
02 May 2026

University of Parma Research Repository

Asphalt-based cold patches for repairing road potholes – An overview / Hafezzadeh, Raheb; Autelitano,
Federico; Giuliani, Felice. - In: CONSTRUCTION AND BUILDING MATERIALS. - ISSN 0950-0618. - 306:(2021),
pp. 124870.1-124870.19. [10.1016/j.conbuildmat.2021.124870]

Original

Asphalt-based cold patches for repairing road potholes – An overview

Publisher:

Published
DOI:10.1016/j.conbuildmat.2021.124870

Terms of use:

Publisher copyright

(Article begins on next page)

Anyone can freely access the full text of works made available as "Open Access". Works made available

Availability:
This version is available at: 11381/2902412 since: 2021-11-05T17:58:23Z

Elsevier

This is the peer reviewd version of the followng article:

note finali coverpage



1 
 

Asphalt-Based Cold Patches for Repairing Road Potholes- An Overview 1 

 2 

Cold Mix Patching Materials (CMPMs) are usually used instead of Hot Mix Asphalt (HMA) to 3 

repair potholes and localized distresses. Although these materials provide immediate 4 

serviceability, they have a relatively short life. However, worldwide interest in these solutions, 5 

which started as fragmented industrial initiatives, is growing. This article provides a critical 6 

comparison between several aspects regarding using CMPMs and HMA in repairing potholes. 7 

Specifically, repair techniques, productivity and costs were investigated in detail. Plus, the 8 

impact of the main crucial factors, i.e., workability, bonding, water susceptibility, stability, and 9 

storageability, on the performance of CMPMs was investigated through an overview. 10 

 11 

Keywords: Cold mix asphalt, Pothole, Patch materials, Serviceability, Pavement maintenance 12 

 13 

1. Introduction 14 

Road asphalt pavements suffer from various deteriorations during their life-cycle, which 15 

requires technical and economic resources for repair and maintenance. One of the most 16 

common forms of this distress is potholes [1]. Repairing potholes costs millions of euros 17 

annually and imposes a budget constraint on the maintenance organizations. In many cases, 18 

especially for local authorities, funding for maintaining road surfaces is the most important 19 

matter. Potholes often appear towards the end of the winter season, after prolonged periods of 20 

rain or during thawing periods, as a result of defects in the preventive maintenance of wearing 21 

courses (sealing) favored by sub-bases with poor bearing capacity or poor drainage. They can 22 

influence road users’ operations and traffic safety and increase the number of crashes with 23 

resulting injuries and even fatalities [2-7]. A report by the ministry of road transport and 24 

highways of India shows more than 1% of the accidents and deaths in 2018 and 2019 have 25 

occurred due to potholes [8]. Besides, the durability and life span of the pavement are affected 26 

by the occurrence and subsequent spread of potholes. This is especially true during the winter 27 

months, when potholes grow rapidly, making it extremely difficult to repair countless 28 

breakdowns in adverse weather [7, 9], and also when there are no adequate strategies and 29 

budgets for a preventive maintenance program. The repair operations in warmer weather 30 

conditions are usually applied by conventional Hot Mix Asphalt (HMA) that has a low initial 31 

cost but desired performance [10, 11]. However, the availability and application of HMA in 32 

wintertime are strongly affected by low temperatures, which induce its thermal dissipation 33 
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during hauling to the jobsite. Besides, the repair materials come into contact with stagnant 34 

water and the closure of the traffic should not last for a long time. Thus, road maintenance 35 

agencies are propelled to use appropriate temporary repair methods to restore the serviceability 36 

of the pavement in a short time [12-14]. 37 

In recent years, Cold Mix Patching Materials (CMPMs) have become popular for temporary 38 

repairs due to their ease of handling, affordability, few required labor and equipment, and long 39 

storage time. Plus, they have lower environmental impacts. However, at the time of writing 40 

this paper, there was no precise information about the percentage of unused bagged CMPMs. 41 

Also, the environmental implications in terms of increases in special waste and management 42 

of packaging waste are not known [15-18]. These mixtures have a short application time and 43 

are potentially suitable for repairing potholes in different climates. Plus, as they can be 44 

produced in various quantities and stored for several months in sealed containers or stockpiled 45 

around the road, repairing scattered distresses that require small quantities of materials can be 46 

facilitated with them [16, 19]. However, despite all of the mentioned advantages, CMPMs have 47 

the lowest quality of all the patching materials. Repaired potholes during adverse weather 48 

conditions, especially in wet winter and spring, withstand only a few freeze-thaw cycles and 49 

are sometimes physically removed even by the first traffic actions. They usually have a short 50 

lifetime and need frequent treatment operations [6, 19]. Additionally, CMPMs deal with 51 

different types of deficiencies, such as poor workability, less durability, rutting, poor skid 52 

resistance, adhesion and cohesion problems during the stockpile and under in-service 53 

conditions [15, 20]. Since there are no standards for designing and evaluating CMPMs, the 54 

state of practice experiences a heterogeneity of product types, and various CMPMs with 55 

different test methods have been employed by researchers to design the CMPMs and 56 

investigate their performance.  57 

Thus, after a detailed description of pothole formation mechanisms and their general 58 

maintenance and rehabilitation techniques, the paper focused on the development of CMPMs 59 

over the past years in comparison to conventional hot patch mixtures with specific attention to 60 

their components, curing, and performance evaluation. 61 

 62 

2. Pothole description 63 

2.1. Definition, formation mechanism, and severity levels  64 

Although several definitions have been proposed to identify a pothole, it can be simply 65 

described as “a bowl-shaped hole of various sizes in the pavement surface” [21] or in greater 66 
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detail as “a localized deterioration of road pavement resulting from a loss of material or 67 

depression in the pavement surface” [1]. Potholes are caused by a combination of physical, 68 

mechanical, and environmental stresses. Specifically, water infiltration and traffic loads play 69 

the main roles in the initiation and growth of potholes. Continuous traffic, especially in adverse 70 

weather conditions, leads to cracks in the pavement, which are the prerequisite for pothole 71 

formation [22-24]. The cracks in the pavement facilitate water seepage into the road structure. 72 

Then, the occurrence of freezing and thawing cycles due to water ingress leads to loss of 73 

support in the road layers, and consequently, more serious damage is caused [25-27]. Despite 74 

water permeability and traffic, other factors, such as poor mix design or inadequate 75 

construction methods [28], defective geometric design of the road [12], material failure, 76 

raveling, stripping, bleeding and shoving of the pavement [27, 29], lack of information and 77 

defective workmanship, excavation and reinstatements by utility companies [30], inappropriate 78 

pavement repair and winter maintenance practices, especially snow removal [31, 32], reduction 79 

in lifespan of the road structure, fatigue and interconnected alligator cracks, etc., simplify the 80 

formation of potholes and various damages [33-35]. 81 

Road management classifies potholes and their severity levels based on their dimensions, 82 

surface area, and depth [28]. These parameters are further influenced by other factors, such as 83 

climate conditions, speed and intensity of traffic, vehicle type, and the presence of pedestrians 84 

and bicycles [5]. According to the U.S. Federal Highway Administration (FHWA), holes with 85 

a minimum width of 150 mm and a depth of 2.5 mm, 2.5-5.0 mm, and greater than 5.0 mm are 86 

considered low, moderate, and high-severe potholes, respectively [21, 23]. The ERA-NET 87 

ROAD pothole project has established a depth of at least 30 mm and a diameter of 100 mm up 88 

to 1 m for typical potholes depending on road specific conditions. Potholes with a depth of 89 

more than 40 mm are instead regarded as severe [5] and must be repaired in less than 24 hours 90 

[26]. Based on Norwegian standards, any damage wider than 100 mm for a vehicle lane and 91 

30 mm for a bicycle lane must be repaired within a week [34]. A conducted study by the 92 

Strategic Highway Research Program (SHRP) in the U.S. classifies 0.93 square meters and 150 93 

mm as the maximum surface size and the maximum depth of a pothole [7]. The maximum 94 

recommended depth by UK Haringey Council standards is 50, 60, and 25 mm for major roads, 95 

unclassified roads, and places that may be dangerous for pedestrians or cyclists, respectively 96 

[28]. Also, based on the answers to a questionnaire by approximately 80 local authorities in 97 

2014 in the UK, 67% of respondents considered 25–40 mm, 12% selected 40–50 mm, and 14% 98 

considered a depth of greater than 60 mm as a typical pothole depth [21]. Furthermore, as 99 
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follows (Table 1), the Swiss Road Maintenance and Management Association classifies 100 

potholes based on the severity of the distress [26]. 101 

Table 1. Potholes’ classification based on the severity of the distress [26] 102 

Damage condition Severity  Depth (mm) Diameter (mm) 

Starting to form single potholes Low - < 100 

Single potholes Medium  < 40 100-300 

Slightly connected potholes High ≥ 40 ≥ 300 

 103 

The severity of the potholes is ranked slightly differently by Shahin [36]. According to Table 104 

2, for potholes with an average diameter of up to 762 mm, both the depth and the diameter are 105 

considered to classify the pothole severity. If the diameter is higher than 762 mm, the pothole 106 

area is determined and divided by 0.47 square meters. If the result is higher than 25.4, the 107 

severity is considered high, otherwise medium [36]. If the distance between the potholes is less 108 

than 200 mm, they should be measured together and considered one big pothole [3]. 109 

Table 1. Classification of potholes based on depth and diameter according to Shahin [36] 110 

Maximum Depth 

(mm) 

Average Diameter (mm) 

102-203 203-457 457-762 

12.7 – 25.4 Low Low Medium 

25.4 – 50.8 Low Medium High 

> 50.8 Medium Medium High 

 111 

2.2. Maintenance and rehabilitation  112 

Road pavements deteriorate under various vehicle traffic and weather conditions. Thus, they 113 

need to be rehabilitated to restore serviceability [37]. This rehabilitation technique generally 114 

adopted for potholes is called patching (Fig. 1), which is the process of filling potholes in the 115 

road pavement with a suitable material to control further deterioration of the pavement and 116 

restore the users’ safety and comfort [6]. 117 

Pothole patching covers a wide range of methods, from temporary procedures in emergency 118 

situations to permanent (or semi-permanent) interventions performed during corrective and 119 

routine maintenance operations [38]. It is the most obvious and sensible sign of road 120 

maintenance to the public and road users [39]. As stated by O’Flaherty [29], patch operations 121 

should be performed in good weather before potholes spread throughout the pavement, 122 
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worsening its condition. Nevertheless, before patching, the cause of the failure must be 123 

determined [40]. 124 

Prompt repair can limit expenditures and prolong the service life of a pavement. However, this 125 

maintenance and rehabilitation strategy is costly and time-consuming, especially in the cold 126 

and wet winter months. Therefore, potholes need urgent attention by road maintenance 127 

authorities to cut down on further pavement deterioration, vehicle damage, and user costs [20]. 128 

