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Abstract

In this paper, the non-linear elastic behavior of bitumen stabilized materials with emulsion (BSM-
E)* with recycled aggregates from construction and demolition (C&D)® waste was analyzed by
means of dynamic triaxial tests. Different predicting models were fitted to the experimental
resilient modulus; the Mohr-Coulomb envelopes were obtained, and the Huurman’s model was
fitted to experimental creep data to provide the necessary parameters for eventual numerical
simulations. The results show that mixes with C&D aggregates are more flexible, have better
resistance to permanent deformation and similar failure stress than mixes with natural aggregates.
However, they needed a higher water and bitumen content.

Keywords

Bitumen stabilized materials with emulsion; construction and demolition waste; non-linear elastic
behavior; resilient modulus; Mohr-Coulomb envelope; permanent deformation

Highlights

Non-linear elastic behavior of BSM-E with CDWA? was studied

Dynamic triaxial tests were conducted, treating BSM-E as granular materials

Resilient and creep models were fitted to the experimental results

Mohr-Coulomb envelopes were obtained

BSM-E with CDWA showed good properties but a need for greater bitumen content

! BSM-E: bitumen stabilized materials with emulsion

? C&D: Construction and Demolition

* CDWA: Construction and Demolition Waste Aggregates
* HMA: Hot Mix Asphalt

> NA: Natural Aggregates
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1. Introduction

Bitumen stabilized materials with emulsion (BSM-E) are constituted of a mix of aggregates,
asphalt emulsions and water at room temperature. This mixture does not require heating before
mixing, what makes it more ecological and economical, especially compared with other sorts of
asphalt mixes such as conventional hot mix asphalt (HMA)*. However, due to their trend to show
higher air-void content after compaction and weak early life strength, the BSM-E were
traditionally considered inferior to HMA [1], and their use was almost restricted to surface
treatments and reinstatement work on low traffic roads and walkways [2,3,4,5]. Today, with the
latest developments in cold asphalt technology, this trend is changing, and the BSM-Es are again
gaining growing popularity within the scope of the fight against climate change in civil
engineering [6, 7, 8].

BSM-Es, as materials featuring cold in-place recycling in road rehabilitation, are materials that
combine the influence of all of their components to create a complex visco-elasto-plastic material
with anisotropic characteristics. As Jenkins and Yu (2009) [9] describe, the matrix of these
emulsion stabilized materials is “neither fish nor fowl”, behaving similarly to both granular
materials (stress dependency) and HMA (temperature and frequency of loading dependency).
Furthermore, according to Jenkins et al. (2007) [10] and Ebels (2008) [11], after their production,
these materials show two different phases: the curing phase (6-18 months) with an increase in the
initial stiffness due to the moisture reduction and densification, and the stiffness reduction phase
with a new decrease in the stiffness. According to these authors, the non-linear elastic behavior
(similar to granular materials and characterized by stress dependency [12]) tends to be highlighted
during the first phase, whereas after curing, the visco-elasto-plastic behavior (similar to HMA and
characterized by dependency on temperature and frequency of loading [13]) becomes more
significant. The first behavior is best studied by means of triaxial tests (like unbound granular
materials) and the latter can be assessed by the application of typical HMA tests, such as Indirect
tensile Stiffness Modulus (ITSM) or Dynamic Modulus |E*| tests.

The environmental and even the economic aspects of BSM-E can be improved by substituting the

natural aggregates (NA)® with recycled construction and demolition waste aggregates (CDWAS).



54 Table 1. Components of recycled aggregate (% of total dry weight)
% In Coarse % In Medium
Material Aggregate Aggregate
(12/24 mm) (6/12 mm)
Concrete and mortar 70% 55%
Natural aggregates 25% 40%
Ceramics and masonry materials 3.7% 4.1%
Concrete with metal pieces 1.121% < 0.001%
Concrete with textile fibers 0.146% 0.042%
Plaster/gypsum 0.103% 0.012%
Other materials (metal, paper, plastic, glass) <0.1% 0.1%
55
56
57 Table 2. Characterization of recycled and natural aggregates
e Recycled  Natural
Property Specification aggregate  aggregate
Flakiness Index UNE EN 933-3 [24] 4.5% 19.8%
Crushed particles UNE EN 933-5 [25] 89% 94%
Sand equivalent UNE EN 933-8 [26] 77 78
Los Angeles coefficient ~ UNE EN 1097-2 [27] 38 14
Bulk specific gravity UNE EN 1097-6 [28] 2.64t/m*> 2.78t/m°
Dry specific gravity UNE EN 1097-6 [28] 2.23tm*> 2.74t/m°
SSD specific gravity UNE EN 1097-6 [28] 2.39tm® 2.75t/m®
Absorption UNE EN 1097-6 [28] 7.0% 0.5%
58
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60 Figure 1. Aggregate gradation of CDWA before and after compaction compared with ATEB
61 recommendations
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This research area has already been studied and has demonstrated great success for other
construction materials such as concrete [14, 15, 16] or HMA [17, 18, 19], and a study was also
initiated for mixtures with asphalt emulsion [20, 21, 22].

