 random cases of complete records including (< determined at ‚13�C. The remaining
cases were classi�ed into the training set. The model also had to account for the presence
of several factors (e�ects):

� Sampling location: in the laboratory (Lab.) and on the experimental section (Trial).
� Type of road binder: samples containing 100% cement (Ref.) and 5C blended binder.
� Type of technology: deep cold recycling with foamed bitumen (FB-RCM) and with
emulsion (FB-RCM).

It should be added that all samples that were not marked �Ref.� were prepared with the
blended binder 5C.

4.2. Temperature e�ect on sti�ness modulus

The sti�ness modulus of recycled mixtures is a�ected by temperature in the same way
as that of bituminous mixtures. This is related to the presence of bitumen binders in their
composition [38,39]. The temperature range adopted for the analysis was derived from the
acquired partialmonitoring data (Fig. 1) of environmental characteristics covering precisely
one year (2020�2021). The histogram of the temperature distribution for the EB-RCM and
FB-RCM layers is shown in Fig. 4.

(a) (b)

Fig. 4. Histogram of temperature changes recorded in the layers by the monitoring system
(2020�2021): a) FB-RCM; b) EB-RCM
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The temperature distribution did not follow the normal distribution, so the median
was used to evaluate the average value. The median, indicated by a vertical line, was
Me(TEB�RCM” = 9�18�C and Me(TFB�RCM” = 9�65�C, respectively. The graphs in Figs. 4a
and 4b indicate that the most probable temperatures were those between two modes, i.e.,
between ranges 0�5�C and 20�25�C. Therefore, the available (< determinations at �10�C
and ‚25�C were used to predict the sti�ness modulus. The sti�ness modulus variation is
shown in Fig. 5.

(a) (b)

(c) (d)

Fig. 5. Sti�ness modulus IT-CY determined at: a) �10�C; b) ‚5�C; c) ‚13�C; d) ‚25�C

The modulus results indicate that the modulus values in the reference section (100%
cement in binder) reached the highest value. In those sections, recycled mixtures with
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FB-RCM had higher sti�ness moduli than EB-RCM. An opposite relationship was ob-
served when the 5C binder was used, regardless of the sampling location (Lab., Trial).
This decrease can be explained by a di�erent interaction between binder 5C and foamed
bitumen or emulsion. Samples from the experimental section obtained a higher average
sti�ness modulus than samples prepared in the laboratory, regardless of the deep recycling
technology. It is noteworthy that in the group of samples in which hydraulic road binder
(5C) was used, the modulus value signi�cantly decreased in almost all cases compared to
cases where 100% cement was used in the binder. This was especially signi�cant at �10�C.
For example, samples in the experimental section (where 5C binder was used), regard-
less of the type of technology, obtained a lower (< value at �10�C equal to 12630 MPa
(median) compared to the variant where 100% cement was used (at �10�C (< = 18080
MPa). Note that reducing the recycled mix’s sti�ness is important in terms of counteract-
ing low-temperature cracking. It should also be noted that regardless of temperature, the
relationship between sti�ness modulus values is of the same nature. This is possible based
on the assumption that the FB-RCM/EB-RCM recycled base course, just as bituminous
mixtures, can be considered a thermo-rheological simple body and their value at di�erent
temperatures can be functionally related [40, 41]. Therefore, the e�ect of temperature was
added to the prediction of sti�ness modulus values in the regression model. However, tem-
perature alone does not completely exhaust the explanation of (< variability, so the e�ect
of binder type, technology type and recycled mix sampling location were also included in
the prediction.

4.3. Linear relations between the recycled mix characteristics

An important step during the construction of the regression model was to determine
whether there was collinearity in the structure of the variables, expressed as a high level of
cross correlation between the variables. Excessive collinearity between independent vari-
ables changes the level of explanation of the dependent variable variance, which is revealed
by a very high value of the ’2 coe�cient [22] in multivariate regression. Consequently,
the suitability of such a model decreases, as does its ability to extrapolate results. The
correlations between the characteristics are compiled in the correlation table (Table 4).

The highlighted values suggest a high level of signi�cant correlation between the
characteristics. A strong correlationwas observed among the results of the sti�nessmodulus
determined at di�erent temperatures. In Table 5, the expected variable (< at ‚13�C is
correlated with the sti�ness modulus value at ‚5�C. In contrast, (< at 25�C correlated with
(< determined at ‚13�C and ‚5�C. This con�rms that the well-known principle of time-
temperature superposition was in place [42]. Thus, the sti�ness modulus values increased
proportionally with a decrease in temperature.

