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Abstract

To expand the body of knowledge regarding cold in-place recycled mixtures, this study
presents two different laboratory design methods. The main differences between the
methods are the compaction procedures (static and gyratory) and the required strength
tests (unconfined compressive strength and indirect tensile strength).

Specimens were manufactured using both methods, with different contents of bitumen
emulsion and added water. The effects of adding Portland cement and increasing the
compaction energy were also investigated.

The compliance with strength criteria was reviewed, and the optimal bitumen emulsion
and water contents were identified. The requirements of the specification based on
gyratory compaction proved to be excessively high. A reduction of the values is
suggested, and further research is encouraged to allow new benchmarks to be set.

Keywords: cold in-place recycling (CIR); asphalt mixture; reclaimed asphalt
pavement (RAP); bitumen emulsion; mix design method; gyratory compactor
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1. Introduction

Asphalt recycling has increased significantly in recent years and has become one of
the preferred methods for rehabilitating existing pavements. One of the most commonly
used pavement rehabilitation techniques is cold in-place recycling (CIR) with bitumen
emulsion. This technique consists of milling existing degraded pavement layers and
using the resulting material as the main aggregate in a new asphalt mixture. During
CIR milling operations, only layers of existing bituminous materials are recycled,
reaching depths of 6-12 cm [1]. This recycled bituminous material is known as
reclaimed asphalt pavement (RAP) and is usually mixed with bitumen emulsion or
foamed bitumen, which acts as the main binder [2]. It is also common for Portland
cement or other mineral additives to be used to improve the mechanical properties of
this type of mixture [3—6]. Additionally, RAP is frequently used to build base courses
and is employed in most low-to-medium-traffic-volume roadways [7].

CIR mixtures have earned global recognition in the last few years, primarily because of
their significant environmental and economic benefits [8] compared with traditional
methods. CIR mixtures can be manufactured using 100% milled RAP, which results in
the efficient use of resources and construction materials and reduces the amount of
transport operations. This technigue not only reduces the consumption of aggregates
and bitumen, but also reduces the emission of greenhouse gases (i.e. CO,) into the
atmosphere by 40%, as it is not necessary to heat the mixture [8-12]. Consequently,
the fossil-fuel consumption during pavement rehabilitation is minimised, and the
technique has a minimal impact on climate change [11, 12].

Nevertheless, CIR mixtures require a certain curing period until they reach the desired
characteristics. During this period, the mixture loses water, increasing the stiffness and
(by extension) the resistant capacity of the initial layer [14]. This is a disadvantage
when performing this type of cold rehabilitation [15, 16], because it increases the time
required to open the road to traffic. Depending on the CIR properties, as well as the
environmental conditions (i.e. temperature and humidity), among other factors [17], this
curing period can range from 15 to 30 d and can be even longer [1, 18].

Scientific literature worldwide indicates that pavement recycling and rehabilitation has
existed since the early 20" century. However, it was not until the mid-1970s that
modern CIR-specialised equipment and techniques started to be used [19, 20].
Although CIR has been used for many years, technical problems remain, such as the
standardisation of the mix design, laboratory evaluation methods, implementation, and
construction methods. This is why there is not a single, unified regulation for these
types of mixtures [21]. Rather than a single standard, different transportation
administrations have developed different guidelines and recommendations [22-26].
Additionally, many companies in the pavement recycling sector employ their own
manuals [27, 28]

In this context, different specimen compaction methods, curing procedures, testing
methods, and specifications are used, depending on the requirements determined by
the transportation administrations of various countries [24, 29-35, 38] (Table 1). In
recent years, the gyratory compaction method has become increasingly popular, as it
has been shown to achieve the closest simulation of field compaction [39]. As indicated
by Table 1, this is the method used in countries such Norway, Ireland, and Spain,
whereas countries such as the Czech Republic, Germany, and Portugal still employ
static pressure compaction in accordance with their standards and research
recommendations. The Marshall compaction (impact compaction) is one of the oldest
compaction methods and is still widely used. However, it is unsuitable for cold
mixtures, because it often results in breakage of the specimens and does not correctly
represent the field compaction [36, 37].
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The lack of a consensus in the curing procedures (period and temperature) can be
observed in the different protocols detailed in the different specifications (Table 1). We
can initially differentiate the protocols involving air curing (generally under room
conditions for a long period) from the protocols involving accelerated curing at an
elevated temperature. Regarding air curing, Graziani et al. [16] concluded that after 28
d, the water evaporation process is practically complete. In fact, this curing period
appears in specifications of the UK, Czech Republic, Finland, etc. (Table 1).
Accelerated curing is also aimed at representing the long-term equilibrium moisture
content; however, in this case, the temperatures usually range from 40 to 60 °C, and
the period is 16—72 h.

Finally, with regard to the strength and water sensitivity tests used for cold mixtures,
the indirect tensile strength (ITS) test is currently the most widely used test (Table 1).
Compression tests are also frequently applied, albeit to a lesser extent (Table 1). The
dimensions of the specimens produced are usually based on the required tests, but
they are also limited by the maximum sizes of the RAP used.

While most of the manuals and guidelines for CIR set targets for the density (i.e.
related to the Modified Proctor test result), they do not limit the air-void content (as is
the case for HMA mixtures). However, a few specifications and technical references
indicate that the air-void content of laboratory CIR specimens usually ranges from 8%
to 15% [6, 7, 18, 21, 30, 31, 34, 39]. Regarding the field compaction of CIR mixtures,
technical reports indicate that a well-compacted mixture generally has an air-void
content between 12% and 15%, and the density ranges from 2000 to 2100 kg/m?® [40—
43]. These ranges are not fixed; they can change owing to the heterogeneity of the
RAP and its sources.