 129 

Figure 1. Patching a pothole with CMPM 130 

Despite improvements in mix design and the development of enhanced materials, pavement 131 

failures still happen. However, when the distresses are close and occur in relatively isolated 132 

locations or on low-traffic roads, the most common maintenance technique used to repair and 133 

restore the serviceability is patching [41, 42]. In good patching practices, material quality, 134 

repair method, and compaction level are the most important parameters [43, 44]. Nevertheless, 135 

the decision to patch is influenced by various factors, such as [38]:  136 

 The temporal frequency of routine maintenance of pavement resurfacing or overlay 137 

 Traffic level 138 

 The hierarchy of the road and the possibility of setting up a temporary construction 139 

worksite 140 

 The availability of the equipment, materials, and labor 141 

 Public negative view 142 

Additionally, running time, the climate condition, size of the pothole, properties of the host 143 

pavement, and the overall expenditure can affect the patching operations [26]. 144 

2.2.1. Repair Procedures 145 

Pothole repair operations include several temporary and semi-permanent to permanent 146 

approaches, which are as follows [44, 45]. 147 

 Temporary repairs  148 
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o Throw-and-dump or throw-and-go: The cold mixture is just shoveled into the 149 

pothole without any heavy compaction and removing the water and debris. The 150 

patch is compacted by normal traffic. 151 

o Throw-and-roll: The cold patch is placed into the unprepared pothole and 152 

compacted using a hand tamper and the truck tires. 153 

o Edge seal method: The repair method is similar to throw-and-roll, but after 154 

compaction, the perimeter of the repaired section is covered with a tack coat 155 

and sand. Then, it is left for about one day to dry.  156 

o Spray-injection: The mixture of aggregate and heated asphalt emulsion is 157 

sprayed into a prepared pothole, then the patch is covered with aggregates to 158 

prevent tracking by vehicles. 159 

 Semi-permanent repair: In this partial-depth repair, the edges of the prepared pothole 160 

are vertically cut with a saw and filled with a cold mixture or, in some cases, with HMA. 161 

Then the patch is compacted with a roller. 162 

 Permanent or full-depth repair: This approach is used to repair structural damage and 163 

may involve the rehabilitation of the subbase and base layers. 164 

o Infrared: The new asphalt is blended with the existing -Infrared Heated- 165 

Pavement material and compacted. 166 

o Microwave: The hole and its surroundings are pre-heated, and after cleaning 167 

loose debris, the pothole is overfilled with patch material and heated and 168 

compacted. 169 

 170 

It is recommended that road maintenance agencies should consider permanent repairs as their 171 

first choice and use temporary methods only for emergencies to provide safety quickly [35]. 172 

Studies show that although the semi-permanent method provides more durability in repairing 173 

failures, the high cost of equipment, labor, and higher required effort to patch, reduces its 174 

productivity compared to temporary methods like throw-and-roll and edge seal [7]. Spray 175 

injection also requires high equipment costs while, depending on the labor skills, its 176 

productivity is high. Plus, the materials used in spray injection have a lower price. The throw-177 

and-roll procedure does not require special equipment, but hand tools to fill the hole. This 178 

method can be an alternative to semi-permanent that ensures satisfactory repair using high-179 

quality materials [38, 46]. A study by Wilson [47] in 1993 stated that spray injection offers 180 

more durable patches than the aforementioned procedures, and in terms of tons/person-day 181 

(Table 3), it is the most productive technique [47, 48]. The results of another study showed that 182 
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the productivity of throw-and-roll and spray injection approaches is 4 and 2 times better than 183 

the infrared method in terms of tons/day. Moreover, the investigation of winter pothole 184 

patching methods by Nazzal et al. [7] showed (Table 3) that by considering the required time 185 

for repairing potholes, throw-and-roll, spray-injection, edge seal, and semi-permanent 186 

techniques have the highest productivity, respectively. However, the most recent market data 187 

shows that there is considerable interest in the convenience of single-use packaged products 188 

for throw-and-roll, albeit higher unit prices offset by greater ease of handling and speed of use. 189 

The general characteristics of the patching procedures are shown in Table 4.  190 

 191 

Table 3. Average productivity values for different repair techniques  192 

Repair technique Average productivity 

(tons/hour) 

Labor 

(person) 

Average productivity 

(tons/person-day) [47]   

Average required 

patching time (min) [7] 

Spray injection 1.7 2 3.4 2.8 

Throw-and-roll 1.6 2 3.2 2.6 

Edge seal 1.4 2 2.8 3.2 

Semi-permanent 0.3 4 1.2 13.3 

 193 

Table 4. General features of pothole patching procedures 194 

 Benefits Drawbacks or limitations longevity Ref. 

T
h

ro
w

-a
n

d
 -

g
o

 

 relatively short time 

 using few workers 

 simple application 

 can be used for temporary 

patching under adverse 

conditions 

 

 shortest service life 

 

 a few days to 

few weeks 

[7
, 

3
3

, 
4
9

, 
5
0

] 

T
h

ro
w

-a
n

d
 -

ro
ll

 

 easy and fast 

 does not require specialized 

equipment 

 crew is less frequently 

exposed to traffic 

 can be used for temporary 

patching under adverse 

conditions 

 high productivity rate 

 

 labor intensive and repairs 

can easily fail if the repair is 

not done correctly 

 3-12 months 

All-season  

[7
, 

4
2

, 
4
8

, 
5
1
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S
p

ra
y

 I
n

je
ct

io
n

 
 fast repair 

 require fewer people and no 

compaction 

 ability to repair potholes in 

adverse weather 

 produce a neater and 

smoother repair 

 less labor intensive and safe 

 requires the least expensive 

materials 

 does not need to be further 

compaction 

 higher cost of patching for 

low quantities 

 requires specialized 

equipment  

 need to clean up debris 

 operator is typically 

exposed to errant traffic 

 parked vehicles may 

become coated with 

overspray 

 formation of a cold joint 

 requires well trained and 

experienced operators 

 higher equipment costs 

 

 up to 2 years 

at summer  

≥3 years 

[7
, 

2
4

, 
5
2

, 
5
3

] 

E
d

g
e 

se
a

l 

 better connection between the 

asphalt pavement and new 

materials  

 keeps water out 

 requires a long recovery 

time between patching and 

opening the roadway to 

traffic 

 

 >1 year All-

Season 

[7
] 

S
em

i-
P

er
m

a
n

en
t 

 more cost-effective 

 results in the long life 

 improving the underlying and 

surrounding support 

 requires more workers and 

equipment 

 less effective in winter 

conditions 

 has higher labor and 

equipment costs and lower 

productivity 

 involves more preparation 

and compaction and not 

feasible under adverse 

conditions 

 More patch time is required 

 up to 2 years 

All-Season 

[7
, 

3
3

, 
3
7

, 
4
4

, 
5
4

] 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



9 
 

P
er

m
a

n
en

t 
 results in the longest life 

 improving the underlying and 

surrounding support 

 requires more workers and 

equipment 

 not applicable in winter 

 3-6 years  

 With proper 

preparation 

up to 15 

years 

[7
, 

1
5

, 
2
4

, 
4

2
, 

4
7

] 

In
fr

a
re

d
  

 less crew time in traffic 

 eliminating or reducing the 

amount of new asphalt mix, 

using waste material 

 provide higher bonding 

between patch and old 

pavement 

 

 requires long patching time; 

10-20 min 

 

 ≥ 13 years 

for crack 

filling  

[7
, 

5
4

-5
6
] 

m
ic

ro
w

a
v

e
  using RAP and RAS 

 strong interface bonding 

 

 requires long heating time  

[5
7

, 
5

8
] 

 195 

2.2.2. Patching materials 196 

The materials that can be used to repair potholes are numerous. However, they are classified 197 

into the following main categories [5, 42]: 198 

 Hot-mixed asphalt materials 199 

 Cold-mixed asphalt materials 200 

 Cement-based materials 201 

Asphalt-based materials (hot and cold) can be used for both asphalt and concrete pavements, 202 

whereas cement-based materials are commonly used for permanent patches on rigid 203 

pavements. Additionally, there are other types of repair materials such as synthetic binders, 204 

epoxies, polymeric materials, and resins that are not used commonly, especially throughout 205 

Europe [5, 42]. 206 

Hot-mixed asphalt mixtures are applied hot or cold in the repair operations. The mixture can 207 

be produced with well-graded heated aggregates and a hot asphalt binder at high temperatures 208 

and used immediately after being produced. Moreover, they are produced in an HMA plant 209 

with heated aggregates and liquid asphalt-base binders at a lower temperature than used in the 210 

previous procedure. Then, the cold product is stored for later use.  211 
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Cold-mixed asphalt mixtures are not heated during their production. The liquid asphalt-base 212 

binder and aggregates are mixed in a plant or on a jobsite and stockpiled or used cold in 213 

pavement treatments. Compared to the HMA mixtures, they have low quality and poor 214 

performance [6, 59]. In general, these kinds of products, also known as CMPMs, are classified 215 

according to the following categories [26, 40]: 216 

 The cold mix is produced by a local asphalt plant: The available materials are used to 217 

produce the cold mixture without considering the binder-aggregate compatibility test. 218 

 The cold mix is produced based on the specifications that have been set by the agency: 219 

The binder-aggregate acceptability and acceptance criteria by the maintenance agency 220 

are considered before buying the material.  221 

 Proprietary cold mix: These materials, which include specially formulated binders, after 222 

passing some acceptance tests, can be produced in bulk and stockpiled or can be kept 223 

in buckets or bags (25-40 kg) to be handled easily on the job site. 224 

 225 

Hot and cold asphalt-base materials are the most extensively used for all road maintenance 226 

operations. They have a relatively low cost, satisfactory stability, good quality, and easy 227 

application. Hot prepared and applied materials provide a more durable and effective solution 228 

for repairing potholes [26]. According to previous studies, HMA materials, due to their high 229 

initial stability, low permanent deformation, effective bonding to the old pavement, and easy 230 

compactibility, perform better than CMPMs and give the best repair [2, 60]. The New Jersey 231 

