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Abstract

The raising cost of virgin pavement materials and the growing need for sustainable road maintenance practices have driven the
adoption of reclaimed asphalt pavement (RAP) in road construction. However, in Ethiopia, the utilization of RAP remains limited
due to the absence of localized performance data and mechanistic design guidelines. This study was aimed to evaluate the
engineering performance and long-term structural behavior of hot-mix asphalt (HMA) integrated with varying RAP percentage
increments (0%, 20%, 25%, and 30%) without chemical additives/rejuvenators. RAP materials were sampled from the milling
operations of the heavily trafficked Adama-Awash heavy maintenance road project. Marshall mix design and advanced
Superpave performance tests such as indirect tensile strength (ITS), Resilient modulus (Mgr), and Hamburg wheel-tracking
(HWT) were conducted. Additionally, the KENPAVE mechanistic-empirical software was used to predict the fatigue and rutting
life of the pavement structures under the actual design traffic of 205 million ESALs found by forecasting up to 2040 during the
research study. Laboratory results indicated that increasing the RAP percentage up to 25% enhanced mixture stiffness, with peak
Mg value of 5.45 GPa and rut depth lowered to 3.9 mm. However, at 30% RAP content, the mixture experienced a sever drop in
tensile strength and modulus due to the aged binder excessive stiffness and brittleness. KENPAVE analysis confirmed that while
all mixtures exceeded the actual design traffic volume of 205 million ESAL requirement for structural rutting, all RAP
percentages did not achieve the required fatigue life, suggesting bottom-up fatigue cracking as the governing failure mode.
Ultimately, 25% RAP was identified as the optimum RAP content, providing the best balance between structural performance,
rutting resistance, and an approximate 18% reduction in virgin material costs. The study recommends adopting polymer-modified
binders and/or lane distribution factors to meet the project’s full fatigue life.
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1. Introduction

The rapid growth of transportation infrastructure is crucial
for economic development in developing countries like Ethi-
opia. However, the continuous deterioration of asphalt pave-
ments due to heavy traffic loading, aging, and climatic varia-
tions necessitate frequent and costly maintenance activities. In
former trends, deteriorated bituminous surfaces were milled
and removed, leading to the depletion of natural resources and
environmental degradation. To address this issue, the incorpo-
ration of reclaimed asphalt (RAP) into new hot-mix asphalt
(HMA) has emerged as a globally accepted, sustainable engi-
neering practice. Extensive international research has demon-
strated that RAP not only conserve virgin aggregates and
binder but also enhances certain mechanical properties of as-
phalt mixtures, provided it is properly processed and blended
[3, 4].

Despite these international advancements, the applicability
of RAP in Ethiopia’s road construction industry remains im-
practical. Ample quantities of milled asphalt material gener-
ated during heavy maintenance projects such as Adama-
Awash trunk road, are usually underutilized or disposed of
along the roadside. This underutilization is primarily driven
by the luck of standard locally developed mix design, luck of
performance-based laboratory evidence tailored to Ethiopian
materials, and uncertainties regarding the long-term behavior
of RAP-modified mixtures under heavy traffic [5].

The aged binder inherent in RAP creates a complex variable
into the mix design. While the stiffening effect of aged binder
generally improves high temperature rutting resistance, exces-
sive RAP content can make the mixture more brittle, signifi-
cantly increasing its susceptibility to fatigue and thermal
cracking [6, 7]. Historically, international practices limited
RAP usage ranges from 15% to 25% for wearing courses with-
out requiring binder grade adjustments [8]. However, recent
advancements in balanced mix design have encouraged the
use of higher RAP contents. Studies have shown that integrat-
ing up to 25% RAP generally improves marshall stability and
volumetric properties without compromising durability [9].
Over 30%, the mixture becomes excessively stiff, leading to
inadequate workability and high risk of thermal and fatigue
cracking unless chemical rejuvenators are added [10].

The primary issue with high RAP contents is the reduction
of cracking resistance. The brittleness caused by aged binder
reduces the mixture’s ability to withstand stress, making it
highly susceptible to intermediate temperature fatigue crack-
ing [11]. To mitigate this challenge, “H. A. Hatailah and E.
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Kassem clearly demonstrated the importance of implementing
a balanced mix design approach to optimize the design of as-
phalt mixtures prepared with RAP and recycling agents [1]”.

To determine optimum RAP content, it requires a balanced
mix design approach that evaluates both volumetric properties
and advanced performance metrics. Conventional Marshall
mix design methods are not enough to reflect the exact mech-
anistic behavior of RAP-modified mixtures under the recent,
heavy traffic loads. Therefore, advanced performance tests,
such as the ITS, MR, and HWT are critical for characterizing
fatigue and rutting resistance. In addition, mechanistic-empir-
ical (M-E) tools such as KENPAVE provide a better frame-
work for predicting long-term pavement performance by cal-
culating critical structural responses based on laboratory per-
formed moduli [12, 13].