In Spain in particular, the applicable standard is known as PG-4 [1, 45]. In 2017, the
PG-4 based on Circular Order 40/2017 [1] (i.e. the current PG-4) replaced the PG-4
based on Circular Order 8/2001 [45] (i.e. the former PG-4). This updated specification
introduced new requirements for the design and evaluation of CIR mixtures and
included construction and implementation techniques, as well as laboratory
manufacturing, curing, and testing procedures. The current PG-4 regulation also
included changes to the CIR sample compaction method (i.e. introducing gyratory
instead of static compaction) and tests used to determine the mechanical strength and
water sensitivity (i.e. the ITS instead of the unconfined compressive strength (UCS)).
These substantial changes to the design procedure for CIR mixtures and their impact
on pavement recycling in Spain motivated the present comparative study.
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Standards . : . Requirements
Compaction Specimen Curing
Country and ; . and
method dimensions procedure s
references characteristics
@* 150 mm .
ARRACR101  C°Yratory h* 100 mm ITS
16-48 h at Marshall
USA and CR201 @ 100 mm o .
60 °C Stability
(2016) Marshall h63.5+25 x
TSR
mm
Immersion—
Portuaal CETO-EP Static @101.6 mm 3dat compression
9 (2014) h 101.6 mm 50 °C test
UCS* & RSR*
NRA Interim
Advice Note Marshall
Ireland 01/11 on Low Gyratory @ 150 mm o v
and UK Energy Vibratory h 70-75 mm 28 dat20°C IT-CY
Pavements Duriez
(2011)
TP208 . ITS (7 d)
Czech  (Ministry of Static gisomm (8 284AT irepe 7 gary
Republic Transport, h 125 mm 20 Og and wet curing)
2010) ( ) IT-CY
TG2-BMS-
South Asphalt . 72 h at ITS & ITSR
Africa Academy Vibratory @ 100 mm 40 °C ucs
(2009)
M KRC 2d95% ITS (7 & 28 d)
(FGSV, 2005) Static @ 150 mm moisture at  ITSR (28 d dry
M VB-K h 125 mm 20°C specimens &
Germany (FGSV, 2007) +2.d after 14 d of
. 40%—-70% water
\I</|V|rtger|1 gg)luzp I\G/Iarshall hQBlISO mm moisture at immersions wet
anual ( ) yratory .5 mm 20 °C specimens)
Finland 'Elsnpnrgl]t Proctor @ 150 mm 7 8::52”% . I!ITSSR(lf(t& 2f8 d)t
Specifications (room con(;ti(?rrnrzos
(2007) conditions) 9
@ 101.6 mm
. REAM-SP 1 72 h at ITS & ITSR
Malaysia (2005) Marshall h 63r.T£]3r: 25 40 °C UCS & RSR
Duriez test —
Plﬁ:fg Ié; /8 Gyratory 7 d at air compression &
France Static @ 80—-120 mm 7 d under resistance to
CFTR-SETRA .
2003 (Duriez) water water
(2003) (14 d)
3-12 h at
. room
Norway i Static @ 100 mm temperature ITSdry
Gyratory h 50—60 mm 12 h-14 d at IT Strost-thaw
5°C

*ITS = indirect tensile strength; ITSR = indirect tensile strength ratio; IT-CY = indirect tension to
cylindrical specimens (stiffness); UCS = unconfined compressive strength; RSR = retained
strength ratio; TSR = tensile strength ratio; h = height; @ = diameter.

Table 1 - CIR laboratory desigh methods and parameters in different countries
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2. Motivation

Because of the modification of the aforementioned Spanish specification, CIR materials
that could previously be used according to the former specification [45] are how no
longer suitable according to the current one [1]. The current specification was
established in 2017, and there have been no validated studies or reports on which it is
based, to the authors’ knowledge. Recent practical experience has indicated that the
implementation of road works with CIR mixes with bitumen emulsions satisfying the
current design criteria [1] is not possible.

Thus, after corroborating this fact, different administrations and contractors within the
highway sector in Spain considered that the existing specification should be reviewed.
In this context, extensive studies on CIR mixtures must be performed for establishing
valid new design criteria.

3. Aims and scope

In view of the necessary revision of the current Spanish specification for CIR [1], it was
decided to conduct this study. The primary objective of the study was to determine and
analyse the differences between the two methods employed in Spain for the design of
CIR, which are contained in the current and former PG-4 regulations:

e PG-4 from Circular Order 8/2001 [45].
e PG-4 from Circular Order 40/2017 [1].

To perform this comparative study, CIR specimens were manufactured in accordance
with both specifications, with different contents of residual binder and added water,
which ranged from 1.50% to 5.25% and from 0.00% to 2.75%, respectively. After a
specimen curing process and testing of the strength and water sensitivity, the
compliance of the specimens with the requirements of each specification was checked,
and the optimum residual binder and added-water contents (AWCS) in each case were
determined.

Finally, for the mixtures manufactured according to the current PG-4 [1] (and in view of
the present problems with the design criteria of this specification), the effects of the
variations of different parameters (AWC, added Portland cement content, number of
compaction gyrations) were evaluated.
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4. Materials and methods

4.1. Materials
3.1.1. RAP

RAP milled from the upper portion of pre-existing asphalt road pavements was
employed in this study. A local contractor supplied the RAP.

The Spanish design methods used in this study require the size distribution of the RAP
to be within certain gradation limits for the RAP to be used in CIR mixtures. In this
regard, the black granulometry of the RAP was determined according to EN-933-1 [46].
As shown in Figure 1, the sieve size distribution corresponds to gradation range RE1
according to the former PG-4 standard [45] and to gradation range RE2 according to
the current PG-4 standard [1]. While the two gradation limits are similar with regard to
the smallest sieve sizes, the larger sieve sizes differ slightly. Thus, the gradation limits
of RE2 (current PG-4) are moved upward (made more restrictive with regard to the
coarse fraction) for these particle sizes.

100 ~ :
1
90 4 —e—RAP ,
—e— Cleaned RAP L, l;
80 A /s /1
— — —Gradation range RE2 (current PG-4) // 1
70 n 17
--------- Gradation range RE1 (old PG-4) ,/._.-' s
60 ;

50
40

Passing (%)

30
20
10

0 .I .l_ T I.. T T T T T T T
0,02 0,04 008 0,16 032 0,64 1,28 256 5,12 10,24 20,48 40,96

Size distribution (mm)

Figure 1 — RAP gradation compared with the PG-4 orders.

