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Abstract
A comprehensive lithological and petrographic analysis of the aggregates gives information about the relationships between 
the aggregate properties and pavement performance. Although few studies have clearly established these relationships with 
various types of aggregates, they have not provided the effects of different types of carbonate aggregates. The purpose of 
this paper is to look at some aspects of the effects of different types of carbonate rocks on the performance of hot mix asphalt 
(HMA). Six types of aggregates that were evaluated in this study were collected from Central Alborz Zone (CAZ), one of 
the most important zones in Iran, and all of these were classified based on the petrographic study as carbonate rocks. This 
article has a deeper analysis of the rock material properties through a behavior analysis of asphalt mixtures subjected to 
boiling water, tensile strength ratio (TSR), semi-circular bending (SCB), and Cantabro tests. The most practical method for 
this purpose is to use microscopic thin sections of asphalt for evaluation of material properties on a small scale. Through an 
extensive laboratory program, the effects of aggregate properties on key mixture performance-based parameters such as adhe-
sion, moisture susceptibility, fatigue, and durability are systematically summarized. The finding results show a classification 
for six different carbonate rocks based on their geological parameters. Also, a table is provided to aid in rock classification, 
indicating the most likely trend of each performance-based test result for carbonate rocks. Based on the Dunham classifica-
tion for carbonate rocks, mud-supported materials have higher performance than grain-supported materials.
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Introduction

The HMA is considered the most widely used construction 
material for pavements. The HMA is a heterogeneous mix-
ture of materials consisting of aggregates, bitumen, mineral 
fillers, and air voids. The effects of aggregate properties on 
the mechanical properties of HMA are essential in designing 
a high-quality pavement, so requires aggregates of multi-
functional characteristics to meet various demands. These 
characteristics include stability, adhesion to bitumen, mois-
ture susceptibility, crack resistance, and durability.

The stability of asphalt mixtures is difficult to understand 
due to its complex nature under different loading conditions 

and internal factors. The mechanical strength of the asphalt 
pavements is directly related to the chemical interaction of 
mineral aggregates and binders (Ribeiro et al. 2009). Some 
researchers highlighted the influence of the mineralogical 
characteristics and interaction between aggregate and bitu-
men towards the long life of asphalt (Ribeiro et al. 2009; 
Liu and Jia 2011). Considering aggregate type, stability 
of mixture is higher for carbonate rocks such as limestone 
than other aggregate-type materials (Abo-Qudais and Al-
Shweily 2007; Afaf 2014; Kavussi et al. 2014; Georgiou 
and Loizos 2014; Behiry 2015). Al-Suhaibani (1995) stated 
that limestone aggregates with low quality acquired high 
maximum Marshall stability and this could be misleading 
in many instances. Various researches have been associated 
with the binding between aggregates and binder surfaces to 
the stability of asphalt mixtures and chiefly with the loss of 
adhesion or stripping.

Many studies indicated that moisture damage, in form of 
stripping, is affected by the mineralogy of aggregate, the sur-
face texture of aggregate, and the interaction between aggre-
gate and binder. Moisture damage or moisture susceptibility 
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can weaken the binder-aggregate interface resulting in adhe-
sive failure. In general, aggregates with high carbonate content 
 (CaCO3) such as limestone form better adhesion with binder 
than aggregates with high silica content (Abo-Qudais and Al-
Shweily 2007; Caro et al. 2008; Maiah and Al-Khateeb 2012; 
Zaumanis et al. 2018). Limestone aggregate contains less  SiO2, 
which means that the HMA prepared using this material has 
a higher resistance to stripping compared to other aggregates. 
Silica usually causes a reduction in the bond between aggre-
gate and binder. Bagampadde et al. (2005, 2006) investigated 
the impact of aggregate chemical composition on moisture 
susceptibility. The results indicated that there were no indi-
cations of moisture sensitivity in aggregates with calcium, 
magnesium, and iron, but aggregates containing alkali metals 
such as sodium and potassium exhibit relatively high moisture 
sensitivity.

Aggregates are commonly classified as either acidic or 
hydrophobic (water-repellent) and basic or hydrophilic 
(water-attracting) (Kanitpong and Bahia 2003; Bhasin 2006). 
The level of acidic or basic condition of each type of aggre-
gates may vary according to their chemical composition. For 
instance, granite is classified as hydrophilic aggregate, and 
limestone is considered hydrophobic. In the order of acidic 
to basic (and thus from least adhesive to the most), aggre-
gates can be roughly classified as quartzite, granite, sand-
stone, dolomite, basalt, limestone, and marble (D’Angelo 
and Anderson  2003). A number of methods have been 
successfully used to assess the moisture susceptibility of 
asphalt mixtures either on loose mixture (boiling water test) 
or compacted (TSR test) mixture for HMA (Ling et al. 2016; 
Kamran et al. 2021). Moisture damage can further lead to 
various distresses of pavement, including cracking.