Department of Transportation (NJDOT) used three different types of CMPMs and one type of 232 

HMA to repair potholes. The results showed that HMA has far better performance than the 233 

other mixtures [61]. Other studies by Dong et al. [41] and Marasteanu et al. [15] indicated 234 

similar results. The performance of patching materials involving hot mix, cold mix, cold mix 235 

with fibers, and fiber mix heated in a Porta-patcher in filling shallow potholes was evaluated 236 

in a study by Feighan et al. in 1986. Their service lives and repair procedures were analyzed 237 

and compared on roads with poor, fair, and good conditions. The results indicated that hot mix 238 

asphalt has excellent performance in comparison to the other mixes. Plus, CMA was less 239 

effective [42]. Moreover, apart from their less workability in adverse climate, dependency on 240 

equipment, and being less environmentally-friendly, owing to their higher durability, they are 241 

the priority of road maintenance agencies in patching operations [62, 63]. The outcomes of a 242 

survey in 2014 in the UK (Fig. 2) included responses of approximately 80 local authorities to 243 

questionnaires, and showed that 31% of the agencies prefer to use HMA for pothole repair, and 244 

69% of them use both cold and hot materials [25]. In another survey included responses from 245 
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49 states in the USA, 20 local agencies in eight U.S. states, and 33 highway agencies at the 246 

local and national levels in the UK and Ireland; the results (Fig. 3) indicated that HMA is the 247 

most widely used material for permanent patches [42].  248 

Despite the durability of these materials in patching potholes, their limited applicability in 249 

adverse weather and their long and specific application procedures draw the attention of 250 

maintenance agencies to the use of CMPMs. Generally, CMPMs have lower quality and poorer 251 

performance than HMAs in the face of several benefits. They are workable in most weather 252 

conditions [64, 65], since in the CMPMs, the workability is not achieved through heat but by 253 

using solvents [11]. Also, their longevity is significantly affected by the quality of the materials 254 

[25]. The CMPM application is quick and takes less time, resulting in a safer repair operation 255 

with less traffic disruption, especially in difficult conditions like high-speed roads and 256 

intersections such as roundabouts [30].  257 

Therefore, using a high-quality mixture is very important to ensure durability, but not enough 258 

[30]. If the mixture is used in unsuitable conditions, it will not work well, and the service life 259 

will be short [26]. The following are three main concerns of CMPMs to achieve maximum 260 

performance [66, 67]:  261 

 high air-void content or a modest level of densification 262 

 weak initial strength and stability  263 

 long curing time to attain their max performance. 264 

  265 

 266 

Figure 2. Material used for patch repair based on responses of local authorities [25] 267 

 268 
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 269 

Figure 3. Materials used to repair potholes according to responses of agencies [42]  270 

2.2.3. Durability of the repaired potholes 271 

The patch durability usually depends on repair conditions (high or low weather temperature), 272 

the quality of the patching material, and the patching method [41]. Therefore, if the patching 273 

procedure is done satisfactorily under warm or fair-weather conditions, the repair method can 274 

be very efficient and durable [7]. The patching operation in cold winter compared to spring 275 

leads to a shorter life, usually a few days to a few months [26]. In fact, the purpose of repairing 276 

potholes in winter is only to provide traffic safety by restoring rideability, not a permanent 277 

repair. Nevertheless, repaired patches in the spring are expected to last as long as the 278 

surrounding pavement [38]. The durability and survival period of winter and summer repaired 279 

potholes were assessed through a laboratory study and a questionnaire in six provinces 280 

(Alberta, Manitoba, Ontario, Quebec, Saskatchewan, and New Brunswick) in Canada. The 281 

results (Table 5) declared that winter patched potholes survive for no more than 12 months. 282 

This value for summer patched potholes was more than one year [32, 53]. 283 

Table 5. Survival period of repaired patch in six provinces in Canada (months) [32] 284 

Province Alberta Manitoba Ontario Quebec Saskatchewan New Brunswick 

Winter  <3 9-12 3-6 6-9 3-6 <3 

Summer >24 >24 12-18 12-18 18-24 >24 

 285 

Durable patches are not obtained only by applying HMA. The use of high-quality CMPMs also 286 

leads to a long patch life. Proprietary cold mixes with a one-year survival period can be 287 

considered suitable patches for repairing potholes [41]. The results of the repaired potholes 288 
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with high-quality CPAMs in China were desirable, but the mixture with high-quality material 289 

was 3-5 times overpriced than HMA [18]. Nevertheless, past experiences show that high-290 

quality materials give a longer service life even if they cost more. In fact, high-quality materials 291 

offset the cost of frequent repairs that are conducted with poor-quality materials [10].  292 

Despite the material and application conditions, the patching methods involving temporary, 293 

semi-permanent, and permanent methods also have an important role in patch longevity. The 294 

expected life of a temporary repaired patch is up to one year. However, if a high-quality 295 

material is used, it can last up to 18 months [28]. The NCHRP report has limited this period to 296 

3 to 6 months [42]. If the patching mixture can be compacted to an equal density as the existing 297 

pavement, the life span will be extended [68]. 298 

Repaired potholes with throw-and-go have the worst durability and last a few hours to a few 299 

weeks [49, 50]. Owing to the short life, frequent re-patch, and high cost, this repair method is 300 

generally not recommended [42]. The durability of repaired potholes by the throw-and-roll 301 

method is higher than by throw-and-go. If the patching operation is properly done using this 302 

method, it can last up to 12 months for the spring season and 6 months for the winter season 303 

[28, 33]. In the aforementioned study in six Canadian provinces, potholes filled by the throw-304 

and-roll method in winter did not last more than 3 months. But summer patched potholes had 305 

a lifespan of more than 2 years [32]. In a 14-month field survey in Tennessee, winter-repaired 306 

potholes with the throw-and-roll method showed a shorter life span and failed just after several 307 

weeks [69]. In general, the throw-and-roll method can be a proper substitute for a semi-308 

permanent repair method if the durability of the product exceeds more than 9 months [32]. 309 

Patching by the edge seal method is relatively durable in all seasons and lasts more than one 310 

year. The spray injection method, if it is applied correctly, can act as a permanent patch and 311 

last up to two years, but shows poor performance if exposed to stable wet conditions [28, 42]. 312 

In the semi-permanent repairing method, the expected patch life is up to 2 years [33]. The 313 

permanent patching method is the most durable repair method that lasts 3 to 6 years. If a 314 

permanent technique with HMA is applied correctly in a properly prepared pothole, the lifespan 315 

can also last 15 years or more [15, 24, 44]. 316 

Overall, previous studies categorize the durability of the patching materials as follows [45, 70]:  317 

- Short-lasting patches: patches with less than one year of longevity. 318 

- Medium-lasting patches: patches with a 1-3 year lifespan. 319 

- Long-lasting patches: patches with more than 3 years of survival life. 320 
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However, the patch longevity is still considered to be days or months instead of years [71]. In 321 

fact, owing to one or a combination of the already mentioned factors, the patch fails in a short 322 

time. Table 6 gives the most important reasons for patch failure in more detail [9]. 323 

Table 6. Failure symptoms and mechanisms of cold patching materials [9] 324 

Symptom  Failure reasons 

In stockpile 

Poor workability High viscosity binder; dirty aggregates or excessive dust; too fine or too coarse 

gradation 

Binder draindown  Low viscosity binder; stored or mixed at high temperatures 

Stripping  Aggregates poor coating during mixing; wet or cold aggregate 

Lumpy mixture, 

premature hardening  

Higher rate of volatilization and premature curing 

Stiffness in low 

temperature 

Binder higher temperature susceptibility, dirty aggregates or excessive dust; too 

fine or too coarse gradation 

During placement 

Poor workability  High viscosity binder; dirty aggregates or excessive dust; too fine or too coarse 

gradation 

Poor stability  High binder content, low viscosity binder, poor aggregate interlock, inadequate 

voids in aggregate 

Hard to compact  Low viscosity binder, higher or lower amount of binder, improper gradation, 

excessive fine, the shape of the aggregates 

In-service 

Shoving, pushing Poor compaction, low viscosity binder or high amount of binder; 

Binder moisture and temperature susceptibility; contaminated mixture; long 

volatilization process; inadequate voids in aggregate; poor aggregate interlock 

Rutting  Poor compaction 

Raveling Poor compaction; low viscosity binder; poor mixture cohesion; poor aggregate 

interlock; aggregate binder absorption; moisture susceptibility; dirty aggregates 

or excessive dust; too fine or too coarse gradation 

Freeze-Thaw 

deterioration  

Poor mixture cohesion; too pervious mixture, moisture susceptibility 

Poor skid resistance  Higher binder content; rounded aggregate; too dense gradation 

Shrinkage or debonding Poor pothole preparation; mixture poor stickiness 

 325 

Most of the symptoms and problems listed in the table, such as binder content, poor-graded 326 

aggregates, and improper repair by the non-specialist crew, were also discussed by Kandhal 327 

and Mellott [72]. However, depending on different circumstances, the impact of these factors 328 

on patch failure can be different. The response of approximately 80 local authorities across the 329 

UK to a questionnaire about the main causes of patch failure showed (Fig. 4) that water 330 

infiltration and poor-quality mixtures have the highest and lowest impact on patch failure, 331 

respectively [25].  332 
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 333 
Figure 4. The main factor in failing of potholes in UK (least likely reason=1, most likely reason=4; 334 

the score is the sum of all weighted rank counts) [25] 335 

 336 

2.3. Cost analysis 337 

Since patching practice is an extensive and large-scale repair activity, road agencies have to 338 

spend millions of dollars annually [6, 71]. Pothole patching major costs involve materials, 339 

labor, and equipment. However, lane closure and user-delay costs, vehicle damage costs, and 340 

insurance costs are also involved with pothole maintenance expenditure and cannot be ignored 341 

[2]. 342 

According to a study in 2010, the cost of accidents and vehicle damage exactly due to potholes 343 

over a rainy season in the UK was more than £10 billion ($13.8 billion), which is four times 344 

more than the total yearly road budget of South Africa [40]. In another research, the Local 345 

Government Association (LGA) estimated the money needed to repair damaged cars due to 346 

potholes in the UK was £1 billion ($1.38 billion) in 2014. Besides, the results of conducted 347 

research by the international research data and analytics group (YouGov) showed that 348 

businesses in England and Wales face an annual incremental loss of £5 billion ($6.9 billion) 349 

due to poor road conditions, which is higher than the road maintenance budget [25]. Therefore, 350 

the repair lifespan in determining the benefit-cost ratio (BCR) is essential, and durable patches, 351 

especially patches with more than one year of survival life, can significantly reduce the overall 352 

costs as they do not need to be patched frequently [62]. Previous studies indicate that by 353 

preventing the replacement of unsuccessful patches, cost-effectiveness improves tremendously 354 