As shown in Figure 1, the RAP size distribution did not fit exactly into any of the
previously defined gradation limits. Nevertheless, it can be observed that the best fit
occurred in the case of gradation range REL1 for the former PG-4 [45]. A comparison of
the granulometric distribution of the extracted aggregate (i.e. cleaned RAP) with that of
the original RAP is also presented in Figure 1. As expected, the grain-size distribution
of the cleaned RAP for the largest sieve sizes was finer than that of the original RAP.

The bulk specific density of the RAP was 2.56 g/cm® which was obtained in
accordance with EN 1097-6 [47]. The residual binder content (BC) was 7.81% (relative
to the weight of the aggregate) and was obtained in accordance with the Spanish
standard NLT-164/90 [48]. The penetration and softening point values of the recovered
bitumen are presented in Table 2. As shown, the content of recovered bitumen in the
RAP was above average. This binder content was high because the RAP was obtained
via the milling of superficial wearing layers, which typically have higher contents of
bitumen.
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3.1.2. Bitumen emulsion

The bitumen emulsion used was C60B5 REC, which is a cationic slow-setting emulsion
with a bitumen content of 60% for use in CIR mixtures [49]. A Spanish petroleum
company supplied the bitumen emulsion. The penetration and softening point values of
the residual bitumen used to manufacture the bitumen emulsion are presented in Table
2.

Test results

P t EN st

roperty standard Recovered bitumen Residual bitumen
Penetration (10" mm) 1426 20.32 170.00
Softening point (°C) 1427 64.40 36.50

Table 2 — Properties of recovered and residual bitumen

In this study, different contents of residual binder and bitumen emulsion were used
(see Tables 3 and 4). Additionally, the water content was varied to maintain the
determined optimum fluid content (OFC).

3.1.3. Portland cement

Grey Portland cement CEM II/B-M (V-L) 32.5 was used as an additional mineral filler in
one of the studied mixtures. The current PG-4 [1] specification allows Portland cement
to be added to a CIR mixture to improve the adhesion and strength of the mixture. Up
to 1% of the RAP content (by weight) can be added.

The specific gravity of the cement was equal to 3.10 g/cm®. This type of cement was
selected because it is commonly used as an additive in CIR mixtures [3, 49].

4.2. Methods
3.2.1. Aggregate coating tests

EN 7151 [50] was followed to identify the optimal aggregate coating. The mixing
procedure was divided into two phases. First, the RAP and added water were mixed for
60 s. Then, the bituminous emulsion was added, and additional mixing was performed.
Some studies have recommended that the bitumen emulsion mixing time for CIR
mixtures should not exceed 120 s, to avoid breaking the emulsion [51]. However, to
ensure adequate coating of the RAP, this mixing time should not be less than 60 s [51].
In this regard, two different bitumen emulsion mixing times were tested (60 and 90 s),
with each employing different binder and AWCs.

Therefore, the total mixing times used for the coating tests were as follows.

e Mixingtime1=60s+60s=120s
e Mixingtime2=60s+90s=150s

3.2.2. OFC and Modified Proctor test

The OFC was defined as the water content that provided the maximum dry density in
the mixtures. This value was the result of the Modified Proctor tests, which were
conducted in accordance with EN 103-501 [52].

To begin, the RAP was heated to 60 °C for 24 h to dry it completely and homogenise
the water content of the samples in accordance with the PG-4 specifications. After the
sample was returned to room temperature (20 °C), the RAP was divided into six
samples. The dried RAP samples were mixed with different amounts of water (ranging
from 1.50% to 7.50%, and from 3.00% to 10.50% in the cases where 1.00% Portland
cement was added to the RAP). The dry density—water content curves of the different
samples were obtained to estimate the OFC corresponding to the maximum dry
density.
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The AWC was calculated using the following equations.

e Circular Order 8/2001 [45]: % AWC =% OFC — 0.5% — % EC Equation 1
e Circular Order 40/2017 [1]: % AWC =% OFC — 0.5% — % BC Equation 2

In the former PG-4 [45] specification, the AWC was calculated by subtracting the
percentage of the bitumen emulsion content (EC) and an additional 0.5% from the OFC
value obtained from the Modified Proctor test [52]. In the current PG-4 [1] specification,
the BC is subtracted instead of the EC.

The mixing water content in the current PG-4 [1] specification (Equation 2) is higher
than that in the former PG-4. This is because the percentage corresponding to the BC
is lower than that corresponding to the EC.

In other studies, the water content for CIR mixtures was determined using Equation 1.
In these cases, the bitumen emulsion was considered to act as a lubricant during
compaction; consequently, the total fluid content was considered to be the total of the
added water and the bitumen emulsion [51, 53, 54].

3.2.3. Static compaction

Taking into account the former PG-4 [45], cylindrical samples with a diameter of 101.6
mm and a height of 101.6 mm were manufactured with five different BCs (Table 3).

The specimens from the static group (SG) were compacted by applying a static axial
pressure of 21 MPa for 2 min after a preload period of 1 min at 1 MPa, in accordance
with the Spanish standard described in NLT-161 [55] (Figure 2a), which is derived from
the French Duriez test (NF P98-251) [56] and is widely used in Spain.

Portland N° of

Group Name BC EC AWC Cement  specimens
1.50% 2.50% 2.75% 10
1.75% 2.92% o 2.33% 10
SG 2.00% 3.33% E 1.92% 0.00% 10
2.25% 3.75% 1.50% 10
2.50% 4.17% 1.08% 10

Total 50

Table 3 — Design parameters of the SG
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3.2.4. Gyratory compaction

The gyratory compaction method was employed in accordance with EN 12697-31 [57].
The current PG-4 [1] indicates that CIR laboratory specimens should be compacted
using this procedure. A gyratory compactor (Figure 2b) with an internal rotation angle
of 0.82°, a speed of 30 rpm, and a compaction pressure of 600 kPa was used.