A high correlation of static creep fc results with those for +0, UCS and ITS was also
observed. The deformation rate increased with rising +0 and UCS values but decreased
with the increasing cohesion of the recycled mixture, expressed by the ITS value. The
compressive strength (UCS) increased with increasing +0. Probably the level of internal
friction angle correlated with +0 played a signi�cant role in the increase of the UCS value.
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Table 4. Correlations between physico-mechanical characteristics

Variable
Correlation table

+0
[%]

UCS
[MPa]

ITS
[kPa]

TSR
[%]

(< at
�10�C

(< at
‚5�C

(< at
‚13�C

(< at
‚25�C

creep
ratio
( 52)

+0 [%] 1.00 0.67 �0.63 �0.31 0.35 0.28 0.20 0.13 0.67

UCS [MPa] � 1.00 �0.61 �0.52 0.72 0.66 0.47 0.45 0.59

ITS [kPa] � � 1.00 0.27 �0.41 �0.13 0.30 0.38 �0.70

TSR [%] � � � 1.00 �0.37 �0.16 0.02 �0.03 0.02

IT-CY �10�C � � � � 1.00 0.92 0.54 0.38 0.33

IT-CY ‚5�C � � � � � 1.00 0.80 0.67 0.27

IT-CY ‚13�C � � � � � � 1.00 0.96 0.10

IT-CY ‚25�C � � � � � � � 1.00 0.06

creep ratio ( 52) � � � � � � � � 1.00

The relationship between +0 and ITS con�rmed a well-known trend, i.e., a decrease in the
air void content correlates with an increase in the cohesion of the recycled mixture.

Before constructing a regression model to predict the change in the modulus of sti�ness
(<, the characteristics+0, TSR, UCS, and ITS were mapped against (<. The representative
sti�ness modulus value at ‚13�C was selected for the analysis as it corresponded to the
temperature accepted as equivalent in Poland [19]. The (< results were from the test set
whose reliability was veri�ed during the construction of the regression model. Observing
results in table 5 none of the given characteristics su�ciently explained the variability of
(< ‚13�C. However, their partial correlation with the (< variable and low correlation with
one another makes it possible to believe that a reliable regression model can be built to
allow fast calculation of the elasticity modulus relative to the other basic characteristics.

5. Sti�ness modulus prediction

5.1. Constructing a regression model

One of the necessary elements when building regression models is the conformity
of the probability distribution of results to a normal distribution. Therefore, before the
principal analysis, all variables were subjected to normality tests. Two tests were used:
the Kolmogorov�Smirnov (K�S) test and the Shapiro�Wilk (W) test. The largest deviation
from normality was registered for the (< parameter. Particular mathematical formalism
was required in this case. It consisted of using a transformation function to bring the
distribution of the (< variable to a normal distribution. Omitting this step of the analysis
would have caused the estimator of the central measure (arithmetic mean) of (< in the
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model to be ine�cient and biased, a�ecting the �nal quality of the model’s prediction. For
this purpose, the Box�Cox transformation algorithm (Box & Cox, 1964) was used. The key
to the performance of Box�Cox algorithms was the iterative determination of the �tting
parameter _. The results of estimating the parameter _ are shown in Fig. 6.

(a) (b)

Fig. 6. Transformation of the (< variable: a) histogram after transformation; b) search for _

The con�dence interval suggested that the value of the _ parameter could be 0 at 95%
probability (Fig. 6b). So, using some simpli�cations, it was assumed that logarithmic was
the best transformation function that represented the _ parameter. As a result of using this
function, the distribution of results obtained a shape that converged to a normal distribution
(Fig. 6a). Next, a multiple regressionmodel was adopted to search for relationships between
variables. Its form,which is an objective function of the object of study, was as follows (5.1):

(5.1) H = V> ‚ V1G1 ‚ V2G2 ‚ � � � ‚ V8G8 ‚ Y

where: V8 � parameters of the model describing the e�ect of an 8-th variable, Y � random
component.