[42]. Therefore, preventative maintenance programs have an important impact on the longevity 355 

of the patches and, in the long term, can be less expensive than routine patch operations [28]. 356 
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According to a study by ALARM in 2012 [30], a preventive maintenance plan can be at least 357 

20 times cheaper than reactive maintenance. However, due to a lack of budget, planned 358 

maintenance operations are usually less considered. Based on responses of approximately 80 359 

local authorities to a questionnaire across the United Kingdom, 25% of the yearly budget 360 

allocated for pothole repair is spent on “planned maintenance”, 59% on “reactive maintenance” 361 

and the remaining 16% is spent on routine operations [25].  362 

Usually, in repair operations, the highest cost is devoted to crew and equipment. Through 363 

research in 2013, Dong et al. [69] claimed in patching practices, 50 to 60% of total patching 364 

costs account for workforce charges. Plus, the equipment accounts for a significant portion of 365 

the total cost. However, the devoted costs in temporary approaches with CMA are a bit 366 

different. The materials and equipment costs can be notable based on the employed method for 367 

repairing potholes, as Lukas Hammel showed in his research (Fig. 5) [73]. As a result, skilled 368 

labor and standard equipment with patching materials can reduce or increase the patching costs 369 

[60]. 370 

 371 

 372 

Figure 5. The comparison between devoted costs in 2015 for HMA and a proprietary CMA. (The 373 
original cumulative costs were expressed in Euros) [73] 374 

In most cases, the cost of materials is just a small portion of the total patching costs [37, 41]. 375 

Studies have shown that this value is 15 to 25 percent of the total operation costs [74]. If the 376 

repair process is done properly, it also accounts for less than 10-20 percent of the total cost 377 

[49]. According to studies, CMPMs contribute 20% of the overall repair cost, while this value 378 

for hot mix asphalt is 2-5% [60]. Despite the low cost, the materials have a significant impact 379 

on the patch and the total cost. Usually, CMPMs with poor performance lead to increased labor, 380 
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equipment, traffic control, and user delay costs. Therefore, utilizing high-quality materials is 381 

recommended to increase longevity, prevent re-patching operations, and reduce overall costs 382 

[47, 49, 51]. In fact, the cost of high-quality materials and a proper repair method is 383 

significantly less than the cost of frequent patching operations [9]. Through research in 1988, 384 

Anderson et al. [9, 74] calculated the annualized expenditure per repair for various patching 385 

materials costing from $30/ton to $120/ton (Fig. 6). By considering the critical condition, if the 386 

most expensive mixture ($120/ton) lasts until the second year, the cost required to repair the 387 

damage will be less than the cost needed to patch the pothole with cheap material ($30/ton) 388 

after just one year. Therefore, using expensive materials with high longevity leads to a notable 389 

cost saving in the long run [49]. 390 

 391 

Figure 6. Equivalent uniform annualized cost in 1998 for standard repair procedure [74] 392 

However, the results of a research project at the University of Minnesota showed that for short-393 

term purposes, cheaper materials and temporary methods are more cost-effective, and long-394 

lasting patching methods offer high effectiveness in the long term. Additionally, if user costs 395 

are taken into account in the analysis, the benefits are even greater [15]. 396 

It is noticeable that high-quality materials alone cannot guarantee the durability of the patch. If 397 

used in poor condition with inappropriate technique, it will not perform well and not last long 398 

enough. As stated in a two-year European study called POTHOLE, unprepared pothole practice 399 

with cold mixtures costs the most compared to other patching repair strategies. Among the 400 

repair methods, a standard procedure including cutting, cleaning, filling, and compacting the 401 

patch is the most cost-effective repair method [15]. The throw-and-go method, as a common 402 

repair method without any hole preparation, is not considered a cost-effective method 403 
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compared to other strategies. According to Thomas and Anderson’s study [49], this patching 404 

procedure is roughly three times more expensive than a standard patching method. 405 

Following the results of a questionnaire survey in 2011, in Tennessee, the semi-permanent 406 

method is the most cost-effective technique in the long run, despite the increased cost of labor, 407 

equipment, and operation time. Plus, the throw-and-roll treatment method used in spring is 408 

cost-effective, while the winter season’s throw-and-roll procedure is the least cost-effective. 409 

The semi-permanent technique is considered to be more cost-effective than throw-and-roll 410 

[33]. The most extensive pothole repair research project (H-106) by the SHRP found that for 411 

similar patching materials, the throw-and-roll repair method is as effective as the semi-412 

permanent method. However, when the effective cost is considered based on the patch service 413 

and analysis period, the throw-and-roll method would be more cost-effective than the semi-414 

permanent one due to reduced labor and equipment [47]. Under optimal conditions, the labor 415 

cost for patching and traffic control can be considered as two and four workers for the throw-416 

and-roll and permanent methods, respectively [37]. Confirming other similar studies, pothole 417 

repair using a semi-permanent method costs almost 2.5 times more than the throw-and-roll 418 

method [32]. These cost differences between throw-and-roll and semi-permanent methods have 419 

been shown in another study by Dong et al. [69] for Tennessee DOT. According to the results, 420 

repairing potholes with the various cold mixtures by the throw-and-roll technique requires 421 

much less cost for equipment and labor (Fig. 7). 422 

In another study, Nazzal et al. [7] assessed the performance and lifecycle cost of infrared 423 

patching operations and compared them with spray injection and throw-and-roll repair 424 

methods. The comparison revealed that if the user costs are overlooked, for short-term repairs 425 

(less than 12 months), the throw-and-roll method will be more cost-effective than the infrared 426 

method. However, in the long run, especially for winter repairs, the infrared method is more 427 

cost-effective than the other methods. 428 

 429 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



19 
 

 430 

Figure 7. Total patching cost differences between cold mix and hot mix asphalt in 2014 [69] 431 

Wei and Tighe [75] evaluated the durability and cost-effectiveness of repaired potholes through 432 

different methods (Table 7). They found that the spray injection patching method is less cost-433 

effective. Although, unlike the hot mix pathing procedure that requires purging the leftover 434 

unused materials from the vehicle after the end of repair operations, it is possible to store the 435 

mixture on the patch spray machine for fast and efficient deployment in small- or large-scale 436 

repair practices [76]. Finally, based on the literature, it is noteworthy that cost-effectiveness 437 

appears in increased productivity and higher service levels, not essentially in money-saving for 438 

the agency [77]. 439 

Table 7. Longevity and cost of different patching methods in 2004 [75]  440 

Patch Technique Life span 

(years) 

Cost 

(Canadian $/lane/km) 

Spray injection patching  2 3,375 

Machine HMA patching  4 1,386 

Manual HMA patching  5 1,246 

Mill and patch 10%  6 2,450 

Mill and patch 20%  7 4,900 

 441 

3. Cold Mix Patching Materials (CMPMs) 442 

CMPMs are usually applied in an emergency situation as a temporary treatment until proper 443 

and definite practice is done [20, 78]. These kinds of asphalt-based products are composed of 444 

a mix of aggregates with special binders (asphalt emulsion, cutback, proprietary binders), and 445 

additives [79]. However, in recent years, the use of waste materials such as Reclaimed Asphalt 446 

0

500

1000

1500

2000

2500

3000

3500

HMA CMA A CMA B Semi HMA

T
o
ta

l 
c
o
s
t 
($

)

Patching Materials

Labor User delay Equipment Material Total

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



20 
 

Pavement (RAP) and Reclaimed Asphalt Shingles (RAS) to modify the binder or as a substitute 447 

for aggregate or mineral filler has received growing interest and attention in the mix design of 448 

CMPMs [80, 81]. Despite the benefits of cold mixtures in maintenance programs, they have 449 

some weaknesses reflected in their poor performance or premature failures. Poor workability 450 

in cold weather, poor stability, especially in deep holes, and moisture susceptibility are primary 451 

problems associated with these mixtures [20, 82]. Besides, since they cannot be compacted at 452 

the same level as the hot mixtures [70, 82], they show high air-void content and porosity of the 453 

mixture (up to 30%) and porosity, which, along with an extended curing time negatively affect 454 

their mechanical properties [67]. Although there are no standards or comprehensive guidelines 455 

for using and evaluating CMPMs [83, 84], a few tests have been recommended by the SHRP 456 

manual as compatibility and acceptance tests to meet the minimum requirements for utilizing 457 

these materials. Compatibility tests involve coating, stripping, and drainage tests, whereas the 458 

acceptance ones include workability and cohesion experiments [62, 78]. It is noticeable that 459 

the mentioned tests do not necessarily guarantee the success of patching mixtures but are 460 

employed to identify materials that may have poor performance in the field [38]. 461 

3.1. Components 462 

The literature has shown the importance and impact of cold mix components on the 463 

performance of repaired patches. The influence of these constituents and how they affect the 464 

mixture are described below.  465 

 466 

3.1.1. Binder 467 

Cutback, asphalt emulsion, and proprietary binders are used in the cold mix design to meet the 468 

CMPM requirements [67]. Workability and stability, which are two major issues for CMPMs, 469 

can be managed by improving the mix design, both in the type and dosage of ingredients. A 470 

soft binder with low viscosity is needed in the mixture to provide satisfactory workability for 471 

longer storage time and cold weather. However, for better cohesion and stability after 472 

placement of the mixture, high binder viscosity is preferable [78]. Therefore, binder viscosity 473 

should be comparatively low at low temperatures to give desirable workability [85]. Cold 474 

patches containing cutback binders are less sensitive to temperature and can be applied in cold 475 

and rainy weather conditions. Traditional cutback asphalt solvents like gasoline or diesel 476 

decrease the binder viscosity and make the mixture workable with a rather low initial strength. 477 

However, the strength of the patched material increases gradually by solvent evaporation [14, 478 