Figure 2 — Compaction equipment: a) static compactor; b) gyratory compactor

In this study, five groups of cylindrical specimens (diameter of 100 mm and height of 65
+ 2 mm) were designed. According to the current PG-4 specifications [1], type RE2 CIR
mixtures (Figure 1) with 100-mm-inner diameter moulds should be compacted with 100
gyrations. Thus, the first gyratory group (GG1) was designed by closely following the
current PG-4 specifications [1]. Different contents of bitumen emulsion were analysed
(Table 4).

For the remaining studied gyratory groups (GG2, GG3, GG4, and GGb5), the design
parameters of the current PG-4 standard were modified to evaluate the sensitivity of
the mixtures to these parameters and to see their influence on the strength results
obtained, with the aim of enhancing them. The following modifications were made.

(1) The AWC was modified.
(2) The number of compaction gyrations was increased.
(3) Portland cement was added as a filler.

Concerning the AWC, as previously mentioned, the related technical literature
recommends using the formulation from Equation 1. Thus, in GG2, GG3, GG4, and
GGb5, this formulation was used instead of that specified in the current PG-4 standard
(Equation 2). Consequently, a lower AWC was tested in these groups (Table 4).

To analyse the effects of the number of gyrations on the strength and volumetric
properties, 150 and 200 gyrations were employed for GG3 and GG4, respectively
(Table 4).

As previously mentioned, to improve the adhesion and strength of the mixtures, the
current PG-4 [1] specifications allow for the addition of up to 1.00% Portland cement.
Thus, an additional 1.00% of added Portland cement was included in GG5 as a filler
(Table 4).
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N° of Portland N° of

Group Name . BC EC AWC .
gyrations Cement  specimens

2.50% 4.17% 2.75% 10

Gyratory 3.00% 5.00% ~ 2.25% 10

group 1 100 3.50% 5.83% = 1.75% 0.00% 10

(GG1) 4.00% 6.67% W 1.25% 10

5.25% 8.75% 0.00% 10

Gyratory 1.50% 2.50% 2.75% 10

2.00% 3.33% < 1.92% o 10

group 2 100 2.50% 4.17% g 1.08% 0.00% 10

(GG2) 3.00% 5.00% 0.25% 10

Gyratory 1.50% 2.50% 2.75% 10

2.00% 3.33% = 1.92% . 10

group 3 150 2.50% 4.17% g 1.08% 0.00% 10

(GG3) 3.00% 5.00% 0.25% 10

Gyratory 1.50% 2.50% 2.75% 10

2.00% 3.33% - 1.92% o 10

group 4 200 2.50% 4.17% S 1.08% 0.00% 10

(GG4) 3.00% 5.00% 0.25% 10

Gyratory 1.50% 2.50% 5.00% 10

2.00% 3.33% T 4.17% 0 10

g(rgég)‘r’ 100 2.50% 4.17% S 3.33% 1.00% 10

3.00% 5.00% 2.50% 10

Total 210

Table 4 — Design parameters of the gyratory groups

3.2.5. Strength and water sensitivity tests

In accordance with the former PG-4 [45] and the standard NLT-162 [61], five series of
10 cylindrical specimens each were manufactured (Table 3) and compacted via static
compaction (Figure 2a). Once the compaction of the specimens was complete, they
were cured in an oven at 50 °C for 3 d. In each series, five specimens were conditioned
according to the Spanish immersion—compression standard NLT-162 [61], by
submerging the specimens in water at 60 + 1 °C (wet group), while five specimens
were placed in a chamber at 25 + 1 °C (dry group). In both cases, the specimens were
conditioned over a period of 1 d. Before being tested (Figure 3a), all the specimens
were submerged in water at 25 + 1 °C over a period of 120 min.

The retained strength ratio (RSR) was calculated as follows:

RSR (%) = —=3wet . 10, Equation 3
UCSgry
where UCS,: and UCSgy,, represent the average unconfined compressive strengths
(UCSs) of the samples in the wet and dry groups, respectively. The minimum
requirements of the former PG-4 for the UCS (obtained according to NLT-161 [55], as
shown in Figure 3a) and RSR are presented in Table 5.

Heavy traffic categories* | UCSyry (MPa) UCSyet (MPa) RSR (%)
T1 (base) and T2 3.00 2.50 75
T3, T4, and shoulders 2.50 2.00 70

*Traffic category T1 refers to 2000 > annual average daily heavy traffic (AADHT) = 800; traffic category T2
refers to 800 > AADHT = 200; traffic category T3 refers to 200 > AADHT = 50; traffic category T4 refers to
AADHT < 50.

Table 5 — Minimum requirements for the immersion-compression test based on the former PG-4

10
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Additionally, in accordance with the current PG-4 [1], 21 gyratory series of 10
cylindrical specimens each were manufactured (Table 4) and compacted via gyratory
compaction (Figure 2b). The compaction process followed the standard EN 12697-31
[57]. Again, the specimens were cured in an oven at 50 °C for 3 d and then properly
conditioned before being tested. To this end, five of the specimens in each series
comprised the “wet group” and were conditioned via application of a vacuum for 30 £ 5
min and immersion in water at 40 + 1 °C for 70 h, in accordance with EN 12697-12
[63]. The other five specimens comprised the “dry group” and were kept at room
temperature (20 £ 5 °C). Finally, before being tested (Figure 3b), all the specimens
were kept in a climatic chamber at 15 °C for 150 min.

The ITS ratio (ITSR) was calculated as follows:

ITSwet

ITSR (%) = - 100, Equation 4

ITS gy
where ITS,e represents the average ITS of the samples in the wet group, and ITSgy
represents the average ITS of the samples in the dry group. The current PG-4 standard
[1] specifies minimum values for the ITS, which is determined according to EN 12697-
23 [62] (Figure 3b), and ITSR, as shown in Table 6.

Heavy traffic categories* | ITS4ry (MPa) ITSwet (MPa) ITSR (%)
T1 (base) and T2 1.70 1.30 75
T3, T4, and shoulders 1.20 0.90 70

*Traffic category T1 refers to 2000 > AADHT = 800; traffic category T2 refers to 800 > AADHT = 200; traffic
category T3 refers to 200 > AADHT = 50; traffic category T4 refers to AADHT < 50.