One of the main assumptions that a multiple regression model must meet is the lack of
interrelated variables and an adequate sample size =‚1 larger than the number of estimated
parameters. Once the sample size condition was met, the e�ect of cross-correlation of
independent variables was noticeable, especially in the case of the 52 characteristic (Ta-
ble 2). The cross-correlation of predictors falsi�es the coe�cient of determination causing
it to have a very high value. Therefore, in order to obtain a reliable model, the backward
elimination algorithm was used [22]. This method assesses the redundancy of variables
resulting from the relationships between them in the set. In each iterative step, a given
variable is evaluated for its maximum correlation with the (< characteristic and minimum
correlation with other variables. As a result, after discarding redundant factors, the �nal
set of variables participating in the multiple regression model was obtained (Table 5).

As a result, variables such as +0, TSR and fc were eliminated from the model due to
the high redundancy they introduced into the model. The result of the partial correlation,
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Table 5. Results of multiple regression

Summary of regression of dependent variable:
log„(<”’2 = 0�78; Estimation error of log„(<” 0.08 MPa

18 SD„1” Partial
correlation p-value

Intercept 3.062960 0.137229 � 0.000000

UCS [MPa] 0.270403 0.034875 0.759865 0.000000

ITS [kPa] 0.000444 0.000094 0.580463 0.000024

Temp �0.009038 0.000907 �0.832489 0.000000

shown in Table 5, represented the contribution of the variable in question to explaining (<
variability. Accordingly, the impact of the characteristics: Temp (�0.83) and UCS (0.76)
on (< values was the strongest. The in�uence of ITS was about 30% smaller but still
had a signi�cant impact on (< variability (0.58). Despite the large e�ect of temperature
(partial correlation = �0�83), failure to account for the presence of e�ects related to
the technology type and sampling method would have made the model too general and
insu�cient. Therefore, the e�ects above were entangled in the variability attributed to
UCS and ITS. After transformations, the �nal form of the signi�cant regression model
(p-value � 0�05) predicting the (< characteristic was characterized by formula (5.2):

(5.2) (< = 103�063‚0�27�UCS‚0�0004�ITS�0�009�Temp � 835 MPa

Figure 7 shows mapping experimental results against model (2).

(a) (b)

Fig. 7. Fitting the multiple regression model: a) goodness of �t of the predicted results; b) residual
randomness evaluation
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Figure 7a shows high agreement between the experimental results and those predicted
by formula (5.2), which was represented by the coe�cient of determination of the multiple
regressionmodel ’2 = 0�78. The average estimation error was 835MPa. Another important
issuewas tomaintain the randomness of residuals. Their distribution along the line (Fig. 7b)
suggested conformity to a normal distribution. Thus, one of the conditions for obtaining
a reliable regression model with the ability to extrapolate results beyond the experimental
domain was met. As mentioned earlier, in Poland, a temperature of ‚13�C is taken as the
equivalent temperature for pavement design based on themechanistic method. Accordingly,
an attempt was made for the model to represent the sti�ness modulus for this temperature
for a set of samples excluded from the model (the test set established at the beginning). The
simulated result for the sti�ness modulus at ‚13�C using the test set is shown in Fig. 8.

Fig. 8. (< values at ‚13�C from the model using the test set

The results shown in Fig. 8 should be considered satisfactory. Nearly all the results were
within the 95% con�dence interval. This result is signi�cant as all the de�ned e�ects, i.e.,
technology, sampling location, and type of binder, were included in the model. However,
some limitations of themodel should also be noted. Thismodel applies tomixtures prepared
by one of the two technologies with a hydraulic binder that has binding properties similar
to cement and ITS and USC values from the ranges provided in Table 1. As a result, this
model can be used as support for forecasting the sti�ness modulus of recycled mixtures
in the absence of other detailed studies. Nevertheless, it should be emphasized that its
e�ectiveness will be higher in the case of forecasting a recycled mixture made in a similar
technology.

6. Conclusions

The article presents the results of the study of the sti�ness modulus of recycled mixes
made in two technologies and for two types of binder. To ensure that the model is adequate,
a validation step was also used in accordance with the machine learning methodology in-
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cluding variability regarded to manufacturing process. It should be noted that the model is
subject to continuous veri�cation and its e�ectiveness is constantly increased by taking into
account other factors. The next step will be to use the SVM (support vector machines) and
MARS (Multivariate adaptive regression spline) algorithms for modeling, which is a gen-
eralization of the multiple regression model used in analyses. The following conclusions
were formulated based on the study results and analysis performed:

1. Modeling in the form of machine learning is a very good approach in �nding re-
lationships between the variables under study. Owing to this the linear model of
multiple regression satisfactorily explained the variability of the Sm characteristic at
an estimation error of 835 MPa in the measurement temperature range of �10�C to
‚25�C. This is a satisfactory result allowing for a preliminary forecast of the recycled
mixtures sti�ness modulus.