Cracking is a predominant distress that frequently drives 
the need to rehabilitate asphalt pavements because of irre-
versible deficiencies, higher maintenance cost, and shorter 
serving lifespan (Yan et al. 2020; Liu et al. 2021). Fatigue 
cracking is caused by loss of adhesion between aggregate 
particles and asphalt binders or loss of cohesion in asphalt 
mixture or a combination of both mechanisms (Tan and 
Guo 2013; Taherkhani 2016; Cong et al. 2017; Kavussi and 
Naderi 2020). Basic aggregate such as limestone shows the 
weakness of binder cohesion which may cause microcrack-
ing in the pavement course and acid aggregate shows in such 
case weakness of adhesion that causes washing-up binder 
from aggregate and grain raveling (Birgisson et al. 2003). 
Al-Qadi et al. (2014) stated that the physical and chemical 
properties of aggregates and asphalt binders play a great 
role in the bond strength of the mixture and surface free 
energy (SFE), and the balance of these energies at the inter-
face of binder-aggregate affect the bond strength. The SCB 
has been the most widely adopted due to its simplicity of 
sample preparation and the repeatability of test results (Fan 
et al. 2018; Ferjani et al. 2019). Durability is the ability 

to withstand for a longer period without deterioration ten-
dencies. Durability-related distresses more challenging to 
characterize than other distresses (e.g., rutting) but gener-
ally comprise non-load-associated cracking and raveling or 
weathering (Cox et al. 2017). The Cantabro durability test 
is used as an indirect measure of the potential for raveling 
and durability problems in asphalt mixtures. The Cantabro 
test is often used in the design of open-graded friction course 
mixtures (Watson et al. 2003; Wang et al. 2021) and dense-
graded mixtures (Cox et al. 2017; Doyle and Howard 2011) 
as a measurement of durability.

The purpose of the present study is to evaluate a wide 
range of carbonate aggregate sources that have been 
approved by geological and engineering geological studies 
for applications in the HMA. The petrographic properties 
of six different carbonate rock formations, chosen between 
twelve formations depending on physical, mechanical, and 
durability characteristics, were quantified through quantita-
tive and qualitative parameters. The main aims of this study 
comprise two major parts: (i) apply the innovative thin-sec-
tion images of asphalt mixtures to evaluate the interaction 
between aggregates and bitumen in small scales; and (ii) 
classify different carbonate rocks based on their lithologi-
cal properties in asphalt mixture performances. In order to 
evaluate the performance properties, boiling water test, TSR 
test, SCB test, and Cantabro test as well as microscopic stud-
ies were conducted.

Study area

The CAZ is located at a latitude from 35°30′ N to 36°30′ 
N and a longitude from 50°30′ E to 52°30′ E and is a rela-
tively vast area of about 20,000  km2 (Fig. 1). There is a wide 
variety of rock formations and facies in the CAZ, charac-
terized by the dominance of platform-type sediments, such 
as dolostone, limestone, and clastic rocks (Ghorbani 2013). 
This phenomenon highly affects the production of resources 
and rock materials. In the CAZ, there are six type sections 
of famous carbonate formations, used in different industries 
as material, including Elika, Dalichai, Lar, Tizkuh, Ziarat, 
and Kond (Table 1).

Geological setting

The tectonostratigraphic sequence of the CAZ comprises 
six carbonate formations in this study. The oldest one is 
the Elika Formation and includes brown thin-bedded, mic-
ritic, vermicular, alternating dolomites and limestones from 
lower and middle Triassic (Assereto 1996), which are over-
lain by middle to upper Jurassic sandy oolitic limestones, 
thinly bedded limestones, and ammonite bearing marls 
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interbedded with graywackes and shales of Dalichai Forma-
tion. The Lar Formation from the late Jurassic age includes 
thick-bedded, fossiliferous limestones (such as dismicrites 
and intrasparites). The Tizkuh Formation is characterized 
by the presence of the cliff-form of limey sandstone, poly-
genic conglomerate, and light orbitolina-bearing limestone 
of the Cretaceous succession of the CAZ. The Ziarat For-
mation includes thick-bedded reefal limestone and yellow-
ish gypsiferous marl in the middle Eocene age, which are 
overlain by the youngest formation in this research, the Kond 
Formation, from the Late Eocene and includes alternation 
of gypsum, sandstone, conglomerate, marl, and limestone 
(Sadeghi et al. 2022a, b).

Methodology and materials

The research plan followed in this paper consists of exten-
sive laboratory programs to determine the ability of different 
carbonate material performance in asphalt mixtures. This 
experimental study was carried out in three phases. The first 
phase of the study involved the aggregate selection based 

on the geological and engineering geological test results. In 
the second phase, mix design was conducted based on the 
phase one results and Marshall tests, which were performed 
to evaluate the mixture stability, flow, and optimum binder 
content (OBC) for each type of aggregates. In the last phase 
of the study, in order to evaluate the performance properties, 
boiling water test for adhesion, TSR test for moisture suscep-
tibility, and SCB test for fatigue as well as Cantabro tests for 
the durability of mixtures were conducted. Figure 2 shows 
the research outline flow chart defined for three phases in 
this research.

Aggregates

Six different carbonate aggregate types were obtained from 
the carbonate formations of the CAZ area (Fig.  1) and 
considered in this study: micrite (Elika), dolostone (Lar), 
bioclast packstone (Dalichai), bioclast packstone (Tizkuh), 
packstone-wackestone (Ziarat), and bioclastic grainstone 
(Kond). At the reconnaissance stage, thin sections of each 
rock type were examined and identified under the micro-
scope. Also, in order to determine the type of rock, the 

Fig. 1  Geological and geo-
graphical locations of samples 
(six type sections of carbonate 
rocks of the CAZ)

Table 1  Type section of carbonate rock formations of the CAZ

Formation name Coordinate Location Total thickness (m)