Because the visco-elasto-plastic behavior of cured BSM-E with CDWA has already been studied
in other publications [20, 21, 22], the aim of this investigation was to begin to understand the
non-linear elastic behavior of these materials. For this purpose, BSM-Es before and after curing
were treated as granular materials and studied by means of dynamic triaxial tests. Finally, three
different predicting models for resilient modulus were fitted to the experimental results, the
Mohr-Coulomb envelopes were obtained, and the Huurman’s model [23] was fitted to
experimental creep data to provide the necessary parameters for eventual numerical simulations.
2. Materials and preparation of specimens

The recycled aggregate was made from construction and demolition waste materials. Thus, the
main part of this recycled aggregate was composed of concrete, mortar and stone, with a certain
proportion of impurities such as ceramics, metal pieces, gypsum, plastics and glass (Table 1). The
control mixes were made with hornfels, a common metamorphic siliceous NA extracted from a
local quarry in Ourense (Spain). As Table 2 shows, the high absorption and low specific gravity
of CDWA is especially noticeable.

The gradation limits were provided by the technical reports of the Spanish Technical Association
of Bituminous Emulsions (ATEB) for GE1 grave-emulsions [29]. The amount of fine particles
was adjusted to the lower limit because the amount of fine particles tends to increase after the
mixing and compaction processes (Figure 1). This could be checked by means of chemical binder
removal and resieving of samples that had already been compacted.

Finally, a cationic slow-setting bitumen emulsion (60% bitumen content) with 100 pen grade base
bitumen was selected.

To assess how the bitumen and water content as well as the sort of aggregate affect the results, 12
different mixes (six with each kind of aggregate) were tested (Table 3). These combinations were
chosen by varying only one parameter while keeping the others fixed. Water content refers to the
initial amount of water present during the mixing process. As tested after compaction, the

4



91 remaining water is much less and does not depending to any significant extent on the initial

92  mixing content [21].

93  To meet the requirements of the Standard EN 13286-7 [30] (the diameter of specimens must be at

94  least five times the maximum size of the aggregate, and the height must be twice the diameter),

95  specimens were made by stacking two 101.6-mm-high samples. These 101.6-mm height x 101.6-

96  mm diameter cylindrical specimens were produced according to the Standard NLT-161, somehow

97  derived from the French Duriez test (NF P98-251) [31] and widely used for BSM-E in Spain. The

98  mixes were subsequently compacted by means of a static load of 21 MPa for 2 min.

99  This production method, which involves the stacking of two samples, has already been used by
100  other authors [13, 32] in purely compressive tests, certifying that the samples behave exactly like
101  one-piece specimens.

102  To assess how the curing of the mixes affects the results, all of the tests were repeated with cured
103  and uncured samples. The cured samples were obtained by subjecting the samples to a 3-day
104  curing process in the oven at 50°C, according to ATEB recommendations [29].
105
106 Table 3. Water and bitumen content of the mixes tested with CDWA and NA
CDW Aggregate Natural Aggregate
% % Water % % Water
Residual After After Residual After After

Bitumen Mixing

Compaction  Curing Bitumen Mixing

Compaction Curing

5% 9% 8.6% 3,2% 2% 3% 2,9% 0,1%
6% 9% 8.2% 3,5% 3% 3% 2.3% 0,1%
7% 9% 7,8% 3,8% 4% 3% 1,4% 0,2%
8% 9% 7,5% 4,0% 5% 3% 1,2% 0,4%
7% 21% 7,6% 3,8% 4% 9% 1,8% 0,2%
7% 33% 7,5% 3,7% 4% 15% 1,9% 0,4%

107
108

109

110

111

112

113

3. Resilient behavior

3.1 Dynamic triaxial test

The experimental results were obtained using a dynamic triaxial apparatus, composed of a
removable chamber and the axial load system generator (Figure 2). The confining pressure was
supplied by air, using an independent air compressor (maximum pressure 10 bar). The axial load

generator was controlled by a hydraulic system.
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The specimens were sealed with an elastic membrane fixed to the upper and lower plates with O-
rings to prevent the entry of the confining air into the samples. Axial strain was measured with
two LVDTs placed on the upper plate.

The tests were conducted at 20+2°C with a constant confining pressure (CCP) and sinusoidal
deviator stress, according to the Standard EN 13286-7 [30]. The stresses used in each sequence
were selected according to the Standard for the top of the base layers, directly under the thin
surface courses (less than to 80 mm). In addition to being the most unfavorable case, this
arrangement typical where grave-emulsions are found.