Table 6 — Minimum requirements for the ITS test based on the current PG-4

Figure 3 — Strength testing equipment: a) UCS; b) ITS

11
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3.2.6.Volumetric properties

Immediately after compaction and prior to testing, the specimens of all the groups were
unmoulded, weighed, and cured in an oven at 50 °C for 3 d [1]. Immediately after the
curing, the bulk specific density was calculated using the saturated surface dry (SSD)
method described in EN 12697-6 [58], and the air-void content was determined in
accordance with EN 12697-8 [59] for comparing the degrees of compaction of the
manufactured specimens. The following equation was used to calculate the air-void
content:

V(%) = p"‘l);pb 100, Equation 5

where V, represents the air-void content (%); pm represents the maximum specific
density (kg/m?), which is determined according to the standard EN-12697-5 [60]; and py
represents the bulk specific density (kg/m®). As previously mentioned, the air-void
content is not typically addressed in the regulations.

The evolution of the density over time is not considered. The density is calculated only
after the curing period; thus, it is assumed that the water in the mixture evaporates
completely.

12
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5. Results and discussion
5.1. Aggregate coating tests

Two mixing times were used for the tests. First, the RAP and added water were mixed
for 60 s. Then, the bituminous emulsion was added and mixed for an additional mixing
time. For mixing time 1, the bitumen emulsion was mixed for an additional 60 s
(Figures 4 and 6). For mixing time 2, the bitumen emulsion was mixed for an additional
90 s (Figures 5 and 7).

Four different contents of residual binder (1.50%, 2.00%, 2.50%, and 3.00%) were
tested, and their corresponding AWCs were calculated using Equation 1 (2.75%,
1.92%, 1.08%, and 0.25%, respectively). Figures 4—7 show the samples after mixing
times 1 and 2. From left to right, the photographs are ordered from the lowest BC to the
highest BC (from 1.50% to 3.00%). Figures 4 and 5 show the samples immediately
after the mixing, and Figures 6 and 7 show the samples after curing for 3 d at 50 °C.

The desired bitumen-aggregate coating was visually determined. In the case of mixing
time 1, there were RAP pieces that were not properly coated, and the most uniform
coating was achieved when mixing time 2 was employed. Thus, mixing time 2 was
selected for the manufacturing of all the tested CIR mixtures.

\V

Figure 5 — Visual analysis of-_é,z;ntlbies immediately after blending using mixing time 2
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Figure 7 — Visual analysis of samples immediately after cuing at 50 °C for 3 d using mixing time

5.2. OFC and Modified Proctor test

The results of the Modified Proctor test are presented in Figure 8. When this test was
performed with 100% of the RAP, a maximum dry density of 1.94 g/cm® was achieved
at an OFC of 5.75%. When 1.00% Portland cement was added to the RAP, a dry
density of 2.00 g/cm® was achieved at an OFC of 8.00%. Hence, these OFC
percentages were used to calculate the AWC, in accordance with Equations 1 and 2,
for each of the CIR groups. The obtained AWC values, along with the corresponding
contents of BC, EC, and Portland cement, are presented in Tables 3 and 4.

2,05 -

—e— 100% RAP
2,00 1| = & =100% RAP + 1% Portland cement - A

1,95

1,90

Dry density (g/cm3)

1,85

1,80 T T T T T 1
0,00 2,00 4,00 6,00 8,00 10,00 12,00

Optimum fluid content - OFC (%)

Figure 8 — Modified Proctor Test results for 100% RAP and 100% RAP + 1% Portland cement

5.3. Strength and water sensitivity test
5.3.1. UCS test

As previously mentioned, the former PG-4 standard [45] specifies minimum values of
the UCS and RSR for both dry and wet samples of CIR mixtures (Table 5). These
minimum values are indicated by horizontal lines in Figure 9.

As previously mentioned, 50 CIR specimens were manufactured according to the
former PG-4 specifications [45]. The contents of the bitumen emulsion and added
water for the different series are presented in Table 3. The average results for UCSy,y
and UCS, (as well as their standard deviations), along with the RSR, obtained for the
five SGs are presented in Figure 9. The degree of dispersion of the results was low,
confirming their validity.
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Figure 9 — UCSwet, UCSdry, and RSR results for the SGs

As shown in Figure 9, the RSR was higher than the lower limits specified by the former
PG-4 specifications [45] for all the traffic categories and all the tested series. However,
the UCS, and UCSy,y results satisfied the requirements only for the lower-traffic
categories T3 and T4. Compliance was achieved for BCs of 1.50%, 2.00%, and 2.25%.
For this reason (and in view of the highest results for the RSR), the optimum BC
selected according to this method was 2.00%, which corresponded to an AWC of
1.92%.

The minimum required UCS values of the former PG-4 standard (Table 5) are slightly
lower than those specified in the French technical guidelines for the design of CIR for
the Duriez compression test. In this case, for mixtures with >90% RAP, the minimum
dry compressive strength required after 14 d is 4 MPa, with a RSR of at least 70%.

5.3.2. ITS test

As previously mentioned, 210 CIR specimens with different contents of residual binder,
added water, and Portland cement (Table 4) were manufactured and compacted using
a gyratory compactor (Figure 2b).

Gyratory group 1 (GG1)

As previously mentioned, the current PG-4 standard specifies minimum values of the
ITS and ITSR for both dry and wet samples of CIR mixtures (Table 6). These minimum
values are indicated by horizontal lines in Figure 10.

Gyratory group 1 (GG1) was manufactured according to the current PG-4 specification
(Table 4). As the RAP utilised was classified as RE2, 100 gyrations of the compactor
were executed (Table 4). The average results for ITSy, and ITSye (as well as their
standard deviations) and the ITSR obtained for GG1 are shown in Figure 10. The
standard deviation of the results was small; thus, the results had a low degree of
dispersion.
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Figure 10 — ITSqry, ITSwet, and ITSR results for GG1

As shown in Figure 10, the ITSR results were satisfactory in all cases and complied
with the lower limits of the current PG-4 specifications [1] for all traffic categories.
Nevertheless, the required ITS values were not achieved with either the dry or wet
specimen groups for any of the traffic categories. Even when the BC was increased to
5.25%, these values were not reached. This small improvement in the ITS results
despite the large increase in the BC may have been due to the softness of the residual
bitumen in the emulsion (penetration rate of 170 dmm). The use of an emulsion with a
harder residual bitumen should be investigated in future studies to examine its effect on
the strength.