Elika N 36°09′13″ E 51°24′26″ 120 km north of Tehran in the south of Elika village 295
Lar N 35°48′47″ E 52°01′55″ 80 km northeast to east of Tehran in the south of Damavand mountain 250–350
Dalichai N 35°48′43″ E 52°01′49″ 80 km northeast to east of Tehran in the south of Damavand mountain 107
Tizkuh N 35°52′21″ E 52°00′39″ 95 km northeast of Tehran in Tizkuh mountain 170
Ziarat N 35°34′59″ E 51°41′34″ 50 km southeast of Tehran in Tochal village 450
Kond N 35°52′47″ E 51°39′04″ 42 km northeast of Tehran in Kond-e-olya village 250
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mineralogy was evaluated by the X-ray diffraction method. 
Aggregate gradation specifications were selected accord-
ing to the Iranian Highway Asphalt Paving Code Number 
234 (IHAP (Iran Highway Asphaltic Pavements) 2010). 
The selected aggregate gradation skeleton with the maxi-
mum nominal aggregate size (NMAS) of 19  mm con-
sists of 54% coarse aggregates, 41% fine aggregates, and 
5% filler (Table 2). The preliminary tests of the materials 
and the physical properties of the aggregates shown in 
Table 3 included an evaluation of the physico-mechanical 

properties of the aggregates in terms of Los Angeles abra-
sion loss value (LAAV), stone density, unconfined compres-
sive strength (UCS), specific gravity of aggregate, water 
absorption, elongation, and flakiness. The density of studied 
formations is classified based on the Anon (1979) classifi-
cation as moderate density (2.45 g/cm3) and high density 
(2.61–2.72 g/cm3). According to ISRM (1981) and Deere 
and Miller (1966), intact rock classification for average val-
ues of UCS showed that all formations fall within the mod-
erate class (20–60 MPa) to high class (60–200 MPa) and 
class D (28–56 MPa) to class C (56–112 MPa), respectively 
(Sadeghi et al. 2022a, b).

Asphalt binder

The asphalt binder PG 64–22 (60/70 penetration) was used 
as a virgin asphalt binder produced by Pasargad Oil Com-
pany to produce asphalt specimens. The properties of which 
are shown in Table 4.

Asphalt mixture design

The Marshall mix design was used in order to determine 
the stability, flow, and OBC of mixes based on the ASTM 
D1559. The specimens were compacted by 75 blows on 
each side with a Marshall hammer. A series of samples were 

Fig. 2  Flow chart of the 
research outline
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Table 2  Selected aggregate gradation

Sieve size (mm) % passing % retained Coarse—fine Size

19 100 0 54% Coarse
12.5 90 10
9 90 0
4.75 46 44
2.36 30 16 41% Fine
1.18 30 0
0.5 30 0
0.3 8 22
0.15 8 0
0.075 5 3

Filler (Pan) 0 5 5% Filler

Table 3  Mechanical and physical properties of aggregates

Formation name Stone 
density (g/
cm3)

UCS
(MPa)

LAAV % Specific gravity
Coarse—fine

Water absorption
Coarse—fine

Elongation % Flakiness %

ASTM D2938 ASTM C131 ASTM C127
ASTM C128

ASTM C127
ASTM C128

BS-812 BS-812

Elika 2.69 55.52 22.38 2.67–2.69 0.32–0.28 9.72 20.08
Lar 2.72 58.37 22.04 2.63–2.64 1.28–1.27 16.93 12.16
Dalichai 2.64 82.32 16.00 2.64–2.65 0.46–0.44 7.38 25.99
Tizkuh 2.66 53.76 27.92 2.68–2.70 0.52–0.51 11.91 15.71
Ziarat 2.45 48.20 23.86 2.49–2.51 1.50–1.46 23.77 12.09
Kond 2.61 88.04 15.30 2.61–2.62 0.36–0.33 26.57 24.75
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prepared and placed in a water bath at 60 °C for 30 min 
and then broken in a hydraulic compression test machine, 
which provide a loading rate of 50 mm/min. Marshall sta-
bility and flow values are determined from Marshall stabil-
ity test results. According to the test results, the OBC was 
determined based on the average values of stability, flow, 
and air void content. The dosages of mixtures for carbonate 
rocks are shown in Table 5.

Test methods

The experimental program of the present research has been 
designed to properly show the effects of the aggregates in 
reaction with the bitumen and the applied loads. For these 
reasons, boiling water and TSR tests have been used to inves-
tigate the effect of the chemical composition of aggregates 
on their adhesion to bitumen and moisture susceptibility in 
the loose and compacted mixture for HMA. Also, in order 
to investigate the reaction of aggregates against the cracking 
and abrasion loss in asphalt mixtures, SCB and Cantabro 
resistance tests have been used, respectively.

Boiling water test

The boiling water test was specified in ASTM D3628 and 
employed to assess adhesion between aggregates and bitu-
men and water stability of asphalt mixtures. It is conducted 

on loose mixtures to evaluate coating effectiveness by 
visually assessing the percentage of bitumen-coated area, 
which remained on aggregates after boiling. In this study, 
instead of using visual observation assessment, the digital 
imaging method for the evaluation of coating and poten-
tial moisture susceptibility was utilized. The original pic-
tures were analyzed with ImageJ, an open-source image-
processing program, by eliminating the background and 
calculating the area of coated and uncoated aggregates.