34]. Despite their advantages, applying cutback-based materials at low temperatures can be 479 
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difficult and usually requires warming-up with the sun before the treatment [40]. The 480 

volatilization of the solvents takes up to several months, as well, so that the repaired spots may 481 

be damaged during this period [86, 87]. Additionally, cutback-based mixtures emit higher 482 

hydrocarbons than an emulsion-based mixture, pollute the atmosphere by contributing to the 483 

greenhouse effect, consume non-renewable energy resources, and are flammable, which puts 484 

the health of the workforce in danger [63, 88, 89].  485 

Thus, the use of current cutbacks has been restricted or even prevented by new European 486 

environmental regulations, and using environmentally-friendly alternative solvents is currently 487 

emphasized [90]. Compared to cutback, asphalt emulsion has relatively fewer environmental 488 

issues [37]. However, the relatively short breaking time is the main limitation that propels 489 

producers to use slow-setting emulsions in cold asphalt mixtures [13, 26]. 490 

In parallel, environmentally-friendly alternatives to petroleum solvents and proprietary binders 491 

are under consideration by producers and researchers [63]. In a recent study by Wang et al. 492 

[91], mineral spirit and isoamyl acetate were used as alternative solvents in the cold mixture 493 

mix design. The new solvents showed better solubility and higher vaporization rates. Compared 494 

to diesel mixtures, using new solvents provided better curing and initial strength, stickiness, 495 

rutting resistance, and resistance to water susceptibility, as well. In another study, Dong et al. 496 

[63] used turpentine as an alternative to diesel in cutback binder. Although the solubility of 497 

solvents was similar, turpentine showed a higher evaporation rate than diesel. Plus, using 498 

turpentine in the mixture gave higher initial strength, lower abrasion, and moisture sensitivity. 499 

Similar improved performances were achieved by modified cutback with Waterborne Epoxy 500 

Resin (WER) in research conducted by Zhang et al. [92]. However, the test results 501 

demonstrated that inappropriate addition of WER may result in poor storability and low-502 

temperature performance. The authors recommended 1.2–1.8 wt% WER as the optimal dosage 503 

to improve the cold mix performance. Vegetable oils such as sunflower are also used instead 504 

of petroleum solvents to decrease the binder viscosity at cold temperatures and make the cold 505 

mixture workable. The hardening process of these proprietary binders occurs by oxidative 506 

polymerization in the presence of a catalyst, not by evaporation of the flux oil [88, 90, 93]. 507 

Geng et al. [18] used Cooking Waste Oil (CWO) as part of the diluent in the cold mixture. The 508 

research team found that 15% to 35 wt% CWO in a cold mixture containing 21% to 23% diluent 509 

yields better adhesion and satisfactory workability. But, the effect of CWO on the strength of 510 

the cold mixture was not noticeable. 511 

Besides, there are special CMPMs on the market that their curing and strength evolution occur 512 

with water presence through chemical activity, not by evaporation of the solvents. In these 513 
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water-based cold patches, the strength evolution is faster than in traditional CMPMs, and the 514 

strength development process starts by adding water or even air humidity. Therefore, they must 515 

be kept in totally sealed containers during the storage time and used up to a temperature of 0 516 

°C [73, 86]. Although they provide better patch performance, they are expensive and are not 517 

suitable for large-scale repair operations [17]. The author’s laboratory experience with one of 518 

the most popular water-reactive CMPMs on the market indicated that the curing rate of the 519 

material decreases sharply after a few hours of compaction at room temperature, and the 520 

material reaches most of its stability during this time. Plus, the remaining material in the sealed 521 

bucket did not show high sensitivity to humidity and retained its quality even after a few days 522 

of opening the bucket. Eventually, for all CMPMs that foresee an evolution or reaction of the 523 

binder, the packaging and the relative workability of materials are fundamental and decree the 524 

success or failure of treatment. The inefficiency of CMPMs’ workability, which is very 525 

frequent following their storage on pallets or shelves, leads to lower demand for materials and 526 

is a severe discrimination factor in commercial competition. 527 

Regardless of the type of binder, to improve cohesion and adhesion and subsequently the 528 

durability of the patch, a high amount of residual binder is required to achieve a thicker film 529 

on the aggregates; however, binder drain-down during the stockpile should be considered as 530 

well [72]. The higher content of the binder leads to bleeding, lower skid resistance, rutting, and 531 

drain-down in the stockpile, but it provides a sticky mixture, especially in the winter months. 532 

Nevertheless, an inadequate amount of binder can result in moisture susceptibility, poor 533 

cohesion and adhesion, and subsequently unstable patches, but better workability in cold 534 

temperatures [78, 94]. Previous studies indicated that to meet the CMPM requirements, at least 535 

4.5 percent residual binder is needed for aggregates with less than one percent water absorption. 536 

This value changes with the percentage of water absorption, as if the water absorption increased 537 

by 0.5%, the amount of the residual binder should increase by 0.5% as well [72]. 538 

 539 

3.1.2. Aggregate (type and grain size distribution) 540 

Aggregates like binders play a crucial role in the performance of cold mixtures. In the CMPM 541 

mix design, various types of virgin and recycled aggregates, such as crushed stone, silty sands, 542 

RAP [95], RAS [80, 81], slag, and fly ash are utilized to mix with the binding materials and 543 

form the mixture [11].  544 

The most significant required features of aggregates are shape and gradation. Gradation and 545 

aggregate shape significantly impact the workability and stability of the cold patching mixtures 546 

[9]. To achieve better stability, a high degree of aggregate angularity in the mix design is 547 
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required, even though angular aggregates do not provide good workability. If one-sized fine-548 

aggregates are predominant in the mixture, the impact of angularity on the workability may be 549 

decreased [72]. Although using certain aggregates such as uncrushed gravel, sand, and rounded 550 

aggregates can improve the mixture workability, it leads to pavement failure, including rutting 551 

and shoving under traffic loads [20, 78]. Despite the shape of the aggregates, their sensitivity 552 

to moisture can also result in other problems. Aggregates with higher water absorption cause 553 

stripping and drain-down problems during the stockpile and should not be used in the mixture 554 

[72]. Therefore, aggregate water absorption should be considered and limited to almost one 555 

percent [20, 62]. A maximum of 2% is fixed by the Ontario Provincial Standard Specification 556 

(OPSS) [96]. 557 

Dense-graded and open-graded gradations are usually used in cold mixtures to provide 558 

satisfactory performance in repaired potholes. Each gradation has its own benefits and 559 

drawbacks [34]. A well or dense-graded gradation provides a low air-void and relatively 560 

impermeable mixture that yields a stable and durable patch. On the other hand, open-graded 561 

gradation gives better workability than dense-graded gradation. Due to their high porosity, they 562 

can facilitate volatilization and curing time and are more workable at freezing temperatures. 563 

However, cold mixtures with a dense gradation have good performance at warm and hot 564 

temperatures. Overall, from one region to another, the aggregate proportions can be slightly 565 

varied [20, 78] Despite the gradation type, the size of the aggregate in the mix design is 566 

important and depends on the depth of the pothole to be repaired [5]. Cold mixtures with fine 567 

aggregates are more suitable for filling cracks and repairing shallow potholes as they can be 568 

applied thin and prevent raveling on the edges of the hole [28, 41, 62]. However, if the 569 

aggregate size is too small compared to the pothole depth, the possibility of displacement or 570 

rutting in the patch is high [42]. On the other hand, coarse aggregates are more suitable for 571 

filling deep potholes as they result in extra stability and durability [28, 62]. Nevertheless, too 572 

large aggregates may lead to insufficient compaction, poor bonding at the pothole edges [42], 573 

increased abrasion, and fast deterioration [51]. In the past, the use of 12.5-19 mm coarse 574 

aggregates in stockpiled mixtures had been promoted to achieve higher durability and stability. 575 

Yet, to succeed in applying such a mixture, an ideal patching procedure involving saw cuts to 576 

create a vertical and clean edge, using a tack coat, and sufficient compaction is needed. While 577 

filling potholes is a time-consuming operation and employing an ideal patching method is not 578 

usually used, patches with coarse aggregates due to raveling under traffic loads start to 579 

premature failure. Otherwise, if fine aggregate mixtures are used that have more flexibility than 580 

a coarse aggregate mixture, the patch should be stable at a depth of less than 76 mm [72]. 581 
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Mixtures containing finer gradations usually do not provide good workability. However, if they 582 

are made mainly of one-sized aggregate mostly kept on the 1.18 mm sieve, the curing and the 583 

workability features can be improved. A fine gradation cold mixture consisting of 100% 584 

passing 9.5 mm or 4.75 mm sieve can produce a workable and pliable mixture which is 585 

characterized by improved durability and flexibility over time [62]. Besides, the use of fine 586 

aggregates (maximum particle size of 11 mm) allows cold materials to be applied in thin layers 587 

within 25 mm [13, 26]. To achieve maximum workability and stability, the FHWA 588 

recommended crushed angular aggregates in sizes ranging from 2.38 mm to 12.7 mm as the 589 

optimal aggregate size [9]. Other studies suggest a range of 4 to 10 mm of aggregate as the 590 

maximum nominal size of aggregates used in CMPMs [43]. Kandhal and Mellott proposed the 591 

gradation reported in Table 8 through their study in 1981 on asphalt stockpile patching mixtures 592 

[72]. In another study by FHWA, the recommended gradation for homemade cold patching 593 

mixtures is according to Table 8 [78]. 594 

Moreover, dust content affects the repaired patch performance as dirty aggregates may increase 595 

moisture damage [78]. In fact, an excessive amount of filler (particles passing through the 0.075 596 

mm sieve) makes the mixture brittle, less workable, and less tacky. For this reason, cold patch 597 

producers use clean aggregates with low content (usually less than 1%) of dust to improve the 598 

cohesive and adhesive characteristics of the patching material. Kandhal and Mellott 599 

recommended a maximum dust content of 2% in their research on CMPMs [72]. In the 600 

investigation of the 17 proprietary cold mixtures, Franklin and Prowell [1] moderately modified 601 

the gradation proposed by Kandhal and Mellott and increased the content of coarse aggregates 602 

to improve the stability. The fine particles were increased by up to 3% (Table 8). Also, 603 

Minnesota DOT limited the max fine up to 3 percent, and proposed gradation has been 604 

indicated in the same table [50]. 605 

A maximum of 1 to 2% of dust has been proposed in a study by Anderson et al. in 1986 [9] to 606 

obtain sufficient mixture workability. However, Berlin and Hunt [20] have set higher values 607 

for dust content in their study. After 6 months of laboratory evaluation and field survey of 608 

several CMPMs, they suggested a value of less than 5 percent for dust particles in the mixture. 609 

A similar value (less than 5%) for dust content was also suggested in other studies [15, 62].  610 
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Table 8. Recommended aggregate gradations for CPAMs  614 

Sieve size 

(mm) 

Percent passing 

 

[78] [1] [50] (Specified) 