In contrast to the results obtained using the method recommended by the former PG-4
standard [45], the results obtained using the design method from the current PG-4
standard [1] failed to satisfy the required strength values. The mixtures were expected
to satisfy the requirements of traffic categories T3 and T4 in the current specification,
similar to the case of the former PG-4 standard. Thus, to comply at least with the lower
limit of traffic categories T3 and T4 of the ITSy,, for all the specimen series in GG1, this
lower limit should be reduced by 36.67%-47.50% (Table 7), while the ITS. lower limit
(traffic categories T3/T4) should be reduced by 27.78%-46.67% (Table 7). The
necessary reductions in the ITS requirements are presented in Table 7 for each
specimen series in GG1.
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ITSqry (MPa) ITSwet (MPa)

BC (%) Testresult Lowerlimit Reduced by  Testresult Lowerlimit Reduced by

2.50 0.63 1.20 47.50% 0.48 0.90 46.67%
3.00 0.71 1.20 40.83% 0.59 0.90 34.44%
3.50 0.72 1.20 40.00% 0.61 0.90 32.22%
4.00 0.73 1.20 39.17% 0.57 0.90 36.67%
5.25 0.76 1.20 36.67% 0.65 0.90 27.78%

Table 7 — Required reductions in the lower limits of the ITS from PG-4 according to the GG1 results

As indicated by Table 7, for this particular case, a reduction of approximately 40% in
the required ITS values would cause almost all the specimens series in GG1 (except
those with a BC of 2.50%) to satisfy the required lower limits for at least the lower-
traffic categories T3 and T4.

The required ITS values in the current PG-4 standard (Table 6) are significantly higher
than those in other technical guidelines and manuals. Thus, ARRA CR201 (Annapolis,
2016) [44] and a recent NCAT study (Auburn University) published in AASHTO PP 94
(2018) [65] indicate that CIR specimens compacted using either a gyratory compactor
with 30 gyrations or a Marshall hammer with 75 blows per side should satisfy the
minimum ITSgyy requirement of 0.31 MPa (45 psi) and the minimum ITSR requirement
of 60%—70%.

Design manuals for CIR mixtures such as Wirtgen's (Germany, 2012) [27] and Shatec
Engineering's (California, 2013) [28] are also based on the gyratory compactor and
specify ITSqy and ITS,e requirements. The Wirtgen Manual indicates that the gyratory
compaction employed should achieve the same density as 100% Marshall Compaction,
and the Shatec Manual specifies that 25 gyrations should be used. Thus, the required
ITSqy values are 0.225 and 0.25 MPa, respectively, and the required ITS, values are
0.10 and 0.23 MPa, respectively.

Concerning the origin of these ITS requirements in the current PG-4 standard, the
background studies that led to the development and establishment of these limits are
unknown. In view of the foregoing discussion and the results obtained, it can be
concluded that a reduction in the lower limits of ITSqyy and ITS,.; of the current Spanish
specification is justified and necessary. However, the proposed limit adjustment
(reduction of 40% of ITSyy, and ITS,e requirements) is based on results for mixtures
manufactured using particular types of RAP and bitumen emulsion. To correctly make
decisions and suggest more reliable strength requirements, a more comprehensive
study should be conducted.

With the suggested reduction of at least 40%, both lower limits of the ITS would be
closer to those specified in other countries but would still be more than double or triple
the values recommended by other road agencies and guidelines. They are likely to
remain too high and require further reduction. With regard to the ITRS requirements, in
view of the compliance of the different studied groups, it is considered appropriate to
maintain the current values.

In conclusion, it is considered that this study is among the group of studies contributing
to the consistent correction of the current Spanish specification for the CIR.

Gyratory groups 2, 3. 4, and 5 (GG2, GG3, GG4, and GG5)

For the remaining gyratory groups, three modifications were considered to evaluate the
sensitivity of the ITS results and increase them: a reduction in the AWC, an increase in
the number of gyrations of the compactor, and the addition of Portland cement as a
filler.
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Equation 1 was used to determine the AWCs of GG2, GG3, GG4, and GG5 (Table 4).
These groups were tested and compared with the results of GG1. We also attempted
to improve the compaction by increasing the number of gyrations from 100 to 150 and
200, for GG3 and GG4, respectively. Finally, 1.00% Portland cement was added as a
filler (relative to the weight of the RAP) to GG5 (using the same number of gyrations
and added-water formulation as GG2). Therefore, GG2, GG3, GG4, and GG5 did not
fully comply with the manufacturing specifications of the current PG-4 standard.

The average results for ITSy, and ITSye (as well as their standard deviations), along
with the ITSRs obtained for GG2, GG3, GG4, and GG5, are presented in the bar
graphs of Figure 11. Additionally, the lower limits of ITSgy, ITSwe, and ITSR for traffic
categories T1/T2 and T3/T4 are indicated by horizontal lines in Figure 11.
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Figure 11 — ITS and ITSR results for GG2, GG3, GG4, and GG5: a) ITSqry; b) ITSwet; €) ITSR

As shown in Figures 11a and 11b, the minimum required ITSqy and ITS,. values were
not achieved for any of the tested specimens (even for 2.00% BC and 1.92% AWC,
which were identified as the optimum contents by the former PG-4 standard). As for the
other groups, the dispersion of the results was small; thus, an adequate level of
repeatability is assumed.

These figures also indicate that with the increasing BC, the ITS increased. However,
this enhancement was insufficient to satisfy the requirements. An increase in the
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number of gyrations from 100 to 150 and then to 200 (corresponding to GG2, GG3,
and GG4, respectively) led to an increase in the ITS, as expected. This increase
ranged from 15.89% to 77.22%, depending on the BC.