2. Themost e�ective predictors of (< were UCS, ITS and the accompanying Temp. Ac-
cording to the regressionmodel, an increase in UCS and ITS caused an increase in (<
values. In contrast, UCS and Temp had the most signi�cant impact on (< variability.

3. The proposed regression model performed well at predicting the behaviour of recy-
cled mixtures at an equivalent temperature of ‚13�C. Thus, its results can support
the design of road pavement structures using the mechanistic method.

4. On average, samples prepared using FB-RCM technology (with foamed bitumen)
showed higher cohesion (ITS) compared to samples prepared using EB-RCM tech-
nology (with emulsi�ed bitumen). In addition, the FB-RCM samples achieved
ITS ¡ 650 kPa, regardless of the sampling location.

5. TheFB-RCMsamples had a lower deformation ratewith a higher ITSvalue than those
prepared in EB-RCM technology. In addition, compared to EB-RCM technology,
samples in FB-RCM technology suggest higher resistance to creep at higher cohesion.

6. The highest value of the UCS characteristic was obtained by samples made with
EB-RCM technology.

Acknowledgements

The research results were developed as part of the project entitled �The innovative
technology used the binding agent optimization that provides the long service life of the re-
cycled base course� (TECHMATSTRATEG1/349326/9/NCBR/2017) within the scienti�c
undertaking of Strategic Research and Development Program entitled �Modern Materials
Technology� (TECHMATSTRATEG I), which is �nanced by the National Centre for Re-
search and Development (NCBiR). The work is supported by the program of the Minister
of Science and Higher Education under the name: Regional Initiative of Excellence in
2019-2022 project number 025/RID/2018/19 �nancing amount PLN 12.000.000.

References
[1] A. Jamshidi and G. White, �Evaluation of performance and challenges of use of waste materials in pave-

ment construction: a critical review�, Applied Sciences, vol. 10, no. 1, art. no. 226, 2020, doi: 10.3390/
app10010226.

https://doi.org/10.3390/app10010226
https://doi.org/10.3390/app10010226


STIFFNESS MODULUS PREDICTION AGAINST BASIC PHYSICAL AND MECHANICAL . . . 109

[2] A. Gonzalez, �An experimental study of the deformational and performance characteristics of foamed bitu-
men stabilised pavements�, PhD. thesis, University of Canterbury, Civil and Natural Resources Engineering,
2009. [Online]. Available at: http://hdl.handle.net/10092/3285.

[3] Y. Niazi and M. Jalili, �E�ect of Portland cement and lime additives on properties of cold in-place recycled
mixtures with asphalt emulsion�, Construction and Building Materials, vol. 23, no. 3, pp. 1338-1343, 2009,
doi: 10.1016/j.conbuildmat.2008.07.020.

[4] J.M. Ramanujam and J.D. Jones, �Characterization of foamed-bitumen stabilisation�, International Journal
of Pavement Engineering, vol. 8, no. 2, pp. 111�122, 2007, doi: 10.1080/10298430601149676.

[5] F.A. Halles and G.Z. Thenoux, �Degree of in�uence of active �llers on properties of recycled mixes with
foamed asphalt�, Transportation Research Record, vol. 2095, no. 1, pp. 127�135, 2009, doi: 10.3141/2095-
13.

[6] P. Buczynski and M. Iwanski, �The in�uence of hydrated lime, Portland cement and cement dust on
rheological properties of recycled cold mixes with foamed bitumen�, in Proccedings of 10th International
Conference �Environmental Engineering�. Vilnius Gediminas Technical University, Lithuania, 2017, doi:
10.3846/enviro.2017.135.

[7] G. Mazurek, M. Pszczo“a, and C. Szyd“owski, �Non-linear mastic characteristics based on the modi�ed
MSCR (multiple stress creep recovery) test�, Structure and Environment, vol. 11, no. 1, pp. 23�34, 2019,
doi: 10.30540/sae-2019-002.

[8] G. Mazurek, �E�ect of �ller type on non-linear viscoelastic characteristics of asphalt mastic�, Archives of
Civil Engineering Archives of Civil Engineering, vol. 67, no. 2, 2021, doi: 10.24425/ACE.2021.137166.