The test involved first a 70 kPa conditioning confining stress (o3) and a cyclic axial deviator stress
(oq), oscillating from 5 kPa to 340 kPa (minimum stress of 0 kPa was rejected to ensure the
contact between specimen and actuator at any time) and at a frequency of 1 Hz. The conditioning
was finished when one of the following criteria was met:

- The axial permanent strain regime started being lower than 107 per cycle

- The variation of the resilient modulus started being lower than 5 kPa per cycle

- The number of load cycles exceeded 20,000 cycles

Figure 2. Sample and sensor arrangement for the resilient modulus triaxial test according to
the Standard EN 13286-7



133 Once the conditioning was finished, the test was conducted through 29 sequences with different
134  04-05 combinations (Table 4). Due to the characteristics of the equipment, it was not feasible to
135  produce cycles of confining stress, so o3 was kept constant within each sequence. One hundred
136  load cycles were applied per sequence at a frequency of 1 Hz. The final values of the resilient
137  modulus (M,) were calculated for each sequence as the average value in the last 10 cycles of the
138  moduli obtained as follows:

139 M, =oyle, 1)

140  where g4 is the amplitude of the deviator stress, and ¢, is the recoverable strain.

141

142 Table 4. Stress levels (kPa) applied in each of the 29 sequences according to Standard UNE-

143 EN 13286-7

Sequence 03 o

1 20 30
2 20 50
3 20 80
4 20 115
5 35 50
6 35 80
7 35 115
8 35 150
9 35 200
10 50 80
11 50 115
12 50 150
13 50 200
14 50 280
15 70 115
16 70 150
17 70 200
18 70 280
19 70 340
20 100 150
21 100 200
22 100 280
23 100 340
24 100 400
25 150 200
26 150 280
27 150 340
28 150 400
29 150 475

144
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3.2. Computational modeling of resilient response

The applied stress affects the resilient behavior of granular materials more significantly than any
other factor. Hence, different authors have developed constitutive laws to model the stress-strain
relationship of these materials. However, the complexity of the problem made it difficult to find
an equilibrium between the theoretical principles of soil mechanics and the simplicity required in
procedures for routine analysis of material response [12].

The typical approach for tests with constant confining pressure continued the traditional theories
of elasticity, keeping the Poisson’s ratio but replacing the modulus of elasticity E by the resilient
modulus M; to take into consideration the non-linearity of the behavior (dependence of stress
level). Because the resilient modulus increases with the applied stress, a large number of
mathematical models were emerging over the last decades, most of them based on simple curve-
fitting procedures.

One of the first models consisted of a function of the sum of the principal stresses, or bulk stress
(6 = o, + 203). Proposed by Hicks (1970) [33] and also known as the K-8 model, this simple
hyperbolic relationship was very useful and accepted for analysis of material stiffness:

M, = ky - 82 )
where k; and k, are material constants. However, over the following years, the model was found
to simplify the stress dependency excessively because the resilient modulus is a function not only
of the bulk stress but also of the magnitude of the shear strain. Thus, Uzan (1992) [34] included
the deviator stress in his model:

M, =ky- 6% g, (3)
Other different models have been developed until the present, taking into account other factors
such as the variation of Poisson’s ratio with the stress level or the effect of the density of the

studied material. For this research, only one more model was considered because this model was

proposed in 2004 by the National Cooperative Highway Research Program (NCHRP) [35]:

g (2) (2 4r)” @
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where the deviator stress is replaced by the octahedral stress to, and P, is a reference pressure (P,
= 101,35 kPa). Again, ki, ky, and k; are material constants.

4. Shear strength

4.1 Monotonic triaxial test

The shear strength was determined in this case by means of failure monotonic triaxial tests with a
constant confining pressure (o3), subjecting the samples to a rising axial deviator stress (o4) with a
constant deformation rate of 2.6% per minute (5.3 mm/min for 200 mm high and 100-mm
diameter specimens) until fracture occurred. The samples were produced as in the previous
section, and the internal and external pressure equalization was prevented by means of an elastic
membrane. The tests were repeated with different samples over a range of different confining
pressures (25 kPa, 50 kPa, 100 kPa and 200 kPa) to obtain four points of the Mohr-Coulomb
envelope for each mix.

4.2 Mohr-Coulomb failure envelope

The major principal stress and deviator stress at failure, o1 and oq4¢ (being o151 = 045 + o3) depend

linearly on the confining pressure, establishing a relationship as follows [36]:

c11=A'c3+B 5)
where:

A = (1 +sing)/(1- sing) (6)
B = (2C-cosg)/(1-sing) (7

C is the cohesion and ¢ the angle of internal friction. Parameters A and B can be determined by
linear regression analysis of the experimental data (array of [0y, o3]) and subsequently, C and ¢
can also be calculated.