[72] 

(preferred) 

[72] 

12.5 --- --- 100 --- --- 

9.5 95-100 95-100 95-100 100 100 

4.75 40-85 75-95 35-50 40-100 85-100 

2.36 15-40 10-40 Max 20 15-40 10-40 

1.18 6-25 --- --- --- 0-10 

0.6 --- --- Max 10 --- --- 

0.075 1-6 0-3 Max 3 0-2 0-2 

 615 

3.2. Curing 616 

Climate temperature, curing time and curing rate have a remarkable impact on the performance 617 

of the CMPMs. Biswas et al. [53] came to this result during their research on cold mixtures in 618 

Canada. The rapid curing rate provides good stability and cohesion, while the slow rate enables 619 

workability. This curing rate is affected by several factors, such as climate conditions (windy, 620 

rainy, temperature, etc.), binder quantity, binder type, binder grade, etc. Therefore, based on 621 

the mixture properties, the curing rate should be considered and controlled, since the volatile 622 

evaporation rate of mixtures is different, and prematurely curing leads to unworkability. 623 

Moreover, a longer curing time or higher temperature provides better stability than a shorter 624 

curing time at a lower temperature [78]. The results of research by Thanaya et al. [66] indicated 625 

that under full curing conditions, CMPMs and HMA of the same penetration grade binder have 626 

similar stiffness. But, the full curing process is time-consuming. Studies by Chevron Research 627 

Company [90] showed that, depending on weather conditions, it takes 2 to 24 months for the 628 

cold mix asphalt to be fully cured. Usually, materials that are compacted under lower 629 

temperatures or short curing times result in unstable specimens [20]. Moreover, there are 630 

CMPMs on the market that do not reach sufficient stability even after 5 or 6 months. For these 631 

materials, the stability of the laboratory-made specimens is low even after high compaction, 632 

and their demolding without long-term curing is almost impossible since they collapse instantly 633 

after demolding. Still, these low-quality materials are bought and utilized by the road agencies 634 

due to their lower price. Therefore, to evaluate the CMPMs, the samples are cured in the oven 635 

to provide sufficient stability for conducting tests [97]. However, this procedure reflects the 636 

patch condition after several months in service [13], while the patch durability may be shorter 637 
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than a few months, and the patch deteriorates in a short time after patching. Consequently, 638 

evaluation of the mixture after long-term curing cannot indicate its performance after patch 639 

operation.   640 

 641 

3.3. Performance evaluation  642 

As before mentioned, patch failures are often due to the lack of desirable characteristics. Thus, 643 

the evaluation of the mixture properties can help to understand which types of materials 644 

deteriorate in a short time and are not suitable for use in the field. Workability, water 645 

susceptibility and stripping, stability and strength, adhesion and cohesion (bonding 646 

characteristics) and storageability are the main factors that can result in poor or good CMPM 647 

performance. These properties are engaged with each other and the durability of the mixture is 648 

achieved under their overall performance [98, 99]. Since there are abundant materials on the 649 

market claiming to have the best performance, the only way to assess their properties is through 650 

laboratory experiments along with a long-term field study [20]. The field performance is 651 

usually carried out through visual evaluations by maintenance engineers. However, the 652 

laboratory tests are more quantitative, as explained in the following sections. 653 

 654 

3.3.1. Workability  655 

Workability is one of the primary properties of cold mixture that enables the patching material 656 

to be handled, easily plied, and compacted during the stockpile and placement in the field [78, 657 

100]. Since CMPMs are commonly used for temporary repairs, their workability characteristics 658 

are more noteworthy than their performance [101]. As claimed by previous studies, the 659 

workability of cold mix can be affected by its main components, including asphalt binder and 660 

aggregates. In fact, using rounded aggregates or uncrushed gravel in the mix design can 661 

improve the mixture workability. An excess amount of filler or mixtures with a maximum 662 

aggregate size bigger than 12.7 mm also negatively affect the mixture workability. 663 

Furthermore, weather temperature during the storage or application time can impact the binder 664 

viscosity and the mixture workability [6, 39, 78]. Usually, a mixture with poor workability 665 

leads to insufficient compaction, reduced stability, and patch failure in a short time. Therefore, 666 

to have a durable patch, factors that improve workability must be considered, as they may 667 

oppose stability [78, 82]. The impact of aggregate and binder on workability and, subsequently, 668 

durability of the patch can be summarized in Table 9 [20]. 669 
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Table 9. Aggregate and binder impact on patch workability and durability [20] 670 

Characteristic Parameter Workability Durability 

Binder Viscosity 
Low Viscosity Good Poor 

High Viscosity Poor Good 

Aggregate Shape 
Angular Poor  Good  

Rounded Good  Poor  

Aggregate Size 
Larger Poor  Good with ideal condition 

Finer Good  Good if hole depth is less than 76 mm 

Aggregate Gradation 
Open Good Poor 

Dense Poor Good 

 671 

To evaluate cold patching materials, Kandhal and Mellott [1, 72] used a spatula in their research 672 

in 1981. The test was performed subjectively by dipping the spatula into the mixture, and the 673 

results were reported as good, fair, and poor. A cement concrete penetrometer was also used to 674 

obtain quantitative results by the research team and is called the PTI method. The greater the 675 

force required to penetrate the tool into the sample, the lower the workability. However, the 676 

results were inconsistent, and the test failed to quantify the workability. The presence of large 677 

aggregate particles or the degree of sample compaction can impact the test, as well. They 678 

suggested maybe using a mixer such as a Vane-Shear device leads to more accurate results. 679 

During a study in 2019 [34], the use of a mixer to quantify the cold mixture workability was 680 

found to be satisfactory. The average measured torque in one minute was considered as an 681 

indicator of mixture workability. The greater the torque, the worse the workability. The first 682 

idea of using torque to measure workability had already been proposed by Marvillet and 683 

Bought in 1979 to assess HMA workability. They used the torque needed to rotate the paddle 684 

within the HMA sample for this purpose [102]. 685 

Similar results from the PTI test were achieved in a study by Prowell and Franklin [1]. During 686 

their study of 14 types of proprietary cold mixtures, no strong correlation was found between 687 

laboratory and field results. However, Berline and Hunt [62], in their research in 2001, obtained 688 

a good correlation between the field and lab results. In 1986, Anderson et al. [9] used the 689 

PennDOT subjective spatula method to evaluate the mixture workability and found this 690 

procedure undesirable from the point of repeatability, especially inter-laboratory repeatability. 691 

Therefore, by connecting a 9.5 mm by 75 mm extension to the penetrometer foot, they modified 692 

the PTI method and quantified the cold mix workability. A reasonable correlation was obtained 693 

between the results of the two methods. In the SHRP H-106 extensive repair project of more 694 

than 1250 potholes, PTI and Blade Resistance test methods were considered to evaluate the 695 
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mixture workability in the laboratory and field. The Blade Resistance device is similar to the 696 

PTI probe, except the tool uses a blade instead of a bullet-shaped connection in the probe. The 697 

results showed that, due to the greater contact area of the blade with the sample, the values 698 

obtained by the Blade Resistance method are almost five times larger than the values obtained 699 

by the PTI method. Therefore, they found that the PTI method is suitable for stiffer mixtures 700 

owing to its small cross-section. However, the Blade Resistance method is more effective on 701 

soft patching materials. Since the mixture workability is the main issue when it becomes stiff, 702 

the PTI method can provide more meaningful results [47]. The results of the mix workability 703 

were variable by the Blade Resistance test in research conducted by the NJDOT. Therefore, 704 

this test was not recommended for future research [6]. Unlike the results of the NJDOT, the 705 

workability of the 24, 96, and 168-hours cured specimens at 25℃ showed a confident linear 706 

correlation with curing time in a study by Liao et al. [83]. However, the required resistance to 707 

penetration of the blade into the mixtures was low compared to the recommended range in 708 

ASTM D6704. To quantify the workability of the patching materials, Estakhri and Button [39, 709 

82] used the same PTI method in 1995. However, they couldn’t find noticeable differences in 710 

the workability results of various mixtures. To get more reasonable results, the PTI test method 711 

was modified two times by changing the box shape and the location of the hole on the box wall. 712 

The modifications demonstrated some improvements over the PTI method; however, the 713 

results didn’t show a good correlation with field workability evaluations. Afterward, they tried 714 

to measure the mixture workability with a Texas Gyratory Compactor. The total number of 715 

mold gyrations required to reach the defined compaction pressure was considered for this 716 

purpose. Once again, no correlation was obtained between laboratory and field values. Since 717 

none of the previous procedures were successful, triaxial compression and unconfined 718 

compression tests were employed to quantify the workability of the material. The methods that 719 

were based on the Mohr circles and the Mohr failure envelope showed a relatively satisfactory 720 

workability value. Aside from using more materials than the other methods, it is also time-721 

consuming and requires costly apparatus [103]. 722 

In a study by Lesueur [104] in 2002, using the Nynas device for measuring the workability of 723 

cold mixtures was recommended. According to this research, the Nynas device was able to 724 

differentiate the influence of different parameters such as binder content, temperature, the 725 

nature of aggregates, and water. The maximum shear force applied to the loose mixture was a 726 

measure of workability. In another study, the Nynas device and Gyratory Shear Compactor 727 

(GSC) were employed to investigate the workability of Warm Mix Asphalt (WMA). Unlike 728 

the Nynas device that led to definite results, the GSC was not sensitive to temperature and 729 
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resulted in similar values [105]. In a research project by TxDOT, it was announced that the 730 

slope of the GSC compaction curves and the work done by the shear force during the 731 

compaction (the area under the curve) can be used as a surrogate measure of the cold mixture 732 

workability [20]. Ferrotti et al. [106] considered the mentioned recommendations to assess the 733 

workability of high-performance fiber-reinforced cold mixtures. The intercept and the slope of 734 

the regression compaction (void-number of gyrations) curves were used to analyze the air-void 735 

content and workability of the mixture, respectively. Besides, TxDOT researchers tried to 736 

develop a method to measure workability by taking the idea from the concrete slump test. As 737 

a result, during a similar experiment called the Cold Patch Slump Test (CPST), the required 738 

time for a cold mixture to slump under its own weight was considered as a measure of 739 

workability. So, less time to slump indicates more workability and vice versa. The results of 740 

testing six proprietary CMPMs at three different cold temperature levels showed a good linear 741 

correlation between the field and laboratory results [20]. Abaffyová and Komačka [107] used 742 

the slump test to assess the storageability of the CMPMs, not the workability. Through their 743 

research, the cold mix is poured into the inverted Abram cone or the CBR mold for 10 minutes 744 

to experience the self-compaction condition. Then, the mold or cone is lifted, and the required 745 

time for dropping the whole mixture from the mold is recorded and reported as a measure of 746 

storageability.  747 

Hemsley [108] used densification curves of compacted HMA to assess the workability of the 748 

mixture, and defined the locking point. The locking point is the number of gyrations that after 749 

three continuous gyrations, no noticeable changes in the height of the samples are detected. In 750 

their research, less than 30 and higher than 70 gyrations were considered to indicate easy to 751 

compact and hard to compact mixtures. This approach was employed to measure the cold mix 752 

workability in other research, and they found the locking point of the mixtures below 100 753 

gyrations [109, 110]. 754 

Moreover, in another study, the area under the compaction curves was used to measure the 755 

workability and compactibility of the mixtures. The energy required to compact the loose 756 

mixture to 92% density (corresponding to 8% air void in the target mixture) led to defining the 757 

following energy indices (Eq. (1) and Eq. (2)) that measure the mixture workability [111].  758 