Tensile strength ratio test

Moisture susceptibility is the ability of mixtures to resist 
the stripping action, usually due to a reduction in cohesion 
strength within the asphalt binder and/or adhesion failure 
in the binder-aggregate system in the presence of water 
(Ziari et al. 2021). The indirect tensile strength (ITS) test 
was carried out according to the AASHTO T283 standard. 
This method consists of the change of diametral tensile 
resistance resulting from the effects of water saturation. 
According to the standard, three replicates were prepared 
for both the dry condition as unconditioned specimens and 
freeze–thaw cycle as conditioned specimens. The uncondi-
tioned specimens were transferred to a water bath for 2 h 
at 25 °C before the test. They were then put between the 
loading strips of a universal testing machine (UTM) and 
the ITS values of the samples were determined.

The conditioned specimens which contained 7 per-
cent air voids were saturated using a vacuum pump with 
negative pressure to reach 55–80% saturation condition. 
These specimens were placed in a freezer at a temperature 
of −18 °C for 16 h. Then, the specimens were soaked in the 
water bath for 24 h at 60 °C, followed by soaking in water 
at 25 °C for 2 h. Finally, the conditioned specimens were 
put between the loading strips, and the ITS values of the 
samples were measured. The TSR was evaluated through 
the calculation of the ratio of the average ITS value for the 
conditioned specimens to the average ITS value for the 
unconditioned specimens as follows:

Table 4  Properties of the 
asphalt binder

Property (unit) Standard Analysis (value) Specification

Min Max

Density at 15 °C (kg/m3) ASTM D70 1.018 - -
Penetration at 25 °C (100 g, 5 s) (dmm) ASTM D5 60 60 70
Flash point (COC) (°C) ASTM D92 250 232 -
Softening point (°C) ASTM D36 52 49 56
Ductility at 25 °C (5 cm/min) (cm) ASTM D113 100 100 -
Solubility in trichloroethylene (%) ASTM D2042 99.6 99.5 -
Absolute viscosity at 60 °C (Pa·s) ASTM D2171 336 - -
RTFO mass loss (%) ASTM D1754 −0.03 - 0.8

Table 5  The dosages of mixtures for carbonate rocks

Formation name Unit proportion %

Bitumen Coarse Fine Filler

Elika 5.82 50.86 38.61 4.71
Lar 5.82 50.86 38.61 4.71
Dalichai 5.86 50.84 38.60 4.71
Tizkuh 5.45 51.06 38.76 4.72
Ziarat 6.03 50.74 38.53 4.70
Kond 6.08 50.72 38.51 4.70
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Semi‑circular bending test

The SCB test is a laboratory mechanical test that uses 
semi-circular bending specimen geometry to evaluate the 
fracture resistance of asphalt mixtures at an intermediate 
temperature. The SCB test was carried out by following the 
procedure of AASHTO TP124. The provisional standard 
test method calls for specimens with a diameter of 150 mm, 
a thickness of 50 mm, and a constant load-line displace-
ment rate of 50 mm/min. The notch is 1.5 mm in width and 
15 mm in length. SCB tests were conducted at 25 °C using 
a servo-hydraulic loading device, SANTAM UTM, which is 
equipped with a temperature-controlled chamber. The flex-
ibility index (FI) was developed based on calculations of the 
measured fracture energy, which represented asphalt mixture 
capacity to resist cracking-related damage, and load-line dis-
placement curve post-peak slope (m) values using Eq. (2):

where FI = flexibility index, GF = fracture energy (J/m2), 
m = absolute value of post-peak load slope m (kN/mm), and 
A = unit conversion and scaling coefficient taken as 0.01.

Cantabro test

The Cantabro loss test was used to evaluate the durability of 
asphalt mixtures. The Cantabro test was carried out referring 
to the AASHTO TP108-14. A 150 mm diameter gyratory 
compacted specimen of nominal 115 mm height (controlled 
by the mass of mixture) was placed into a Los Angeles (LA) 
abrasion machine, following the general principles for use of a 
Los Angeles abrasion drum for 300 revolutions at 30–33 rpm 
without steel spheres at a temperature of 18 or 25 °C. Cantabro 
abrasion loss (CAL) was calculated by Eq. (3).

where W1 = initial mass of the specimen (g), and W2 = final 
mass of the specimen (g).

Results and discussion

The results of this study are presented and discussed in 
six separate sections, including petrographic study, asphalt 
thin section, Marshall test, moisture susceptibility, fatigue 
cracking resistance, and durability.

(1)TSR =
ITS

con.

ITS
uncon.

(2)FI =
G

F

abs(m)
× A

(3)CAL =
W1-W2

W1
× 100

Petrographic study

The results of the petrographic analysis are summarized 
in Figs. 3 and 4, and Table 6. Based on the microscopic 
study, the Elika limestone matrix is composed of micrite 
 (CaCo3) and small amounts of fine-grain quartz that are 
scattered throughout the matrix (Fig. 4a). The rock’s name 
is micrite (mudstone) and calcite, dolomite, and quartz are 
the main components (Table 6). The main components 
of the Lar Formation are dolomite minerals with a minor 
amount of calcite and quartz (Table 6). Dolomite miner-
als are in two forms including the zonation structure and 
the dusty core of minerals (most included). The Lar For-
mation is classified as dolomite/dolostone (Fig. 4b). The 
main components of the Dalichai Formation are skeletal 
fragments including pelagic bivalves and sponge needles. 
Some of these needles had been replaced by siliceous 
cement. According to X-ray results, the main components 
of Dalichai Formation rocks are calcite and quartz, which 
has the highest amount of quartz (29.02%) among the for-
mations (Table 6). The Dalichai limestone is classified as 
Bioclast packstone (Fig. 4c).