This research aims to bridge the existing knowledge gap by
providing a comprehensive performance evaluation of HMA
integrating 0%, 20% 25%, and 30% RAP for Adama-Awash
heavy maintenance road project in Ethiopia. The findings of
this study expected to provide critical empirical data and de-
sign recommendations to promote the sustainable and struc-
turally reliable practice of RAP in Ethiopia and the same de-
veloping regions.

2. Materials and Methods

2.1. Materials and Sampling

The RAP material used in this study was sourced from the
Adama-Awash heavy maintenance road project, a critical
trunk route in Ethiopia accommodating heavy freight traffic.
To ensure a representative sample, RAP was collected from
the distinct stockpiles distributed along a 60 km stretch of the
project. A composite sampling technique, in accordance with
AASHTO T-2, was conducted. The collected RAP was subse-
quently processed to a maximum aggregate size of 19 mm to
ensure homogenous blending with virgin components.

Quantitative binder extraction compliant with AASHTO T-
164 indicated that the RAP obtained 3.8% aged binder. Sieve
analysis based on AASHTO T-30 provided a finer gradation,
requiring a careful proportioning with coarser virgin aggre-
gates. The virgin aggregates consisted of crushed basalt, and
a 60/70 penetration grade bitumen was utilized as the virgin
binder.
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Marshall Superpave

Prepared specimen extracted from mold | specimen ready for wheel-tracking test

Figure 1. Specimen preparation.
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Milling opertio

Figure 2. Material sampling (virgin and recycled).
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2.2. Mix Design and Specimen Preparation

A marshall mix design was conducted to determine the op-
timum binder content (OBC) for four distinct HMA blends of
0% RAP as a control/baseline mix and three RAP-modified
mixes (20%, 25% and 30% RAP). To prevent further oxidative
aging of the RAP binder, the RAP was separately heated at
130°C for about two hours, while virgin aggregates were
heated to 160°C. the mixture were compacted using a mechan-
ical Marshall hammer by applying 75 blows per each face,
simulating the field heavy traffic conditions. The virgin binder
content was adjusted for each RAP increment to maintain a
constant total binder content in the modified mixture. The vol-
umetric properties were evaluated based on the Ethiopian
Roads Authority (ERA) flexible pavement design standard
specification [14].

2.3. Performance Testing

Advanced performance testing was conducted at the site labor-

atory to improve empirical volumetric analysis. Cylindrical spec-
imens were prepared using the Superpave gyratory compactor. In
accordance with ASTM D7369, indirect tensile strength (ITS)
and resilient modulus (Mg) tests were conducted. All the prepared
specimens were conditioned at 25°C. The resilient modulus test
subjected to a repeated haversine load pulse of peak load set 15%
of the ITS value. The Hamburg Wheel-Tracking (HWT) test was
performed based on EN 12697-22 to evaluate permanent defor-
mation (rutting) in comparison to ERA maximum allowable rut
depth. A square (30 cmx30 cm) specimen was prepared and sub-
merged in water bath at 60°C, and subjected to 10,000 passes of
700N steel wheel.

2.4. Mechanistic-Empirical Modeling

Using KENPAVE software, the long-term performance of
different percentage RAP-modified mixtures was predicted.
The study area pavement structure was modeled as 7-layer lin-
ear elastic system to accurately simulate the actual overlay de-
sign conditions.

Table 1. Pavement Layer Description.

Cycle Thickness (mm) CBR
1 50

2 50

3 50

4 50

5 200 159.3
6 200 67.6
7 infinite 35.65

Layer interfaces were assumed fully bonded. A standard 80
kN single axle dual tire load was applied. The critical horizon-
tal tensile strain at the bottom of the asphalt layers and the
vertical compressive strain at the top of the sub-grade were
extracted. These strains were applied to the asphalt institute
transfer functions to estimate fatigue life (Nr) and rutting life
(Ny), respectively as presented in equations (1) and (2) below.

Nr=0.0796x(g) 32 xE0854 (1)

Nr = 1.365% 107 (gc) 477 )

100

RAP (%) Modulus (MR) (MPa)
0 4141
20 5026
25 5452
30 3500
4000
3500
2000
1641
696
367

Where E = the resilient modulus of the asphalt layer in psi.
the predicted lives were compared with the project’s actual
calculated design traffic loading of 205x10° ESALs.