Volumetric Energy index from intercept to 92% 𝐺𝑚𝑚: EI(92%) = P ×
πd2

4
× ∑ ∆hN92

N=1                (1) 759 

Workability Energy index from intercept to 92% 𝐺𝑚𝑚: WEI =
EI(92%)

N92
                                                   (2) 760 
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Where d is the sample diameter, P is the compaction pressure, h is the sample height during 761 

compaction, and N is the number of gyrations.  762 

According to Eq. (1) and Eq. (2), when a mixture is hard and has low workability, more energy 763 

is needed to compact it. On the other hand, the increase in the number of gyrations indicates a 764 

lower WEI and vice versa [111]. 765 

 766 

Table 10. The summary of methods used for measuring the workability of CMPMs 767 

Researcher Workability measuring 

method 

Indicator of the workability  Ref. 

Kandhal and Mellott 

Dipping a spatula into the 

mixture 

Subjectively (good, fair, and poor) 

[1, 72] Penetrating a cement concrete 

penetrometer into the mix (PTI 

method) 

Maximum penetration force 

Han. et al. Using a mixer to mix the 

mixture 

Torque needed to rotate the paddle  [34] 

Anderson et al Modified PTI method 

(changing the bullet-shaped 

connection of the probe) 

Maximum penetration force  [9] 

SHRP (H-106) Using a blade to penetrate into 

the mix  

Maximum penetration force  [47] 

Estakhri and Button 

Modified PTI method 

(changing the box) 

Maximum penetration force  

[39, 82] 

Compacting the mixture with a 

Texas Gyratory Compactor  

Number of gyrations required to 

reach the defined compaction 

Triaxial compression test  Cohesion value and friction angle 

Unconfined axial compression 

test 

Unconfined compressive strength 

Lesueur Using a Nynas device to apply 

shear force to the loose mixture 

Maximum applied shear force  [104, 

105] 

TxDOT Using a Gyratory Compactor to 

compact the mixture 

The slope and the area under the 

compaction curve 

[20, 106] 

TxDOT Cold Patch Slump Test (CPST) Required time for a cold mixture to 

slump under its own weight 

[20] 

Hemsley Using a Gyratory Compactor to 

compact the mixture 

Locking point of the mixture during 

the compaction 

[108-

110] 

Bahia et al. Using a Gyratory Compactor to 

compact the mixture 

Energy required to compact the loose 

mixture (Energy index) 

[111] 

 768 

3.3.2. Adhesion and cohesion characteristics 769 

CMPMs should provide satisfactory cohesion and adhesion to prevent patch failure. Cohesion 770 

is the characteristic that makes the mixture components adhere together and work well 771 

altogether, while adhesion is a feature that provides better stickiness between the patch and the 772 
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surface of the existing pavement [112]. The weakness of each of these features will cause the 773 

patch to prematurely fail, especially when the pothole is not dried and prepared before the 774 

repair operation [100]. The initial patch stickiness is usually low and increases over time. 775 

However, to ensure adequate bonding between the patching material and the pothole, applying 776 

a bond coat to the inside and around the hole is recommended [113]. This bond coat, which 777 

usually is a cationic emulsion containing at least 60% asphalt binder, prevents future water 778 

seepage and patch debonding, as well [7, 70, 114]. To prevent the patch debonding and increase 779 

the durability of the repair, preheating the pothole and heating the mixture were recommended 780 

in the literature. To achieve this goal, various techniques using infrared heat [115, 116], radiant 781 

heat [58], and high-frequency electromagnetic fields for mixtures with fibers have been 782 

conducted through various studies [46, 64]. The 324 repaired potholes with heated and 783 

unheated mixtures in a study by Indiana state DOT revealed that heated patches were more 784 

durable than unheated ones [117]. 785 

Past studies show that using a tack coat is necessary to repair potholes and will extend patch 786 

durability. Plus, it improves crack resistance properties [118]. However, CMPMs should have 787 

self-tacking properties to eliminate the need to use a tack coat. The bonding characteristic was 788 

assessed through an experiment by Anderson et al. [9] in 1998. The maximum shear force 789 

required to bond failure at the interface between the base and the compacted cold patch was 790 

considered to measure the self-tacking feature. The results of the tests in dry and wet conditions 791 

were not reliable and conclusive. 792 

To evaluate the bonding characteristics at the interface layer, the Leutner shear test device has 793 

been employed in other studies. Lee et al. [119] applied a vertical load across the reinforced 794 

interface layer and found that a rough surface improves the bonding, but increasing the 795 

temperature (in this case, from 25 °C to 60 °C) impacts the bond feature adversely. The same 796 

procedure was also used by Sudarsanan et al. to investigate the bond strength across the 797 

interface layer at various temperatures [120]. Also, Collop et al. [121], West et al. [122], and 798 

Bae et al. [123] found the same impacts of temperature on the bonding properties.  799 

Additionally, the inclined shear test was carried out to simulate the effect of vertical and 800 

horizontal loads (vehicle tire and braking loads) on the interlayer bonding strength of the 801 

composite asphalt. The results declared that using a tacky material is necessary to apply at the 802 

interface layer. Plus, the thickness of the tacky coat, temperature, and freeze-thaw cycles affect 803 

the interface shear strength [124]. Similar results were achieved in Chen et al. [125] research 804 

on the bonding strength of cold patching materials and HMA. Humidity and high temperatures 805 

weaken the bonding characteristics at the interface layer. So, increasing the temperatures from 806 
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-5 to 55 °C reduced the interface shear resistance by 98.6%. Also, according to their results, 807 

the type of the tacky material and the surface roughness had the dominant impact on the 808 

interface bonding characteristics. Another method was used by Virginia DOT to assess the 809 

adhesiveness of the mixture. Through this procedure, the oven-aged (4 hours at 60°C) CMPM 810 

is compacted on the HMA specimen and inverted (Fig. 9), then the required time for their 811 

debonding is considered as the adhesion degree. Mixtures with longer adhesion times or more 812 

remnant weight show higher adhesiveness. The 5 to 30 second bonding time is considered the 813 

optimum adhesion degree [41, 53]. Less than 5 seconds may point out excessive binder 814 

contents. Longer than 30 seconds may indicate insufficient or high viscosity binder. As a result, 815 

this experiment may not reflect the adhesion properties of CMPMs but may be useful for 816 

measuring mixture quality [1]. 817 

 818 

Figure 9. Adhesion test on the inverted complex specimen 819 

In a study at the University of Minnesota, the maximum diametric load applied to a complex 820 

briquette involving half cold mix and half HMA (Fig. 10), was considered to measure bonding 821 

properties [15, 16]. 822 

 823 

 824 

Figure 10. Interface shear strength test by applying a diametric load [15] 825 

 826 
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The modified Cantabro test has been used to measure the stickiness properties of CMPMs in 827 

the literature, as well. The Marshall briquette in the Los Angeles machine is subjected to 100 828 

gyrations, and the mass loss during abrasion is considered the stickiness index [92]. This 829 

method was also reflected in another study conducted by Ferrotti et al. in 2014 [106]. But the 830 

cold mix specimens were subjected to 300 revolutions, not 100 gyrations. Additionally, the 831 

Cantabro test was employed to assess the raveling and moisture susceptibility of the cold 832 

mixtures. The raveling properties of waterborne epoxy-emulsified asphalt mixture were 833 

evaluated by Bi et al. in 2020 [126]. Plus, the mass loss difference between the abraded wet 834 

specimens and dry specimens shows the moisture susceptibility of the cold patching materials 835 

[99]. 836 

Mixture cohesiveness has also been investigated by the ‘Rolling Sieve Test’ in the literature. 837 

This experiment, which simulates the cohesion properties of patching materials under the 838 

vehicle tire, is based on the Ministry of Transportation of Ontario (MTO) method. Through 839 

this procedure, a compacted Marshall specimen is rolled horizontally in a caped sieve for 20 840 

seconds. The remaining weight of the sample after rolling compared to its initial weight is 841 

calculated as a measure of mixture cohesion, which should be more than 60% [37, 53, 62]. The 842 

MTO report states that a loss of more than 35 percent is unacceptable [97]. Although this test 843 

does not guarantee the success of a mix, it indicates the potential for poor performance of a 844 

mix [20]. 845 

 846 

3.3.3. Water sensitivity 847 

Water sensitivity generally, called stripping, is one of the main concerns of asphalt pavements. 848 

This problem can occur in various forms, like; loss of binder-aggregate bonding, cohesion 849 

failures within the aggregates, binder emulsification, and freeze-thaw cycles due to trapped 850 

water [127]. In CMPMs, moisture impacts the binder and aggregate bonding interactions and 851 

results in bonding failure that is dominant distress in cold patches [11]. Therefore, to minimize 852 

the cold mixture water damage, the binder-aggregate compatibility, aggregate hydrophobic and 853 

hydrophilic features, and overall mix design parameters such as density and air-void should be 854 

noticed [15].  855 

This compatibility and moisture susceptibility of the cold patches have been investigated 856 

through similar methods that were previously used to evaluate HMA. Thomas and Anderson 857 

[74] determined the water sensitivity of the mixture by a subjective assessment. The percentage 858 

of aggregates coated with a binder in a mixture was considered an indicator of this parameter: 859 