Even the addition of Portland cement (GG5) did not result in a satisfactory outcome.
Compared with GG2, GG5 exhibited reductions of 1.48%-50.86% in the ITSy, and
ITSwet for the lowest BCs (1.50% and 2.00%). However, for the highest BCs (2.50%
and 3.00%), the ITSyy and ITS,e values increased by 44.81%-72.77%. These
increments were insufficient to achieve compliance with the current Spanish
specifications (Figures 11a and 11b).

Regarding the ITSR (Figure 11c), it was determined that higher levels of compaction
(i.e. larger number of gyrations) and higher BCs were associated with higher ITSR
values. Thus, the only specimen series from GG2 and GG3 that satisfied the lower
limits of the ITSR for traffic categories T3 and T4 were those with the highest BC (i.e.
3.00%). In the case of GG4, the specimens with BCs of 2.50% and 3.00% satisfied the
required lower limit for traffic categories T3 and T4. Furthermore, GG5, which included
1.00% Portland cement and had the highest ITSR value among all the groups, satisfied
the lower limits for all traffic categories, except when the BC was maximised. A likely
reason for this reduction in the ITSR of the GG5 was the deficit of water, as the AWC
was the lowest for the series with the highest BC.

The hydration process of Portland cement involves many different reactions that
require several days to be completed (at least 7 d to develop most of the early
strength). Therefore, the lack of added water in mix series with higher BCs, combined
with the accelerated curing process, did not allow the cement in the GG5 specimens to
properly hydrate. Because of the poor hydration of the cement, its strength did not
develop properly; thus, the GG5 specimens did not behave as expected. The
behaviour of these mixtures was not improved as intended and was sometimes even
worsened. Thus, if cement is added to the studied mixtures, the use of an accelerated
curing process at such a high temperature (50 °C) is not recommended (if the curing is
performed, it should follow a longer waiting period and at a lower temperature).

As shown in Figure 11, a BC of 3.00% led to the highest ITSgy, ITSye;, and ITSR values
for all the gyratory groups that did not include cement.

The compaction energy significantly affected the TSy, and ITS,e results. Although the
increase in the number of compaction gyrations was insufficient to satisfy the
requirements of the current PG-4, it led to a significant increase in the strength. The
average ITSyy increased by 22.50% and 32.50% when the number of compaction
gyrations increased from 100 to 150 and 200, respectively. Relative to the average
ITSwet results, the increases were 17.20% and 35.50%, respectively.

Comparison of groups compacted with 100 gyrations (GG1, GG2, and GG5)

A comparison of the average ITS values obtained for GG1, GG2, and GG5 (Figure 12)
led to interesting results, as these three groups were each compacted with 100
gyrations.

The GGL1 specimens had the highest AWC, as they were designed according to the
current PG-4 specifications (Equation 2). For GG2 and GG5, the added-water
formulation from the former PG-4 standard (Equation 1) was used; therefore, these
groups had lower AWCs than GG1. The GG5 specimens differed from the GG2
specimens in that they contained 1.00% Portland cement.
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Figure 12 — ITS results for the gyratory groups compacted with 100 gyrations: a) ITSary; b) ITSwet

As shown in Figure 12, for BCs of 2.50% and 3.00% (the common values of the
residual binder content for the three compared groups), the ITS values were the
highest for GG1, as these specimens had the highest AWCs. Thus, by reducing the
AWC, the ITSqy values were reduced by 13.86%-18.13%, and the ITS,. values were
reduced by 21.34%-25.99%. It is concluded that a high AWC is beneficial and makes
essential contributions in the initial stages of mixing and compaction, improving the
ITS.

As shown in Figures 11a and 11b, a comparison of GG2 and GG5 revealed that the
addition of 1.00% of Portland cement to the GG5 specimens as a filler reduced the ITS
values obtained for the lowest BCs and increased the ITS values obtained for the
highest BCs. As mentioned previously, this reduction in the ITS results for GG5 may
have been due to the lack of added water for these specimens. Additionally, the
accelerated curing process of the specimens prevented the proper hydration of the
cement; thus, its resistance was not fully developed.

Similar to the case of Figure 10, the lines in Figure 12 indicate that the ITS did not
increase significantly as the BC increased, resulting in a flat shape. As previously
mentioned, one of the reasons for this behaviour is that the residual binder in the
bitumen emulsion was too soft.
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5.4. Volumetric properties

Table 11 presents the air-void contents and average bulk densities obtained for each
group, as well as the standard deviations (S;) of the densities. It also shows the
residual binder, added water, and Portland cement contents employed for each group.

Group Portland Bulk S Bulk

BC AWC Air Voids Density Density
Name Cement (kg/m3) (kg/m3)
1.50% 2.75% 8.14% 2232.28 5.42
_ 1.75% L 2.33% 8.00% 2235.71 3.81
Static group 0 : % 0.00% 7.42% 224253
(SC) 2.00% S 1.92% .00% 42% . 4.73
2.25% 1.50% 7.45% 2241.82 10.27
2.50% 1.08% 6.44% 2240.16 3.35
2.50% 2.75% 14.33% 2041.10 16.95
Gyratory 3.00% o~ 2:25% 13.80% 2053.52 15.75
group 1 3.50% S 175% 0.00% 13.32% 2065.16 15.87
(GGY1) 4.00% 1.25% 12.93% 2074.40 5.69
5.25% 0.00% 12.35% 2088.17 11.65
1.50% 2.75% 15.51% 2057.72 11.61
Gyratory 2.00% 4 1.92% 15.01% 2055.98 14.45
group 2 0 o 0 0.00% 0 '
(GG2) 2.50% 0 1.08% 14.58% 2056.99 29.88
3.00% 0.25% 12.75% 2078.55 6.29
1.50% 2.75% 15.81% 2061.74 4.98
Gyratory 2.00% < 1.02% 14.96% 2057.39 9.40
group 3 0 o 0 0.00% 0
(GG3) 2.50% O 1.08% 14.54% 2067.47 11.70
3.00% 0.25% 12.59% 2080.37 28.30
1.50% 2.75% 14.53% 2081.58 24.91
Gyratory 2.00% — 1.92% 14.42% 2070.42 14.54
group 4 0 & . 0.00% .
(GGa) 2.50% O 1.08% 13.21% 2078.22 14.46
3.00% 0.25% 12.54% 2083.73 20.18
1.50% 5.00% 15.43% 2053.98 30.27
Gyratory 2.00% 4 4.17% 16.65% 2021.53 9.36
group 5 0 = o 1.00% .
(GGS) 2.50% O 3.33% 13.97% 2056.53 13.73
3.00% 2.50% 13.68% 2058.76 9.04