Coulomb’s failure criterion is represented in the Mohr diagram as a straight line that envelopes
the Mohr circles obtained for different o3. The cohesion is also given by the intersection of the
envelope with the ordinate, and ¢ is its slope. Thus, Coulomb’s failure criterion can also be
represented mathematically as [36]:

T = tang-ox + C 8

where 7 and oy are the shear and normal stress in the failure plane at the failure moment.
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In this case, four mixes were studied (with CDWA and NA, and cured and uncured). The water
and bitumen content of the samples were chosen regarding the results of the previous dynamic
triaxial test.

5. Permanent deformation behavior

5.1 Triaxial creep test

The experimental results were obtained, again, by means of dynamic triaxial tests, with sinusoidal
deviator stress (aq) and constant confining pressure (a3), according to Standard UNE-EN 13286-7
[30], with 200 mm high and 100-mm diameter samples produced as described in previous
sections and wrapped in elastic membranes. The tests began with the application of the initial
stress 63 = 20 kPa and o4 = 5 kPa (the latter was chosen to be higher than zero to assure a
permanent contact between specimen and actuator). Then, up to 80,000 cycles were applied,
registering the strain of 10 consecutive cycles once the following cycle number was reached: 1,
10, 50, 100, 200, 400, 1000, 2500, 5000, 7500, 10000, 12500, 15000, 20000, 30000,
40000, 50000, 60000, 70000 and 80000.

The confining pressure was kept constant at 50 kPa, but the tests were repeated with
different samples and different Stress Ratios (SR = o4/045), Where o4¢ = 011 — o3 had been
obtained in the previous section for each BSM-E. The SRs were selected to obtain at least five
different creep curves, so that two of them remained stable until the end of the test, and other two
reached the terminal tertiary flow stage, in which the slope of the creep curve increases again
until the consequent collapse of the specimen. As in the previous case, only optimal water and
bitumen content was studied, with both sorts of aggregates and before and after curing.

5.2 Computational modeling of creep response

Since the 1950s, many researchers have developed different predicting models for permanent
deformation in unbound granular base layers. In the 1960s, one of the first references in this area
appeared, already recommending the use of triaxial tests for this purpose [37]. Over the following
decades, many developments were reported, thanks to the work of researchers such as Barksdale

(1972) [38] or Francken (1977) [39]. In 1997, Huurman [23] applied Francken’s model to
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unbound sands and granular materials for base layers. The modification introduced by Huurman

allowed the model to be dependent on the number of applied load cycles (N):

N E D-i
E.'?,—A' ﬁ) +C-(E :nnn—'l) (9)

Huurman [23] stablished a relationship between the A, B, C and D parameters and the major
principal stresses (o1/01¢). This research line was continued by Van Niekerk (2002) [40] for base
and sub-base layer materials, modifying Huurman’s model to make it depend on the deviator

stress (o4/04y).

A=ay-(og/ogs)™ (10)
B =by-(04/04,)" (11)
C=c-(6a/0as)" (12)
D=d;(64/cas)™ (13)

where o4/04; iS the stress ratio (SR) that does not depend on the confining pressure (o3), and as, ay,
bs, by, ¢4, €y, dy, d, are material parameters. Other authors [11, 41] applied this model to stabilized
materials with success, studying asphalt emulsions and foam bitumen, showing that the Huurman
parameters can also be obtained for these kinds of materials.

6. Results

6.1 Resilient Modulus

Using Excel’s Optimization Solver function, all model parameters were obtained by minimizing
the squared error between the models and the experimental moduli obtained in the laboratory. As
an example, in Figure 3, the experimental data, as well as the values of the different models, once
fitted are shown for the mix with CDWA, 9% water and 6% bitumen content. Proceeding in the
same way, the parameters of the five different models, as well as the regression coefficient R?,
could be determined, as Tables 5-7 show. These parameters can be used in numerical simulations
to predict the resilient behavior of a certain pavement section when different loads are applied.
The results are gathered in six different levels or “steps”, corresponding to the six different
confining stresses (o3) used. Within each of these steps, the moduli also tend to increase with the

variations of the deviator stress (oy) but in a smoother way (no steps). This stress dependence
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highlights the non-linear elastic behavior of these mixtures [12], similar to unbound granular

materials, and confirms the hypothesis stated by Jenkins and Yu (2009) [9].

800

700 R
AT 4 8

o el
600 - g (2 Eah 9,7548x0:8357}
i ._‘: ................