The Tizkuh Formation is composed of skeletal frag-
ments, crinoids, intraclasts, foraminifera, and Orbitulina 
fossils in a micrite cement. Some of the skeletal fragments 
are replaced by silica (Fig. 4d). The Tizkuh limestone is 
classified as bioclast packstone and the mineralogy of the 
rock is dominated by calcite in this formation (Table 6). 
The thin section of the Ziarat Formation shows skeletal 
fragments such as nummulite, algae fragments, and other 
foraminifera that spread in a micrite matrix (Fig. 4e). The 
Ziarat limestone is classified as packstone-wackestone and 
calcite, and quartz is the main component of rock types 
(Table 6). The main components of the Kond Formation 
are skeletal fragments including foraminifera, bivalvia, 
ostracod, and some plagioclase grains. The rock matrix is 
dolomitized and pyrite minerals have been replaced in the 
matrix and fossil structures (Fig. 4f). The Kond limestone 
is classified as bioclastic grainstone (Tuffaceous lime-
stone), and based on the X-ray results, the main component 
of Kond Formation rocks are calcite and quartz (Table 6).

Asphalt thin section

Cubical HMA samples with a width of 25 mm, a height of 
50 mm, and a thickness of 20 mm were used to prepare thin 
sections with a thickness of 30 μm for optical microscopy. 
These cubical HMA samples had to be impregnated with 
epoxy to protect their structure during sawing and polish-
ing. The samples were placed under a vacuum pressure 
of 0.8 bars for impregnation of epoxy for a period of 1 h. 
Then, the samples were dried at room temperature for 24 h. 
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To avoid crumbling, the samples were placed in a freezer 
at a temperature of −18 to −22 °C for 1 h, and during the 
sawing and polishing process, ice-cooled water was used. 
After polishing the first side of the samples, an object glass 
was glued to the polished surface and they were sawed very 
close to the glass. The final stage is polishing to a final 
thickness of 30 μm by silicon carbide powders with grit 
sizes ranging from 100 to 1200 grit. The microscopic pic-
tures of specimens are shown in Figs. 5, 6, 7, 8, 9, and 10.

Based on the microscopic study in the Elika limestone, 
angularity and surface roughness of the aggregates, 

uniform distribution of different size aggregates, an ade-
quate bond of bitumen around the aggregates, and low 
resistance of aggregates to grinding during the preparation 
stage are the most visible phenomena in the microscale 
(Fig. 5a). Also, the existence of fractures caused by test-
ing (Fig. 5b) and the pre-existing microcracks filled by 
bitumen (Fig. 5c) are other apparent phenomena. The thin 
section of the Lar Formation shows angularity and surface 
roughness of the aggregates, lower flakiness and elonga-
tion, and uniform distribution of different size aggre-
gates (Fig. 6a), Infiltration of bitumen into the aggregate 

Fig. 3  XRD diffractograms of the CAZ, a Elika Formation, b Lar Formation, c Dalichai Formation, d Tizkuh Formation, e Ziarat Formation, f 
Kond Formation. Qz = quartz; Dl = dolomite; Ca = calcite
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texture by selective absorption (Fig. 6b), and existence a 
large number of pre-existing microcracks in aggregates 
(Fig. 6c).

As can be seen from Fig. 7a, the Dalichai aggregates 
are flaky with lower surface roughness, angular aggregates, 
and uniform distribution of different size aggregates. Also, 
pre-existing microcracks filled by bitumen (Fig. 7b) and 

the existence of many fractures caused by testing (Fig. 7c) 
are other apparent phenomena. In the Tizkuh Formation, 
angularity and surface roughness of the aggregates, uniform 
distribution of different size aggregates, an adequate bond 
of bitumen around the aggregates, and lower flakiness and 
elongation are the most visible phenomena in the microscale 
(Fig. 8a). Also, the existence of grain-boundary microcracks 

Fig. 4  Microscopic photographs 
of the CAZ, a Elika limestone 
(micrite), b Lar dolostone, c 
Dalichai limestone (bioclast 
packstone), d Tizkuh limestone 
(bioclast packstone), e Ziarat 
limestone (packstone-wacke-
stone), f Kond limestone (bio-
clastic grainstone (tuffaceous 
limestone))

Table 6  Semi-quantitative 
analysis by XRD and XRF of 
carbonate rocks. Qz, quartz; Dl, 
dolomite; Ca, calcite

Formation name XRD XRF

CaO Co MgO SiO2 Al2O3 Fe2O3 K2O Na2O MnO

Elika Ca, Dl, Qz 41.59 41.80 6.58 4.75 1.47 2.97 0.30 - 0.26
Lar Dl, Ca, Qz 37.94 46.35 11.89 1.46 0.52 1.50 - 0.13 0.12
Dalichai Ca, Qz 35.08 27.02 1.03 29.02 4.17 1.41 0.91 0.25 0.10
Tizkuh Cal 55.52 43.14 0.31 0.47 0.22 0.10 - - 0.08
Ziarat Ca, Qz 53.35 41.30 0.35 4.08 0.26 0.18 0.05 0.10 0.18
Kond Ca, Qz 48.81 36.16 0.52 10.26 1.87 1.26 0.08 0.46 0.22
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between the large calcite minerals of the Tizkuh limestone 
(Fig. 8b) and the pre-existing microcracks (Fig. 8c) filled 
by bitumen are other apparent phenomena.