Table 11 — Bulk densities and air-void contents of the studied series

Regarding the volumetric properties, the static compaction was stronger than the
gyratory compaction and significantly increased the bulk density and reduced the air-
void content for the SG specimens. By analysing the values in Table 11, series with the
same BCs and AWCs were compared. For the series with a BC of 2.50% and an AWC
of 1.08% in GG2 and SG, the average bulk density was 2056.99 and 2240.16 kg/m?,
respectively. Thus, it increased by 8.90%, which is substantial.

Similarly, increasing the number of gyrations (GG2, GG3, and GG4) increased the bulk
density. However, this increase was practically insignificant. For the series with a BC of
2.50% and an AWC of 1.08% in GG2 and GG4, the bulk density was 2056.99 and
2078.22 kg/m?, respectively. In this case, increasing the number of gyrations from 100
to 200 was inefficient; it increased the average bulk density by only 0.78% while
doubling the compaction energy used.

As previously mentioned, typical values of the density of CIR mixtures after good
compaction in the field are approximately 2000-2100 kg/m®. In this regard, compared
with static compaction, gyratory compaction with 100 gyrations provided laboratory
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estimations closer to the compaction that is achieved in the field. All the bulk-density
results obtained for the gyratory groups were within the aforementioned range,
whereas the bulk-density results for the SG exceeded 2230 kg/m® in all cases.
Therefore, the static compaction described in the former PG-4 standard is considered
to be excessive for the representation of field compaction, and use of the gyratory-
compaction specified in the current PG-4 standard is recommended.

The SSD method employed is not the most suitable technique for CIR mixtures owing
to the high void content. Because of this (along with the high heterogeneity of the
RAP), the bulk-density results may not be as reliable as desired. In future volumetric
studies, methods that are more suitable for porous mixtures should be used, such as
the sealed specimen method, which is described in EN 12697-6 [58]. It is noteworthy
that the Sr of bulk density measurements were lower for static compacted specimens
than for those compacted with gyratory (since static is a more powerful compaction)

6. Conclusions and recommendations

CIR mixtures were manufactured using two design methods. The differences between
the methods included the type of compaction (static vs. gyratory), AWC formulation,
and mechanical strength and water sensitivity tests required (UCS vs. ITS).
Additionally, the effects of the addition of Portland cement and the compaction energy
were examined. The resulting strengths were evaluated and compared with the
requirements from different specifications.

As a result, the following conclusions and recommendations were drawn:

1) Regarding the former PG-4 specification, the specimens with BCs of 1.50%,
2.00%, and 2.25% satisfied the UCS and RSR requirements for lower-traffic
categories T3 and T4. According to this design method, the optimum BC is
2.00%, corresponding to an AWC of 1.92%.

2) With regard to the current PG-4 specification (GG1), the manufactured
specimens did not satisfy the minimum ITS. Even so, the highest ITS values
were achieved for the highest BCs studied (3.00% BC). The ITSR results
satisfied the requirements.

3) To comply with the strength requirements of the current PG-4 standard, for the
CIR mixtures designed in accordance with these specifications (i.e. GG1), it
was found that the lower limits of the ITS should be reduced by at least 40%.
This reduction is supported by the requirements of other specifications and
manuals, as well as by the lack of background studies on the current
requirements. However, for establishing a more appropriate correction of the
ITSay and ITSye requirements from the Spanish specifications, deeper
investigation is needed. Regarding the limits of the ITSR, it is recommended to
maintain the minimum values specified in the current PG-4 standard.

4) Reducing the AWC reduced the ITS. A higher AWC was found to be beneficial
and mainly affected the mixing and compaction stages. Thus, use of the
formulation in the current PG-4 specification (Equation 2) is recommended.
Additionally, in future studies, mixtures with higher AWCs should be tested in
light of the results presented herein and the water contents employed in other
CIR design methods; thus, the optimal AWC should be identified.

5) Static compaction significantly increased the bulk density compared with
gyratory compaction. However, the static compaction conducted in this study
(pressure of 21 MPa for 2 min) was considered excessive, as it produced
specimens with densities significantly higher than those attained in the field.
Gyratory compaction is more suitable, as it better represents the field
compaction. Therefore, it is recommended that gyratory compaction be retained
in the current specification. The static compaction method can be suitable for
reducing the pressure or compaction time to weaken the compaction.
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6)

7)

8)

An increase in the number of gyrations from 100 to 200 led to a significant
increase in the average ITS (from 15.89% to 77.22%, depending on the mix
series), but the requirements were not satisfied. Although the compaction
energy was doubled, the increase in the density was <1%. Thus, increasing the
number of gyrations is considered to be inefficient, and the use of 100 gyrations
is recommended (in accordance with the current PG-4 standard), as long as the
current ITS requirements have been reviewed.

Adding 1.00% of Portland cement (by weight of RAP) to the mixtures as a filler
reduced the ITS for the lowest BCs studied (1.50% and 2.00%). However, the
ITS values increased for the highest BCs (2.50% and 3.00%). Considering the
cost associated with adding Portland cement and the fact that the minimum ITS
values were not reached, the addition of Portland cement is recommended only
for high BCs and when strictly necessary.

Regarding the manufacturing of CIR with the addition of Portland cement, the
lack of added water in the series with higher BC and the accelerated curing of
the specimens interfered with the hydration of the cement; thus, the strength of
the cement was not fully developed. It is therefore proposed that the specimens
of this type of mixture should be cured under more convenient temperature and
humidity conditions.
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