500 A d i

400 o~

no8%®
300 1 __ﬂvd' 9

200 A ’

100 A

Mr Resilient Modulus( MPa)
u

O T T T T T T T T T
0 100 200 300 400 500 600 700 800 900 1000
8=0,+20; (kPa)

Experimental data 4 Hicks MBUzan NCHRP

Figure 3. Fitting of Hicks’, Uzan’s and NCHRP models to the experimental data obtained for
BSM-E with CDWA before curing with 9% water and 6% bitumen content

As Figure 3 shows, the experimental resilient modulus (M,) was predicted very well by both the
Uzan and the NCHRP models (R%y,an = 0.9926 and R’ycure = 0.9857), which adopt the “step-
shape” of the results very well. However, Hicks’ model involves a simple interpolation through
the “steps” by means of a potential curve. Hence, despite being easy to use to compare the results
of different mixes, the fit to this model is poorer (R%ics=0.9450).

Parameters ky, k, and ks are material constants determined by regression analyses from laboratory
tests results, where k; is sometimes named “modulus number”, k; is the bulk stress exponent and
ks is an exponent determining the rate of variation of resilient modulus with o4. As observed by
other authors in their investigation of cold asphalt mixtures with RAP [42], when adding the
explicit dependence on deviator stress (regarding Uzan’s against Hicks” model) into the model, k;
decreases and k, increases. Parameter ks is always negative, which indicates that a minor stress-
softening effect controlled by shear forces is superimposed on the macroscopic stress-stiffening
characteristic of this kind of non-linear elastic material. These authors also found that after

curing, the values of parameter k; became very small and, in most cases, positive. This
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inconsistency suggested that the use of Uzan’s model may not be recommended to represent the
stress-strain behavior of cold asphalt mixtures with RAP after curing. However, in the present
case, this inconsistency does not happen; the present case is consistent for the both sorts of
aggregate (Tables 5-6).

In Figures 4 and 5, the fitted Hicks’ curves are plotted for all of the mixes studied, which easily
allows a comparison among them. Mixtures with CDWA show, in general, lower stiffness than
mixtures with NA, not only before the curing process but also afterwards. For instance, the
resilient modulus of uncured mixes with CDWA ranked from 200 MPa to 800 MPa, while for
mixes with NA, the results ranked from 200 MPa to 1000 MPa. Nevertheless, the values obtained
did not become too low, being situated between the values obtained by other authors [11, 42] for
similar materials, like cold-in-place recycled mixtures.

In both Figures, the curves tend to separate from each other after the curing time, showing how
mixing water and bitumen content affects the results. However, before curing, the influence of the
binder is practically zero, and all of the samples performed very similarly. At this point, the
samples resisted the loads thanks to their mineral skeleton. Because the NA has higher
mechanical quality, the specimens made with it also achieved a higher stiffness. This higher
flexibility may be suitable for low/medium traffic roads where the subgrades are normally of poor
quality, adjusting themselves to the deformations without cracking.

After curing the samples, it was possible to identify the optimal water and bitumen content.
Mixtures with CDWA show the peak stiffness with 7%-8% bitumen content. The CDWA mix
with 6% bitumen is softer for low stress but stiff for high stress. This behavior could be especially
suitable for low/medium traffic roads, adapting to deformations without cracking when the loads
are low (most of time in this kind of road) but resisting well in cases in which high loads might
eventually damage the pavement. Furthermore, increases in the mixing water content tend to
reduce the stiffness. Hence, the peak stiffness was reached with the minimum studied content
(9%). As discussed in other publications [20, 21, 22], lower contents are not advisable when using

CDWA because their high absorption tends to produce the premature setting of the asphalt
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301 emulsion during the mixing process, forming clots and obstructing the complete coating of the

302  aggregates.
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304 Figure 4. Representation of Hicks’ model for BSM-E with CDWA before and after curing,
305 and different water and bitumen contents
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307 Figure 5. Representation of Hicks’ model for BSM-E with NA before and after curing, and

308 different water and bitumen contents
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Table 5. Parameters of Hicks’ model fitted for different mixes with CDWA and NA before and after

three days curing time at 50°C

Before Curing

After Curing

Aggregate % Water
- %Bitumen Ky K, R2 K, K, R?
9%-5% 12.829 0.606 0.842 21.266 0.591 0.972
S & 9%-6% 9.755 0.636 0.945 9.489 0.720 0.944
S % 9%-7%  21.364 0.535 0.903 62.680 0.441 0.946
§ ’g 9%0-8% 4878 0.741 0.950 41.070 0.504 0.907
r g 21%-7%  8.637 0.655 0.946  45.276 0.473 0.870
33%-7%  8.180 0.663 0.945 20.593 0.575 0.959
3%-2% 6.574 0.695 0.947 38.846 0.522 0.938
= % 3%-3% 7.957 0.695 0.938 86.492 0.413 0.966
59 3%-4% 16.132 0.596 0.915 157.678 0.341 0.888
§ ’g 3%-5% 13.460 0.626 0.904 110.052 0.381 0.880
< 9%-4% 9.337 0.673 0.939 40.865 0.533 0.955
15%-4%  9.410 0.689 0.900 25.561 0.590 0.955