The thin section of the Ziarat Formation shows angular-
ity and surface roughness of the aggregates, lower flakiness 
and elongation, an adequate bond of bitumen around the 
aggregates, and uniform distribution of different size aggre-
gates (Fig. 9a), infiltration of bitumen into the fossil pores 
(Fig. 9b), and the existence of fractures caused by testing 
(Fig. 9c). The thin section of the Kond Formation illustrates 
surface roughness of the aggregates, higher flakiness and 
elongation, adequate bond of bitumen around the aggregates, 
uniform distribution of different size aggregates (Fig. 10a), 

the pre-existing microcracks filled by bitumen (Fig. 10b), 
and infiltration of bitumen into the aggregate texture by 
selective absorption (Fig. 10c).

Marshall test

The Marshall test was conducted to evaluate the stability 
and flow of mixtures and OBC of each aggregate type. As 
shown in Fig. 11, all asphalt mixtures met the requirements 
(Marshall stability > 7.8 kN) of Iranian standard IHAP Code 
234 [40] for the Marshall test of mixes subjected to high traf-
fic levels. The highest and lowest value of Marshall stability 
belongs to the Ziarat and Dalichai Formations, classified 

Fig. 5  Reference thin section of the Elika Fm., a microscopic images, 
b observation field 1, c observation field 2

Fig. 6  Reference thin section of the Lar Fm., a microscopic images, b 
observation field 1, c observation field 2

Fig. 7  Reference thin section of the Dalichai Fm., a microscopic 
images, b observation field 1, c observation field 2

Fig. 8  Reference thin section of the Tizkuh Fm., a microscopic 
images, b observation field 1, c observation field 2
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as weak and strong rocks in mechanical tests such as UCS, 
respectively (Table 3). The Marshall stability was found to 
be highly correlated to a number of aggregate properties 
results such as the UCS test, LAAV test, and percentage 
of  CaCo3 and  SiO2 in the X-ray diffraction test (Fig. 12). 
As shown in Fig. 12, the stability increases with increasing 
LAAV and  CaCo3 values and decreasing the UCS and  SiO2 
values. By comparing the Marshall stability with other test 
results, it can be seen that low-quality aggregates produced 
mixes with high Marshall stability, which could be mislead-
ing in many instances.

As shown in Fig. 11, the flow is obtained within the 
acceptable Iranian range (2–3.5 mm), except for the Elika 

Formation. The Elika and Lar Formations have the highest 
and the lowest values of Marshall flow, respectively. As can 
be seen from Table 3, Figs. 4a and 5, the Elika Formation 
has the lowest value of water absorption and its integrated 
structure (micrite) with few microcracks, which decrease 
the binder absorption ability of samples and aggregates 
could relocate easily. Furthermore, Table 3, Figs. 4b and 6 
show the Lar Formation has a high value of water absorp-
tion, which causes infiltration of bitumen into the aggregate 
texture by selective absorption and a large number of grain-
boundary microcracks due to the trigonal crystal system 
(Rhombohedral class) of dolomite minerals that causes a 
higher amount of spaces.

The OBC is selected as the average binder content for 
maximum stability, maximum density, and specified percent 
air voids in the total mix and plotted in Fig. 11. The OBC 
value for carbonate rocks ranges from 5.45 to 6.08%, and 
the difference in OBC value achieved by Tizkuh Formation 
could be related to the higher value of  CaCo3 (98.66%).

Moisture susceptibility

For determining moisture sensitivity of bitumen-aggregate 
mixtures, two tests were performed on loose mixtures (Boil-
ing water test) and on compacted specimens (TSR test). In 
boiling water test, for the determination of the degree of the 
exposed area of aggregates, the original picture (Fig. 13a) 
was imported into ImageJ software. The first step is to elimi-
nate the background by setting a specific value of the H, S, 
and B components. In this step, the pixels were classified 
based on their HSB value, in which the H and S components 
determine the chromaticity of color, and the B component 
refers to the luminance of the color. By eliminating the back-
ground, a non-classified image that represents the binder 
and aggregates is saved (Fig. 13b). The second step was to 
extract a classified image by eliminating the color compo-
nent which represented the binder. Similarly to the first step, 
a specific combination of H, S, and B components is set so 
that the binder pixels are eliminated and only the aggregates 
remain (Fig. 13c). Then, the pixel area of exposed aggre-
gates is calculated and the bitumen coverage values were 
determined (Fig. 14).

The ITS test, the other test for determining moisture sus-
ceptibility, was performed on all unconditioned (dry) and 
conditioned (wet) carbonate samples. The ITS test results are 
illustrated in Fig. 15. The Ziarat Formation has the highest 
value of unconditioned ITS test results and the lowest value 
in the conditioned ITS test results, which shows the biggest 
difference among formations. Similarly, the Lar Formation 
represents the same condition with a lower level of moisture 
susceptibility. On the contrary, the Tizkuh Formation has the 
best performance against moisture susceptibility. By correlat-
ing the boiling water test and TSR test results as shown in 

Fig. 9  Reference thin section of the Ziarat Fm., a microscopic 
images, b observation field 1, c observation field 2

Fig. 10  Reference thin section of the Kond Fm., a microscopic 
images, b observation field 1, c observation field 2
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Fig. 16, it is seen that a very good correlation exists between 
quantitative boiling water test results and TSR, indicating the 
effectiveness of both methods in evaluating the moisture sus-
ceptibility values of loose and compacted asphalt mixtures.