[9] G. Mazurek, M. Iwa«ski, P. Buczy«ski, and R. Horodecka, �In�uence of innovative three-element binder
on permanent deformations in recycled mixtures with emulsion and foamed bitumen�, Archives of Civil and
Mechanical Engineering, vol. 21, no. 2, art. no. 55, 2021, doi: 10.1007/s43452-021-00192-9.

[10] F. Xiao, S. Yao, J. Wang, X. Li, and S. Amirkhanian, �A literature review on cold recycling technology
of asphalt pavement�, Construction and Building Materials, vol. 180, pp. 579�604, 2018, doi: 10.1016/
j.conbuildmat.2018.06.006.

[11] G.Betti, A.Cocurullo,A.Marradi,G. Tebaldi,G.Airey, andK. Jenkins, �E�ect of lime on short-termbearing
capacity of bitumen emulsion recycled mixtures�, in Asphalt Pavements. CRC Press, 2014, pp. 1037�1046,
doi: 10.1201/b17219-128.

[12] H.Wen,M.P. Tharaniyil, and B. Ramme, �Investigation of performance of asphalt pavement with �y-ash sta-
bilized cold in-place recycled base course�, Transportation Research Record: Journal of the Transportation
Research Board, vol. 1819, no. 1, pp. 27�31, 2003, doi: 10.3141/1819b-04.

[13] J.P.C. Meneses, K. Vasconcelos, and L.L.B. Bernucci, �Sti�ness assessment of cold recycled asphalt
mixtures � Aspects related to �ller type, stress state, viscoelasticity, and suction�,Construction and Building
Materials, vol. 318, art. no. 126003, 2022, doi: 10.1016/j.conbuildmat.2021.126003.

[14] B. Do“»ycki, �Polish experience with cold in-place recycling�, IOP Conference Series: Materials Science
and Engineering, vol. 236, art. no. 012089, 2017, doi: 10.1088/1757-899X/236/1/012089.

[15] Y.R. Kim, Ed., Modeling of asphalt concrete. Reston, VA, New York: ASCE Press, McGraw-Hill, 2009.
[16] A. Graziani, F. Canestrari, F. Cardone, and G. Ferrotti, �Time�temperature superposition principle for

interlayer shear strength of bituminous pavements�, Road Materials and Pavement Design, vol. 18, no. 2,
pp. 12�25, 2017, doi: 10.1080/14680629.2017.1304247.

[17] P. Buczy«ski andM. Iwa«ski, �Complexmodulus changewithin the linear viscoelastic region of themineral-
cement mixture with foamed bitumen�, Construction and Building Materials, vol. 172, pp. 52�62, 2018,
doi: 10.1016/j.conbuildmat.2018.03.214.

[18] B. Do“»ycki and P. Jasku“a, �Review and evaluation of cold recycling with bitumen emulsion and cement
for rehabilitation of old pavements�, Journal of Tra�c and Transportation Engineering (English Edition),
vol. 6, no. 4, pp. 311-323, 2019, doi: 10.1016/j.jtte.2019.02.002.

[19] Katalog typowych konstrukcji nawierzchni podatnych i póªsztywnych(Catalogue of typical �exible and
semi-rigid pavements). Warszawa: GDDKiA, 2014 (in Polish).

[20] TECHMATSTRATEG I, �The innovative technology used the binding agent optimization that provides the
long service life of the recycled base course�, National Centre for Research and Development (NCBR),
TECHMATSTRATEG1/349326/9/NCBR/2017, 2018.

http://hdl.handle.net/10092/3285
https://doi.org/10.1016/j.conbuildmat.2008.07.020
https://doi.org/10.1080/10298430601149676
https://doi.org/10.3141/2095-13
https://doi.org/10.3141/2095-13
https://doi.org/10.3846/enviro.2017.135
https://doi.org/10.30540/sae-2019-002
https://doi.org/10.24425/ACE.2021.137166
https://doi.org/10.1007/s43452-021-00192-9
https://doi.org/10.1016/j.conbuildmat.2018.06.006
https://doi.org/10.1016/j.conbuildmat.2018.06.006
https://doi.org/10.1201/b17219-128
https://doi.org/10.3141/1819b-04
https://doi.org/10.1016/j.conbuildmat.2021.126003
https://doi.org/10.1088/1757-899X/236/1/012089
https://doi.org/10.1080/14680629.2017.1304247
https://doi.org/10.1016/j.conbuildmat.2018.03.214
https://doi.org/10.1016/j.jtte.2019.02.002


110 G. MAZUREK, P. BUCZY�SKI, M. IWA�SKI

[21] G. Mazurek, P. Buczy«ski, M. Iwa«ski, and M. Podsiad“o, �Thermal analysis-based �eld validation of the
deformation of a recycled base course made with innovative road binder�, Materials, vol. 14, no. 20, art.
no. 5925, 2021, doi: 10.3390/ma14205925.