3. Results

3.1. Volumetric Properties

optimum binder content (OBC) was successfully estab-
lished in the Marshall mix design procedure. 4.7% OBC was
obtained from the control mix, achieving a stability of 10kN.
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For the RAP-modified mixtures, the OBC consistently estab-
lished at 5.3%. At 25% RAP-modified mixture, the mix re-
sulted a stability of 17.1kN, flow of 3.4mm, air voids of 5%,
and VMA of 16.23%, all in the acceptable range. At 30% RAP,

the flow value approached in the upper specification margin,
indicating the mixture’s instability and. All other volumetric
properties remained within the acceptable limits as shown in
Table 2 below.

Table 2. Summary of Marshall volumetric properties.

RAP (%) OBC (%) Stability (kN) Flow (mm) Air void (%) VMA (%) VFA (%)
0 4.7 10.3 33 42 17.81 72

20 53 16.2 3.4 4.53 16 70

25 53 17.1 3.4 5 16.23 68

30 53 19.1 3.41 5 15.4 66

ERA spec >=9 2-3.5 3-5 >=14 65-73

3.2. Rutting Performance

The results suggested a clear inverse relationship between
RAP increment and rut depth. The control mix exhibited the
highest rut depth of 4.5 mm at foll 10,000 load cycles. As RAP

content raised to 25%, the rut depth progressively decreased
to 3.9 mm. At 30% RAP content the rut depth lowered to 3
mm, indicating the modified mix became stiffer. The test re-
sults of each RAP increment at critical load cycles are illus-
trated in Table 3 below.

5
= O%RAP
= 20%RAP
4 e
@ 25%RAP =
= = 30%RAP — % 3
g @ ===
= 23 23 = = =
oy 3 — 1 == ==
a == EE= =
é == E =
1 _— = == =
== = — 1
= = | — | = ==
0 =R1—81—1 == =
5,000 10,000
Cycles
Figure 3. Comparison of rut depth with RAP increment.
Table 3. Summary of HWT test results.
Load Cycles
RAP (%) 2,340 5,000 10,000
Rut depth (mm)
0 1.14 2.3 4.5
20 1.1 22 43
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Load Cycles

RAP (%) 2,340 5,000 10,000

Rut depth (mm)

25 1.05 2 39
30 0.8 1.51 3

ERA specification <=7 mm

—— (R AP

—— 2R AP

—8— 15%RAP

4 —— I RAP

srsnseres Linear (0% RAP)

-+ Linear {0%RAP)
= Linear (0% RAP)

sorer Linear (20%RAP)
+«+ Linear (25%RAP)

- Linear (30%RAP)

Rut Depth (mm)

0 2,000 4,000 6,000 8,000 10,000 12,000
Cycles

Figure 4. Rutting performance for different RAP content.

values increased to peak value of 18.94 kN and 5.413 GPa re-
spectively. However, at 30% RAP, a sever structural perfor-
mance reduction was observed, indicating the RAP-modified

RAP up to 25% significantly enhances both tensile strength ~ mixture is highly britﬂ?' The ITS and MR values of 13.32kN
and stiffness. The control mix recorded an ITS value of 15.77 and 3.184 GPa, respectively. Table 4 below shows the ITS and

kN and MR value of 4.04 GPa. At 25% RAP content, these MR test results for each RAP increment.

3.3. Fatigue Performance

The ITS and MR test results showed that incorporation of

20 u]TS (KN)

® Avg, MR (GPa)

ITS and My, values
I
.‘_.“‘
o5
g

0 20 25
RAP (%)

Figure 5. Comparison of ITS and MR values with RAP increment.
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Table 4. ITS and MR test results for each RAP increment.

RAP (%) ITS (KN) Avg. MR (GPa)
0 15.77 4.04

20 17.62 4.99

25 18.94 5.413

30 13.32 3.184

3.4. Long-term Performance Prediction

The Mg values derived from the advanced Superpave labor-
atory was used as an input for KENPAVE to model the 7-layer

pavement structure. High rutting life predictions were ob-
tained from the software analysis ranging from 660x10° -
804x10%. All RAP-modified mixtures successfully exceed the
actual projects traffic loading with the high value of 205x10°
ESAL, indicating the mixture’s highest rutting performance.
However, none of the evaluated mixtures achieved the re-
quired design life for fatigue. The highest predicted fatigue
life only covered 14% of the project’s actual design loading
requirement, indicating that the design traffic is beyond the
practical traffic volume that require lane distribution. The re-
sults are summarized in table below for each RAP increment
and predicted performance value.

Table 5. Summary of performance prediction using KENPAVE.