As shown in Figs. 14 and 15, the Tizkuh Formation has 
shown higher values in TSR and boiling water test and best 
performance against moisture susceptibility, which is due 
to the highest percentage of  CaCo3 (approximately 98.7%) 
in its composition (Table 6). Also, the results show that 
despite the high percentage of  SiO2 in carbonate rocks of 
Dalichai and Kond Formations, these two formations have 
a relatively good performance against moisture sensitivity, 
which shows that quartz does not affect the test results. This 
result is in agreement with the study of Bagampadde et al. 
(2005), where it was concluded that moisture damage has no 
significant relationship with the contents of  SiO2. Although 
the Ziarat and Lar Formations have a good composition of 
 CaCo3 and MgO based on the X-ray diffraction tests, they 
obtain low values in TSR and boiling water test results. The 
low strength of these formations is one of the main rea-
sons for lower resistance to moisture susceptibility because 
exposed uncoated surfaces of crushed aggregates can readily 
absorb water and initiate stripping. In this regard, Brown 
et al. (2009) stated that aggregates with low strength could 

cause a moisture susceptibility problem if they are degraded 
during compaction or heavy traffic. Another reason is high 
water absorption in both formations, a high percentage of 
microcracks in the mineral structure of Lar Formation, and 
higher porosity in the Ziarat Formation fossils cause to 
absorb water into its structures and obtain higher moisture 
susceptibility.

Fatigue cracking resistance

The SCB test is a reliable method to evaluate the fatigue 
cracking resistance of HMA and also it benefits from easily 
prepared samples, simple setup and analysis, repeatability, 
and inexpensive test. The semi-circular specimens were pre-
pared and tested under an SCB setup at intermediate tem-
perature. The SCB tests were performed on the six different 
types of carbonate rocks and the vertical load–displacement 
curves of these tests are shown in Fig. 17. The displace-
ment at failure can be employed to demonstrate the asphalt 
mixture properties before failure. According to the curves 
demonstrated in Fig. 17, the Ziarat Formation shows the 
highest peak load and the lowest deformation which indi-
cates brittle behavior. On the contrary, the Elika Formation 
has the highest deformation and more viscoelastic behavior. 

Fig. 11  Marshall stability, flow, 
and OBC values of different 
carbonate formations

5.82 5.82 5.86

5.45

6.03 6.08

0

1

2

3

4

5

6

7

0

2

4

6

8

10

12

14

Elika Lar Dalichai Tizkuh Ziarat Kond

F
lo

w
(m

m
)

S
ta

b
il

it
y

(k
N

)

Formations

Stability (kN) Flow (mm) OBC

Fig. 12  a Relationship between 
Marshall stability (St) with 
UCS and  SiO2, b relationship 
between Marshall stability (St) 
with LAAV and  CaCo3

UCS = 4.06(St)
2 - 92.5(St) + 578

R² = 0.85

Si = 5.07(St)
2 - 108(St) + 572

R² = 0.88 -10

0

10

20

30

40

0

20

40

60

80

100

8 9 10 11 12

S
iO

2
%

U
C
S
(M

P
a)

Stability (kN)

UCS SiO2

a

Ca = -1.97(St)
2 + 42.1(St) - 201

R² = 0.79

LAAV = -4.16(St)
2 + 90(St) - 395

R² = 0.64

0

20

40

60

80

100

0

10

20

30

40

8 9 10 11 12

C
aC

o
3
%

L
A
A
V

%

Stability (kN)

LAAV % CaCo3 %

b

Page 11 of 18    329Bulletin of Engineering Geology and the Environment (2022) 81: 329



1 3

Fig. 13  a Original image of 
Ziarat Formation, b non-clas-
sified image, and c classified 
image

Fig. 14  Bitumen coverage 
values of different carbonate 
formations
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The load–displacement curves are used for calculating the 
fracture energy, post-peak slope, and flexibility index.

The fracture energy and flexibility index results of all 
carbonate formations are illustrated in Fig. 18. The Elika 
Formation shows higher fracture energy, which can be attrib-
uted to the strong bonding between limestone aggregates. 
Although the other formations have a different composition, 
they have relatively similar values of fracture energy. Also, 
the post-peak slope, which is known as a good parameter for 
correlating with crack propagation, is not fully in accordance 
with fracture energy to represent the classification of rock 
samples with respect to their potential cracking resistance. 
The flexibility index is more useful, due to the fact that the 

aforementioned parameters be combined to bring a reliable 
ranking.

According to the flexibility index, the best performing 
HMA mix is the Elika Formation with a flexibility value 
of 40.2 followed by Kond, Dalichai, Tizkuh, Ziarat, and 
Lar Formations from the highest to lowest values, respec-
tively. The Elika Formation specimens have the lowest water 
absorption and porosity (Table 3 and Fig. 4) in their struc-
ture, so it is evident that has better viscoelastic behavior than 
other formations due to having enough binder film which 
may prevent cracking. The flexibility index of the Kond and 
Dalichai Formations is about half of the flexibility index of 
the Elika Formation, which higher water absorption and  SiO2 

Fig. 16  Relation between the 
TSR and the boiling water test 
results
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Fig. 18  Results of fracture 
energy and flexibility index of 
SCB tests
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percentage could be the reasons for this difference (Tables 3 
and 5). The higher percentage of  SiO2 leads to the higher 
strength of aggregates of these formations that causes it to 
behave elastically and exhibits negligible viscoelastic prop-
erties. The Tizkuh Formation absorbs bitumen into the min-
eral’s grain-boundary microcracks, which reduces the thick-
ness of bitumen film and viscoelastic behavior. As shown in 
Table 3, the Lar and Ziarat Formations show higher water 
absorption than other formations that cause the higher bitu-
men infiltration into aggregate pores by selective absorption 
(Figs. 6 and 9). With selective absorption, bitumen molecules 
are scattered inside the aggregate particles, which changes 
the material from a homogeneous to a heterogeneous mate-
rial and turns the mechanical properties of limestone aggre-
gates into viscoelastic materials from elastic materials (Lue 

and Lytton 2013). However, it can be concluded that smaller 
molecular sizes of the solvent phase of binder, e.g., maltenes, 
are preferentially absorbed to aggregate pores by selective 
diffusion and left behind larger molecular species, e.g. 
asphaltenes (Lee et al. 1990; Curtis et al. 1993). The result 
of this postulated phenomenon with consequent changes in 
film properties is that asphalt becomes brittle and accelerates 
cracking, aging, and water damage.