[22] �. R. Lazi¢, Design of experiments in chemical engineering: a practical guide. Weinheim: Wiley-VCH,
2004.

[23] Z. Owsiak, P. Czapik, and J. Zapa“a-S“aweta, �Properties of a three-component mineral road binder for
deep-cold recycling technology�, Materials, vol. 13, no. 16, art. no. 3585, 2020, doi: 10.3390/ma13163585.

[24] M. Iwa«ski, G. Mazurek, P. Buczy«ski, and M.M. Iwa«ski, �E�ects of hydraulic binder composition on the
rheological characteristics of recycled mixtures with foamed bitumen for full depth reclamation�, Construc-
tion and Building Materials, vol. 330, art. no. 127274, 2022, doi: 10.1016/j.conbuildmat.2022.127274.

[25] D.C. Montgomery, Design and analysis of experiments, 8th ed. Hoboken, NJ: John Wiley & Sons, Inc,
2013.

[26] Wirtgen Group, Podr¦cznik recyklingu na zimno. Wirtgen GmbH, 2006.
[27] EN 12697-30 Bituminous mixturepp. Test methods. Specimen preparation by impact compactor. 2018.
[28] M. Iwa«ski, A. Chomicz-Kowalska, P. Buczy«ski, G. Mazurek, M. Cholewi«ska, M.M. Iwa«ski,

P. Rami¡czek, and K.Maciejewski, �Procedury projektowania oraz wytyczne stosowania materia“ów odpad-
owych i z recyklingu do technologii wytwarzania mieszanek metod¡ na zimno z asfaltem spienionym
(MCAS)�, Wytyczne do Raportu RID-I/6, zadanie 5. NCBiR, GDDKiA. Politechnika �wiƒtokrzyska,
Kielce, 2018.

[29] B. Do“»ycki, Instrukcja projektowania i wbudowywania mieszanek mineralno-cementowo-emulsyjnych
(MCE). Warszawa: GDDKiA, 2014.

[30] D. Sybilski, J.Matras, T.Mechowski, and J. Zawadzki,Warunki techniczne wykonywania warstw podbudowy
z mieszanki mineralno cementowo-emulsyjnej (MCE). Informacje, Instrukcje, no. 61. IBDiM, 1999.

[31] Wirtgen, Cold Recycling Technology. 2012.
[32] EN 12697-8 Bituminous mixtures. Test methods. Determination of void characteristics of bituminous

specimens. 2019.
[33] EN 13286-41 Unbound and hydraulically bound mixtures Test method for the determination of the com-

pressive strength of hydraulically bound mixtures. 2021.
[34] EN 12697-23 Bituminous mixtures. Test methods for hot mix asphalt. Determination of the indirect tensile

strength of bituminous specimens. 2017.
[35] EN 12697-26 Bituminous mixtures. Test methods. Sti�ness. 2018.
[36] EN 12697-25 Bituminous Mixtures � Test Methods � Part 25: Cyclic Compression Test. 2016.
[37] T.M. Mitchell, Machine Learning. New York: McGraw-Hill, 1997.
[38] A. Gonzales, �An experimental study of the deformational and performance characteristics of foamed bitu-

men stabilised pavements�, PhD. thesis, University of Canterbury, Civil and Natural Resources Engineering,
New Zealand, 2009.

[39] I.S. Bessa, L.R. Almeida, K.L. Vasconcelos, and L.L.B. Bernucci, �Design of cold recycled mixes with
asphalt emulsion and portland cement�, Canadian Journal of Civil Engineering, vol. 43, no. 9, pp. 773�782,
2016, doi: 10.1139/cjce-2016-0111.

[40] G.D. Airey, �Use of black diagrams to identify inconsistencies in rheological data�, Road Materials and
Pavement Design, vol. 3, no. 4, pp. 403�424, 2002, doi: 10.1080/14680629.2002.9689933.