Table 6. Parameters of Uzan’s model fitted for different mixes with CDWA and NA before and after
three days curing time at 50°C

Before Curing

After Curing

Adar %Water
ggregate - %Bitumen K, K, K R2 K, K, K R?
9%-5% 7530 1.248 -0.636 0.995 18.512 0.768 -0.188 0.995
- & 9%-6% 7.469 0.990 -0.355 0.993 6.998 1.113 -0.393 0.988
% % 9%-7% 15.474 0.958 -0.423 0.992 50.812 0.694 -0.250 0.991
§ g 9%-8% 3,520 1.160 -0.419 0.999 29.330 0.906 -0.396 0.991
T g 21%-7%  6.441 1.036 -0.381 0.996 31.546 0.920 -0.444 0.988
33%-7%  6.133 1.047 -0.385 0.996 16.625 0.846 -0.270 0.992
3%0-2% 4906 1.090 -0.397 0.998 29.950 0.843 -0.319 0.993
= % 3%-3% 5.808 1.122 -0.430 0.998 74.484 0.604 -0.191 0.997
59 3%-4% 11.583 1.033 -0.438 0.995 119.112 0.651 -0.302 0.991
§ g 3%-5% 9.026 1.129 -0.501 0.995 82.352 0.734 -0.350 0.993
< 9%-4% 6.752 1.092 -0.419 0.998 33.070 0.796 -0.262 0.991
15%-4%  6.003 1.253 -0.562 0.998 20.162 0.902 -0.314 0.998

Table 7. Parameters of NCHRP model fitted for different mixes with CDWA and NA before and after
three days curing time at 50°C

Before Curing

After Curing

Aggregate %Water
ggreg - %Bitumen Ky K, K R2 K, K, K R2
9%-5%  2.142 1.104 -1.080 0.961 3.315 0.720 -0.398 0.988
- & 9%-6%  1.856 0.925 -0.633 0.986 2.664 1.087 -0.796 0.994
ég} 9%-7%  2.590 0.861 -0.726 0.972 4.862 0.640 -0.447 0.983
8 = 99%-8%  1.491 1.089 -0.738 0.993 4.336 0.847 -0.767 0.989
T 21%-7% 1.799 0.984 -0.717 0.995 4.149 0.820 -0.783 0.963
33%-7% 1.772 1.000 -0.736 0.996 2.943 0.789 -0.470 0.985
3%-2%  1.639 1.012 -0.687 0.989 4.380 0.769 -0.549 0.980
_ 9 3%-3%  1.996 1.056 -0.787 0.993 5.882 0.561 -0.339 0.990
g :5} 3%-4%  2.563 0.925 -0.721 0.974 7.765 0.550 -0.477 0.950
cZ‘E‘ @ 3%-5%  2.469 1.044 -0.911 0.986 6.582 0.653 -0.627 0.968
< 99%-4%  2.103 1.018 -0.748 0.991 4.807 0.724 -0.422 0.980
15%-4% 2.284 1.150 -0.991 0.984 3.924 0.834 -0.539 0.989
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The mix with NA that reached the highest stiffness was the one with 3% mixing water and 4%
bitumen content. These contents are significantly lower than those needed for BSM-E with
CDWA because the absorption of NA is not, by far, so high.

Proposing as optimal mixes those with 9% mixing water and 6% residual bitumen for mixes with
CDWA and 3% water and 4% bitumen for mixes with NA, the use of CDWA would involve the
need for 50% extra bitumen for the construction of the same road length. However these contents
refer to mix weight, and CDWA mixes are lighter than NA mixes. Therefore, to cover the same
road length, the necessary mass of asphalt mix with CDWA would be lower than with NA.
Making the corresponding calculations, the amount of extra bitumen was reduced to 20.2%.

6.2 Mohr-Coulomb failure envelope

Monotonic triaxial failure tests were conducted with the proposed mixes (not necessary the
optimal contents for every purpose), according to the results obtained with the dynamic triaxial
tests. As explained before, the proposed mix with CDWA was the mix with 9% (mixing) water
and 6% (residual) bitumen content, while the optimal contents for mixes with NA were 3% water
and 4% bitumen.

First, the relationship between o1¢ and o3 was obtained for each mix, cured and uncured (Figure
6). The major principal stress at failure (o1) was almost 20% higher for BSM-E with NA than
with CDWA, immediately after their production. However, after being subjected to the curing
process, the BSM-E with NA and BSM-E with CDWA were practically equal. Therefore, CDWA
mixes are as strong as NA mixes when analyzed in the medium and long term, but they are poorer
from a short-term point of view.