Layer 1 Modulus Max Tensile

RAP (%)

Max Compressive

Predicted Fatigue Life, Predicted Rutting Life,

(MPa) Strain, (ex10%) STRAIN, (ec.x10%) Nf (ESALs) (million) Nr (ESALs) (million)
0 4141 41.14 55.54 23 733
20 5026 41.02 54.65 20 782
25 5452 40.98 54.27 19 804
30 3200 4131 56.67 28 660
Actual ESALs (million) 205
RAP vs STRAIN
60 55.54 54.65 54,27 56.67

50
40
30
20
10

41.14

0

strains

41.02 I
20

4131

30

40.98

25

RAP (%)
» MAX TENSILE STRAIN, (10°-6)
® MAX COMPRESSIVE STRAIN, (104-6)

Figure 6. Tensile and Compressive Strain for Varying RAP.

RAP vs ESALs

1000
800
600
400
200

0

733 782

ESALs

20

® Actual ESALs (million)

205

804
660

205

19

RAP (%)
® PREDICTED FATIGUE LIFE, Nf (ESALs) (million)
® PREDICTED RUTTING LIFE, Nr (ESALSs) (million)

Figure 7. Predicted fatigue and rutting life.
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3.5. Economic Analysis

RAP-modified mix with 25% RAP contributed 17.92% of
the total required bitumen in virgin bitumen costs. Similarly,
using 30% RAP provided 21.5% binder cost savings, indicating
RAP percentage increment is directly proportional to virgin ma-
terial cost savings. However, this economic advantage is ne-
gated by saver structural performance reductions. Due to this
reason, this study selected 25% RAP as the optimal balance,
providing nearly 18% cost reduction for virgin materials while
simultaneously enhancing structural durability of the pavement
without the contribution of any chemical rejuvenators.

4. Discussion

The laboratory results clearly demonstrate the two different
properties of RAP incorporation into HMA. The rutting perfor-

mance improved consistently as RAP content increased from 0%

to 30%. This improvement is directly related to the aged and
oxidized mixture in the RAP, making the RAP-modified mix-
ture more stiff and highly resistant to rutting deformation. The
stiffer binder property increases the overall dynamic modulus
of the mixture, enhancing its resistance to plastic deformation
under heavy loading [15]. All mixtures performed well below
the ERA maximum allowable rut depth, indicating that RAP is
highly useful for high-temperature performance.

However, the fatigue performance (ITS and Mr) revealed a
critical performance at 25% RAP, indicating that aged binder
and strong aggregate particles in the RAP enhanced the dura-
bility and bonding strength of the mixture. The sever reduction
in ITS and Mg at 30% RAP indicates that incorporating more
RAP beyond 25% without chemical admixtures lead to inade-
quate blending between the stiff, aged RAP binder and the vir-
gin binder. The resulting mixture becomes highly brittle and
heterogeneous, exposing it to highly susceptible to cracking
and premature fatigue failure [6]. This finding aligns with in-
ternational literature suggesting that high RAP contents re-
quire softer virgin binders to restore the maltene-to- asphal-
tene balance [3].

When evaluated with the projects extremely high (need re-
distribution) cumulative design traffic of 205x10° ESALs,
none of the evaluated mixtures achieved the required design
life for fatigue resistance. This indicates that bottom-up fa-
tigue cracking will certainly be the governing failure mode for
this pavement section well before the end of its required de-
sign life. While the 30% RAP mixture showed a higher theo-
retical fatigue life in KENPPAVE due to its lower modulus.
Reducing the massive project’s traffic loading by lane distri-
bution provide a balanced laboratory and KENPAVE output.

5. Conclusions

Based on the laboratory investigations and mechanistic-em-
pirical modeling, the following engineering conclusions are
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arrived.

1) RAP can be successfully integrated into HMA up to 30%
ERA flexible pavement design (2013) requirements. In
this study, the OBC for RAP-modified mixtures was es-
tablished at 5.3%.

2) Incorporation of RAP into HMA significantly enhances
rutting resistance. The rut depth reduced from 4.5 mm to
3 mm after 10,000 HWT cycles, indicating the stiffening
effect of the aged RAP binder.

3) The ITS and Mg values were peak at 25% RAP. While at
30% RAP, the mixture became excessively brittle, caus-
ing a sever drop in modulus and tensile strength, show-
ing 30% RAP without rejuvenators passes the structural
behavior.

4) KENPAVE analysis provided that all mixtures achieved
the structural rutting requirements under the project’s
heavy loading of 205x10° ESAL. However, none of the
mixtures achieved the fatigue life requirements, indicat-
ing bottom-up fatigue cracking as the governing failure
mode.

5) The optimum RAP content was identified as 25%,
providing maximum stiffness, enhanced rutting re-
sistance, and 18% reduction in virgin material costs. It is
highly recommended to either distribute the heavy con-
centrated loads or utilize polymer-modified asphalt bind-
ers to address premature fatigue failure.

6) Adopting advanced software tools such as FlexPAVE
can consider all material characteristics.
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