[41] C. Godenzoni, A. Graziani, E. Bocci, and M. Bocci, �The evolution of the mechanical behaviour of cold
recycled mixtures stabilised with cement and bitumen: �eld and laboratory study�, Road Materials and
Pavement Design, vol. 19, no. 4, pp. 856�877, 2018, doi: 10.1080/14680629.2017.1279073.

[42] W.N. Findley, J.S. Lai, and K. Onaran, Creep and relaxation of nonlinear viscoelastic materials: with an
introduction to linear viscoelasticity. New York: Dover, 1989.

[43] F. Xiao, S. Yao, J. Wang, X. Li, and S. Amirkhanian, �A literature review on cold recycling tech-
nology of asphalt pavement�, Construction and Building Materials, vol. 180, pp. 579�604, 2018, doi:
10.1016/j.conbuildmat.2018.06.006.

https://doi.org/10.3390/ma14205925
https://doi.org/10.3390/ma13163585
https://doi.org/10.1016/j.conbuildmat.2022.127274
https://doi.org/10.1139/cjce-2016-0111
https://doi.org/10.1080/14680629.2002.9689933
https://doi.org/10.1080/14680629.2017.1279073
https://doi.org/10.1016/j.conbuildmat.2018.06.006


STIFFNESS MODULUS PREDICTION AGAINST BASIC PHYSICAL AND MECHANICAL . . . 111

Prognozowanie modu“u sztywno–ci wzglƒdem podstawowych cech
�zycznych i mechanicznych podbudowy recyklowanej z asfaltem

spienionym i emulsj¡ asfaltow¡

S“owakluczowe: g“ƒboki recycling, asfalt spieniony, model regresji wielorakiej, modu“ sztywno–ci,
spoiwo mieszane, odcinek do–wiadczalny

Streszczenie:

Mieszanki recyklowane s¡ powszechnie wykorzystywanym materia“em do budowy podbudowy
zasadniczej i pomocniczej zarówno w przebudowach jak i nowych konstrukcji drogowych. Mog¡
one by¢ wykonywane w technologii asfaltu spienionego jak i równie» emulsji asfaltowych. Nale»y
pamiƒta¢, »e zastosowanie materia“u odpadowego lub pochodz¡cego z recyklingu kwali�kuje tƒ
technologiƒ jako rozwi¡zanie proekologiczne. Aplikacja spoiwa drogowego zawieraj¡cego 100%
cementu jest najczƒ–ciej wykorzystywanym sposobem podnoszenia stopnia kohezji mieszanek re-
cyklowanych. Nie mniej jednak brak poprawnie wykonanego procesu optymalizacji ilo–ci cementu
mo»e doprowadzi¢ do nadmiernego przesztywnienia mieszanki recyklowanej i pojawieniem siƒ spƒ-
ka«. Pomimo wielu korzy–ci, jakie wynikaj¡ ze stosowania technologii recyklingu wci¡» napotykane
siƒ ograniczenia w jej stosowaniu i popularyzacji. G“ówn¡ przyczyn¡ jest brak kompleksowej wiedzy
z zakresu struktury wewnƒtrznej mieszanek recyklowanych oraz panuj¡cych w niej efektów reolo-
gicznych, co objawia siƒ czƒstymi awariami dróg o du»ym natƒ»eniu ruchu, które zosta“y wykonane
na podbudowie z mieszanki recyklowanej [13, 43]. W zwi¡zku z tym by“a to jedna z przyczyn ogra-
niczenia stosowania tej technologii w Polsce dla ruchu o natƒ»enia pojazdów powy»ej ESAL100 kN
¡ 7�3 mln osi. W zwi¡zku z tym autorzy podjƒli siƒ zadania zwi¡zanego z mo»liwo–ci¡ prognozo-
wania zmiany modu“ u sztywno–ci mieszanki recyklowanej, rozrzedzaj¡c swoje dzia“ania o efekty
zwi¡zane z: technologi¡ recyklingu, rodzajem spoiwa oraz zjawiskami jakie mog¡ wyst¡pi¢ w czasie
realizacji odcinka do–wiadczalnego.