The o3 - 015 relationship also allowed the analytical calculation of parameters A, B and the
representation of the Mohr-Coulomb diagram with four different Mohr circles (one for each
confining stress) and the Coulomb’s envelope. In Figure 7, an example of this calculation is
represented for an uncured mix with CDWA, 9% mixing water and 6% residual bitumen. This
procedure was repeated with all of the mixes. As a result, the cohesion (C) and angle of internal
friction (¢) (Table 8) as well as the Coulomb’s envelopes (Figure 8) were obtained for each
mixture.
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Figure 6. Relationship between the major principal stress at failure (c15) and the confining
stress (o3) for cured and uncured BSM-E with CDWA and NA
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Figure 7. Example of Mohr-Coulomb diagram for uncured mixes with CDWA, 9% mixing
water and 6% residual bitumen contents

Table 8. Shear parameters of the studied mixes

Content Curin C 0
(wat.—bitum.) g (kPa) (%)

Aggregate R’

No 219.25 42.1 0.997
Recycled 9% - 6%
3daysat50°C 388.71 43.5 0.939

No 257.67 43.6 0.973
Natural 3% - 4%
3daysat50°C 370.68 45.1 0.981
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Figure 8. Mohr-Coulomb envelopes obtained for all of the mixtures studied

The cohesion is lower for BSM-E with CDWA than with NA, immediately after their production
(uncured samples). However, after the curing process, their cohesion noticeably increases,
reaching and even overcoming the mixes with NA.

As far as the angle of internal friction is concerned, this angle is bigger for BSM-E with NA, both
before and after curing. Nevertheless, all of the registered values are similar and between 40° and
45°, The soil mechanics theory states that the failure surface can be approximated to a plane
whose angle with o, plane is 6=45°+¢/2, with ¢ the angle of internal friction [36]. As Figure 9
shows, the collapsed samples met this theory very well.

The values obtained are consistent and similar to those published by other authors for similar
materials. For example, the cohesion of BSM-E with CDWA is similar to the value obtained by
Ebels (2008) [11] for mixes with 25% RAP materials and 1% cement addition but lower than the
value obtained by Dal Ben and Jenkins (2014) [43] for mixes with foam bitumen and different
RAP content. The angles of internal friction are higher than those obtained by Ebels (2008) [11]
and similar to the values obtained by Dal Ben and Jenkins (2014) [43] with foam bitumen and 0%

of RAP content.
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Figure 9. Appearance of a sample after failure by monotonic triaxial tests, with the failure
plane at approximately 66°. Example with CDWA uncured mix (p = 42.1°)

6.3 Permanent deformation

Once obtained, the relationship o1+ - a3 in the previous section, showed that the values of ;¢ and
oqs could be calculated directly by fixing the test confining pressure to 50 kPa. These values can
be seen in Table 9. The Stress Ratio (SR = a4 /a45) applied in each test would be based on these
values.

For each mix, the creep curves like those presented as an example in Figure 10 were plotted. At
least five curves were obtained with different SR values. In this case, the critical SR that produces
the appearance of the tertiary flow stage and the collapse of the sample before reaching 80,000
cycles was 40%. For the rest of the mixtures, the results are summarized in Table 10. The critical
SR is higher for uncured BSM-E with CDWA (60%) than with NA (50%) but after curing, both
mixes showed the same critical SR (40%). Thus, with the curing time, the critical SR tends to
decrease. Moreover, in absolute terms, the deviator stress necessary to produce the failure of the
samples is higher for BSM-E with CDWA and higher again for cured mixes (logically).
Therefore, BSM-E with CDWA not only resisted loads closer to their failure stress (higher SR)

but also resisted higher major principal stress in absolute terms.
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Huurman parameters (A, B, C and D) were obtained by using Excel’s Optimization Solver

function, fitting the model to the creep curves until the minimum squared error was reached. All

of the curves can be seen in Table 11. In general terms, the curves tend to increase with the SR.

When the tertiary flow stage is not reached, C and D values are zero, and Huurman’s model is

consists only of the first term, depending only on parameters A and B. Parameters aj, a,, by, bs,

C1, Cy di, d, are summarized in Table 12 because they are useful for further numerical

simulations. The fitting of parameters c;, ¢, d;, d, could be done only when C and D were

different from zero. For each mix, only two or three data points were available, which might

reduce the quality of their fit.