Durability

Figure 19 shows the results of Cantabro durability testing of 
dense-graded asphalt mixtures. From Fig. 19, the Cantabro 
test could distinguish between different carbonate rocks of 
formations for hot mixed asphalt mixtures. Also, a strong 

Fig. 21  Relationship between petrographic study and asphalt mixture performance
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relationship between the Cantabro test results with UCS and 
LAAV is observable (Fig. 20). As shown in Fig. 20, the 
Cantabro loss increases with increasing LAAV values and 
decreasing UCS values. The higher percentage of  SiO2 in 
the composition of the Dalichai and Kond Formations is the 
reason for lower values of Cantabro loss. The possible rea-
son for the higher loss of the Elika Formation was that some 
of the aggregates fell apart rather than abrasion or breaking 
because of their integrated structure.

Summary

In this study, the effects of different types of carbonate rocks 
on the performance of asphalt mixtures were evaluated by 
conducting various tests. The overall trends from this study 
are summarized in Table 7. Based on the asphalt mixture 
performance, the most likely trend of each test result is cap-
tured, and the direction and color of arrows in the table are 
classified with regard to their performance (good, medium, 
weak). For each test, formations are divided into three 
groups with good, medium, and weak performance, which 
are indicated by green, yellow, and red arrows, respectively. 
The table can be used as a source of information for decid-
ing which carbonate rock has higher performance in HMA. 
Carbonate rocks in this study are classified according to the 
type of lithology, which micrite (Elika), bioclast packstone 
(Tizkuh), bioclast packstone (Dalichai), bioclastic grainstone 
(Kond), dolostone (Lar), and packstone-wackestone (Ziarat) 
have the best to the weakest performance, respectively. The 
Dunham classification (Dunham 1962) scheme was used for 
the systematic description of carbonate rocks. Based on the 
Dunham classification for carbonate rocks, mud-supported 
materials have higher performance than grain-supported 
materials. This means that the asphalt mixture performance 
will decrease by increasing grain size and heterogeneity in 
rock texture (Fig. 21).

Conclusions

The purpose of this paper is to establish a relationship 
between the geological parameters of different types of car-
bonate rocks and hot mix asphalt (HMA) performance. In 
this investigation, the petrological properties of six types 
of aggregates were compared to the performance of their 
asphalt mixtures. The findings of this study can be sum-
marized as follows:

1. Preparation of microscopic thin sections is a very use-
ful resource for studying the small-scale features in the 
rock structure such as intragranular and grain-boundary 
microcracks, porosity, flakiness, elongation, surface 
roughness, and selective absorption.

2. The Marshall stability was found to be highly correlated 
to a number of aggregate properties such as the UCS 
test, LAAV test,  CaCo3, and  SiO2. Also, low-quality 
aggregates produced mixes with high Marshall stabil-
ity, which could be misleading in many instances.

3. Low strength quality of aggregates, microcracks, and 
porosity has a higher effect on moisture susceptibility 
than the percentage of  CaCo3. In aggregates with a low 
amount of microcracks, the effect of  CaCo3 in prevent-
ing moisture susceptibility is higher. Moreover, moisture 
damage has no significant relationship with the contents 
of  SiO2.

4. Specimens with the lowest water absorption and porosity 
in their structure have better viscoelastic behavior. The 
higher percentage of  SiO2 leads to the higher strength of 
aggregates, elastic behavior, and negligible viscoelastic 
properties. The mineral’s grain-boundary microcracks 
absorb bitumen which reduces the thickness of bitu-
men film and viscoelastic behavior. In aggregates with 
higher water absorption and selective absorption, mate-
rials change from homogeneous to heterogeneous and 
from elastic materials to viscoelastic materials. Aggre-

Table 7  Indication of change in 
performance-based test results 
for carbonate rocks

Formations
Stability 

(Marshal)

Moisture 

susceptibility 

(Boiling water)

Moisture 

susceptibility 

(TSR)

Cracking 

and Fatigue 

(SCB)

Durability 

(Cantabro)
Rank

Elika 1

Lar 5

Dalichai 3

Tizkuh 2

Ziarat 6

Kond 4

Good performance

Medium performance

Weak performance
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gate pores absorbed smaller molecular sizes by selective 
diffusion and left behind larger molecular species, so 
asphalt becomes brittle and accelerates cracking.

5. The Cantabro loss increases with increasing LAAV val-
ues and decreasing UCS values.

6. The six different carbonate rocks were classified based 
on their geological parameters. Carbonate rocks in this 
study are classified according to the type of lithology, 
which are micrite (Elika), bioclast packstone (Tizkuh), 
bioclast packstone (Dalichai), bioclastic grainstone 
(Kond), dolostone (Lar), and packstone-wackestone 
(Ziarat), and have the best to the weakest performance, 
respectively.
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