W artykule zosta“y przedstawione rezultaty prognozowania modu“u sztywno–ci mieszanki re-
cyklowanej zawieraj¡cej mieszane spoiwo drogowe w technologii asfaltu spienionego oraz emulsji
asfaltowej. Badanie modu“u sztywno–ci wykonano metod¡ po–redniego rozci¡gania IT-CY. Modu“
sztywno–ci oznaczono w temperaturach �10�C, ‚5�C, ‚13�C oraz ‚25�C. Prognozowanie modu“u
sztywno–ci uwzglƒdnia“o efekt temperatury, rodzaj spoiw drogowego, miejsce poboru próbek oraz
rodzaj technologii. Wszystkie efekty, oprócz temperatury, zosta“y uwzglƒdnione w modelu poprzez
uwik“anie ich oddzia“ywania za pomoc¡ cech �zycznych i mechanicznych recyklowanej podbudowy
takich jak: wytrzyma“o–¢ na po–rednie rozci¡ganie, wytrzyma“o–¢ na –ciskanie, szybko–¢ pe“zania,
zawarto–¢ wolnej przestrzeni oraz odporno–¢ na oddzia“ywanie wody.

Jako narzƒdzie pozwalaj¡ce prognozowanie zmiany modu“u sztywno–ci wykorzystano model
regresji wielorakiej. Jest to relatywnie prosty model w zastosowaniu pod warunkiem spe“nienia jego
za“o»e« w–ród których do najwa»niejszych nale»y zaliczy¢: zgodno–¢ dystrybucji wyników oznacze«
z modelem rozk“adu normalnego oraz brak wspó“liniowo–ci pomiƒdzy zmiennymi niezale»nymi.
Wszystkie wspomniane za“ o»enia zosta“y poddane wery�kacji. Zbudowanie racjonalnego modelu
regresyjnego wymaga“o równie» zastosowania pewnej struktury danych. Zastosowano podej–cie
stosowane przy uczeniumaszynowym.Zasadniczy zbiórwej–ciowy sk“ada“ siƒ z

˝
# = 204 oznacze«

zawieraj¡cy od 2�3 replikacji wyników. Przed zasadnicz¡ analiz¡ danych dokonano podzia“u zbioru
danych na dwie czƒ–ci: zbiór ucz¡cy i zbiór testowy.Model musia“ uwzglƒdni¢ równie» wystƒpowanie
kilku czynników (efektów): miejsce poboru próbek: w laboratorium (oznaczone jako Lab.) oraz na
odcinku do–wiadczalnym (oznaczone jakoTrial), rodzaj spoiwa drogowego: próbki zawieraj¡ce 100%
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cementu (oznaczone jako Ref.) oraz spoiwo mieszane 5C oraz rodzaj technologii: recykling g“ƒboki
na zimno z asfaltem spienionym (oznaczony jako FB-RCM) oraz z emulsj¡ asfaltow¡ (oznaczony
jako FB-RCM).

W rezultacie stwierdzono, »e model liniowy regresji wielorakiej w sposób zadawalaj¡cy, na
poziomie 78%, wyja–ni“ zmienno–¢ modu“u sztywno–ci Sm przy b“ƒdzie estymacji 835 MPa w za-
kresie temperatury pomiaru od �10�C do ‚25�C. W czasie budowania modelu regresyjnego metod¡
eliminacji wstecznej stwierdzono, »e najbardziej istotnymi cechami, które skutecznie prognozowa“y
Sm by“y: UCS, ITS oraz towarzysz¡ca: poziom temperatury. Zgodnie z modelem regresyjnymwzrost
UCS oraz ITS powodowa“wzrost warto–ci Sm. Natomiast najwiƒkszy wp“yw na zmienno–¢ Smmia“y:
UCS oraz Temp. Próbki sporz¡dzone w technologii FB-RCM (z asfaltem spienionym) odznacza“y
siƒ przeciƒtnie wy»sz¡ kohezj¡ (ITS) w porównaniu do próbek wykonanych w technologii EB-RCM
(z emulsj¡ asfaltow¡). Przeciƒtnie próbki FB-RCM uzyska“y ITS ¡ 650 kPa bez wzglƒdu miejsce
pobrania próbek. Zaproponowany model regresyjny umo»liwi“ uzyskanie dobrej zgodno–ci wyni-
ków prognozowanych z uzyskanymi w drodze eksperymentu w ekwiwalentnej temperaturze ‚13�C
(przyjƒtej w Polsce). Tym samym jego rezultaty mogƒ by¢ wparciem przy projektowaniu konstrukcji
nawierzchni drogowej metod¡ mechanistyczn¡.
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