Table 9. Major principal stress and deviator stress at failure for o3 = 50 kPa

Mix o1 (kPa) 645 (kPa) o3 (kPa)
CDWA — Not cured 1240 1190 50
CDWA - Cured 2081 2031 50
NA - Not cured 1473 1423 50
NA - Cured 2086 2036 50
100
T Stress
5 Ratios
E —il— 5%
E:" 10 - —— 50 %
% —8—10%
E 30%
a
—8— 20%
Od,f =
2031 kPa
l T T T T
1 10 100 1000 10000 100000

Load cycles (N)

Figure 10. Example of creep curves obtained with five different stress ratios for the mix with
CDWA, 9% mixing water and 6% residual bitumen, after three days of curing at 50°C
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Table 10. Critical principal stresses that produced the appearance of the tertiary flow stage and
the failure of the samples before 80,000 load cycles

Mix oqf (kPa) o644, (kPa) SR o3 (kPa)
CDWA — Not cured 1190 714 60% 50
CDWA - Cured 2031 812 40% 50
NA - Not cured 1423 712 50% 50
NA - Cured 2036 814 40% 50

Table 11. Huurman’s parameters (A, B, C, D) for the studied BSM-E as a function of SR

Stress Ratio A B C D R?
CDWA mix — not cured
30% 9.925 0.026 0 0 0.962
40% 9.670 0.026 0 0 0.962
50% 14.053 0.045 0 0 0.971
60% 17.123 0.179 0.0071 0.045263 0.982
70% 19.573 0.205 0.000202 4.236339 0.998
CDWA mix — cured for three days at 50°C
20% 8.466 0.039 0 0 0.964
30% 10.122 0.040 0 0 0.947
40% 15.349 0.073 0.008 0.066 0.998
50% 14.599 0.166 0.008275 0.530835 0.996
60% 19.781 0.388 0.009073 1.693143 1.000
NA mix — not cured
20% 8.529 0.025 0 0 0.999
30% 9.318 0.034 0 0 0.994
40% 13.493 0.046 0 0 0.965
50% 16.599 0.292 0.008461 0.381770 0.997
60% 23.978 0.274 0.248373 3.942603 1.000
NA mix — cured for three days at 50°C
20% 9.988 0.033 0 0 0.956
30% 14.490 0.059 0 0 0.983
40% 16.208 0.143 0.007356 0.137838 0.999
50% 18.613 0.287 0.005236 1.698305 1.000
60% 22.420 0.224 0.007291 5.940463 1.000

Table 12. Parameters of the relationship between Huurman’s parameters (A, B, C, D) and SR

a; a, (o] b, C1 Cy d; d,
CDWA-Not cured 0.4261 0.8936 0.000001 2.7873 1-10% 9.7506 9-10* 24.703
CDWA- Cured 0.8552 0.7533 0.00005 2.0674 5-10% 9.4728 2:10% 10.784
NA-Not cured 0.4606 0.9308 0.00001 2.4538 1-10%* 19.303 1-10°° 20.649
CDWA-Cured 1.2902 0.692 0.00007 2.0299 7-10% 57974 1.10% 15.854

21



414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

7. Conclusions

In the present paper, the resilient modulus (M;) as well as the Mohr-Coulomb envelopes and the
permanent deformation were obtained experimentally, and different predicting models were fitted
to the data, which may be a useful tool in future investigations, for example, for numerical
simulations of the behavior of BSM-E with CDWA. So far, some conclusions can already be
reached, as listed below:

1. Dynamic triaxial tests with BSM-E showed a clear dependence of their behavior on both major
(o1) and minor (o3) principal stress, highlighting their non-linear elastic nature. The dependence is
greater on confining stresses than on deviator stress.

2. Hicks’ model is easy to use to compare the non-linear elastic behavior of different mixtures at a
glance. However, the fit is considerably better with Uzan’s and NCHRP models, which are more
accurate to numerically model the performance of BSM-E.

3. The influence of the fresh binder on the resilient modulus of the specimens before curing is
practically zero. Hence, all of the samples performed very similarly, no matter how much the
bitumen content was varied, even though BSM-E with CDWA is more flexible than mixes with
NA not only before but also after curing processes. The major influence of the mineral skeleton is
stronger for the case of NA. Nevertheless, the results are not excessively low because they are
situated between the results obtained by other authors with similar mixtures and without CDWA.
This behavior may be especially suitable for flexible pavements in low/medium traffic roads in
which the subgrades are normally of poor quality because they can adjust themselves to the
deformations without cracking.

4. Before the curing process, BSM-E with CDWA showed lower cohesion and resisted lower
deviator stress at failure than mixes with NA. However, after curing, mixes with both kinds of
aggregate reached practically the same strength.

5. In general, mixes with CDWA provided better creep behavior. They not only resisted loads
closer to their respective failure loads but also resisted loads that were higher in absolute terms

without reaching the tertiary flow creep stage and the consequent failure of the specimens.
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6. Despite showing good mechanical performance, BSM-E with CDWA needed higher water and
bitumen content. Thus, the proposed mixes were those with 9% mixing water and 6% residual
bitumen for mixes with CDWA and 3% water and 4% bitumen for mixes with NA, requiring
20.2% extra bitumen for the construction of the same length of road.
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