90% was defined as the minimum acceptable value. To reduce the visual error in coating 860 
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evaluation, Ling et al. [109] used digital imaging analysis to assess the influence of the 861 

aggregate coating on moisture susceptibility of the CMPMs. The results showed that the 862 

moisture susceptibility of CMPMs is highly dependent on the level of aggregate coating 863 

predicted by the quantitative models. Another visual evaluation method was used by SHRP in 864 

1993 [38]. In that study, an over 90% coated mixture was kept in a one-liter container filled 865 

with distilled water at 60 °C for 16 to 18 hours (static immersion). Then, the container, 866 

including water and the mixture, was agitated for 5 sec and drained. The coating percentage of 867 

aggregates should not be less than 90% to be accepted [37, 47, 127]. The maximum acceptable 868 

stripping value in ASTM and Indian Roads Congress standards is 5% [97]. Kandhal and Mellott 869 

[72] conducted this visual evaluation by pouring 50 grams of the cured mixture into 400 ml of 870 

distilled boiling water and stirring with a rod for 3 minutes. Then, they decanted water and 871 

spread the wet mixture on absorbent paper for coating level. The aggregate should be at least 872 

90% coated with an asphalt binder film. 873 

The TxDOT and other researchers used a “boiling water test” to measure moisture sensitivity. 874 

In this method, the mixture is placed in a container of boiling water for 10 minutes. Then the 875 

sample is drained and the coating degree should be more than 90% [39, 62]. The results of a 876 

study by the Virginia Transportation Research Council showed that the boiling water method 877 

had a better ability to detect differences in stripping results than the immersion method [1]. 878 

Similar results were reported by Tam and Lynch [128]. They claimed that the boiling water 879 

test for 10 minutes is a severe and rapid process that doesn’t simulate the field stripping 880 

conditions in the lab. In another research, Lavorato et al. [96] used a less severe method, which 881 

has been described in the MTO standard (MTO OPSS 307), to assess the mixture stripping. 882 

The mixture is placed in boiling water and stirred with a rod at the rate of one rotation per 883 

second for 3 minutes. Conversely, to other test methods, the minimum acceptable aggregate 884 

coating was set at 75%. The mass loss of the cold mixture after being subjected to boiling water 885 

was also considered as an indicator of stripping and mixture water damage. However, the mass 886 

loss values were negligible relative to the sample weight, and the test results were highly 887 

variable in research [109, 129, 130]. 888 

Besides the mentioned methods, the modified Lottman method was employed by TxDOT to 889 

measure the moisture damage. Unlike previous test methods, this procedure is done on 890 

compacted samples and the tensile strength ratio of two sets of samples (moisture conditioned 891 

and unconditioned) determines the water susceptibility of the mixture. The results of the 892 

TxDOT study showed that subjective evaluation with a boiling water test is more logical than 893 

the modified Lottman method to measure the stripping potential [60, 67]. However, the 894 
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Lottman method has been widely used in other studies to measure the stripping potential of 895 

CMPMs under freeze-thaw conditions [53, 92, 131]. In addition to the Lottman method, the 896 

Binder Bond Strength (BBS) test has also been employed to assess the relationship between 897 

mixture water damage and coating level in other studies. Ling et al. [130] used the BBS test to 898 

evaluate the moisture susceptibility of emulsion–aggregate bonding. The Pull-Off Tensile 899 

Strength (POTS) in wet and dry conditions was calculated. According to Eq. (3), the Bonding 900 

Loss Ratio (BLR) was defined as an indicator of moisture susceptibility. The test results of 901 

limestone aggregate and emulsion were similar to the results obtained from the modified 902 

boiling test with image processing. Also, this test method was used to assess the water 903 

sensitivity of the emulsion-aggregate and mastic-aggregate systems after 2 h and 24 h water 904 

conditioning. 905 

𝐵𝐿𝑅 = 1 −  
𝑃𝑂𝑇𝑆𝑤𝑒𝑡

𝑃𝑂𝑇𝑆𝑑𝑟𝑦
                                                                 (3) 906 

The Marshall Stability Ratio (MSR), which is the ratio of the Marshall stability values of water-907 

damaged samples to the Marshall stability of cured specimens (Eq. (4)), was defined to measure 908 

the moisture sensitivity of cold mixtures in other studies. Higher values of MSR represent lower 909 

moisture susceptibility [91, 99]. 910 

𝑀𝑆𝑅 =  
𝑀𝑆𝑤𝑒𝑡

𝑀𝑆𝑑𝑟𝑦
× 100                                                             (4) 911 

Given that the open-graded CMPMs’ moisture sensitivity is associated with gradation 912 

proportion, the Moisture Index (MI) was defined (Eq. (5)) by researchers to represent the 913 

moisture damage resistance of open-graded CMPMs. MI is the ratio of aggregates remaining 914 

on sieve No. 4 (𝑃#4) to the ratio of aggregates remaining on sieve No. 50 (𝑃#50). The higher 915 

MI values determine higher mixture porosity, higher water seepage, and higher water damage, 916 

subsequently [99]. 917 

𝑀𝐼 =  
𝑃#4

𝑃#50
                                                                               (5) 918 

Besides, the Wet Track Abrasion Test (WTAT), which is usually adopted for slurry seal 919 

mixtures, was used to measure the water sensitivity of the CMPMs. The WTAT results of 920 

Kwon et al. [95] research on RAP included cold mix materials proved that the RAP 921 

introduction in the mix-design improves the mixture resistance to abrasion loss. Also, even 922 

though the Hamburg Wheel Tracking Device (HWTD) is a severe procedure for cold mixtures, 923 

it has been used in wet conditions to measure the water damage of CMPMs [38]. Table 11 924 

shows the summary of methods used for measuring the water sensitivity of CMPMs. 925 
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In the end, since CMPMs are usually applied during cold and rainy seasons, they should 926 

withstand adverse weather and traffic loads that lead to debonding, dislodging and failure of 927 

the mixture [100]. Therefore, antistripping additives such as Portland cement, flue dust, 928 

hydrated lime, fly ash, etc., should be used in the cold mix to reduce moisture damage during 929 

the stockpile, practice, and in-service [60, 78, 98].  930 

Table 11. The summary of methods used for measuring the water sensitivity of CMPMs 931 

Researcher Water sensitivity measuring 

method 

Indicator of the workability  Ref. 

Thomas and Anderson Visual subjective assessment Coating degree of aggregates [72, 74] 

Omar et al. Static immersion  [37, 127] 

Manolis et al. Boiling water test  [62, 96] 

Ling et al.  Digital imaging analysis Level of aggregate coating [109] 

Ling et al.  Boiling water test Mass loss [129, 130] 

Dong et al. Modified Lottman method Tensile Strength Ratio (TSR) [60, 92] 

Ling et al.  Binder Bond Strength (BBS) Bonding Loss Ratio (BLR) [130] 

Wang et al.  Marshall stability Marshall stability ratio of water-

damaged to the cured samples 

[91, 99] 

Huang et al.  Moisture Index= P(#4)/P(#50) Mixture porosity [99] 

Kwon et al.  Wet track abrasion test  Abrasion loss [95] 

Smith et al.  Hamburg wheel tracking device  Rut depth  [38] 

 932 

3.3.4. Stability and initial strength 933 

Stability is one of the main characteristics of patch materials that provides sufficient ability to 934 

resist vertical and horizontal displacement of the patch under traffic [6, 53]. This property is 935 

especially noticeable immediately after a patching operation is performed, i.e., when the 936 

repaired pothole is more sensitive to the traffic flow. In fact, the patched area after compaction 937 

should be stable enough to prevent rutting and shoving caused by traffic [20]. To meet this 938 

early performance, aggregate gradation and compaction level play a major role. However, the 939 

long-term performance of the patch is related to its stability after traffic compaction [34, 126, 940 

131]. Therefore, different factors that affect the stability of the mixture, such as aggregate 941 

gradation and compaction level, binder quality and quantity and mixture curing rate should be 942 

taken into account [53, 132]. Also, since excessive stability usually leads to low workability, 943 

precautions should be considered to strike a balance between the stability and workability of 944 

the mixture. An acceptable stability level is achieved over time by the mixture curing, while 945 

this process is time-consuming and traffic flow should be established immediately. So, the 946 

bonding properties, gradation and internal friction of the aggregates are the main factors in 947 
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improving stability and, subsequently, mechanical properties [2, 62, 101]. Even though there 948 

are no accepted test methods in the technical literature to assess CMPM stability [9], it is often 949 

determined by Indirect Tensile Strength (ITS), Marshall Stability (MS) and Resilient Modulus 950 

(RM) procedures [39, 83]. Despite the mentioned experiments, a few pioneering procedures, 951 

such as the screwdriver penetration test and steering wheel rotation using a passenger car, are 952 

used to assess the suitability of the cold repair mixtures. Although these tests result in useful 953 

information, the lack of standardized methods makes it difficult to evaluate the potential 954 

performance of CMPMs [101]. 955 

As most experiments have been designed to assess the performance of HMA, the researchers 956 

considered a preliminary aging process to provide sufficient stability for mixture 957 

compactibility. Usually, the specimens prepared without the curing and aging process 958 

immediately collapse after demolding and during the test [133]. In the evaluation of the CMPM 959 

performance, Manolis et al. [96] could not measure the bulk density of the compacted specimen 960 

due to its collapse after demolding. A similar occurrence was observed in Marin's study [134] 961 

on different types of CMPMs, although the samples were confined during the curing time to 962 

prevent them from collapsing before the test. Additionally, another study has reported that the 963 

gyratory compacted specimens were unstable even after being subjected to up to 96 h at 25 °C 964 

curing condition [20]. Anderson et al. [9] investigated the stability of the cold mixtures by 965 

applying a haversine load on a cylindrical aged specimen through a steel foot. The results of 966 

the experiment after 1000 cycles showed small plastic deformation. Plus, the experiment could 967 

not simulate the traffic load and was time-consuming. Consequently, the research team did not 968 

believe that this test warrants further development. In the SHRP project, the RM and MS tests 969 

were conducted on the oven-aged samples to assess the CMPM stability. However, the test was 970 

an indication of in-placed or utilized materials after being several months under traffic [47]. 971 

Maher et al. [6] used the aforementioned test methods to evaluate the stability of various 972 

CMPMs. The results of the study showed that there is no correlation between the field 973 

performance and the results of the IDT test. The results of the MS and RM test methods showed 974 

a similar outcome as well. The authors found that the use of the RM methodology for evaluating 975 

CMPMs is doubtful. In another research, Shoenberger et al. [13] selected MS and triaxial 976 

compression (confined and unconfined) experiments. The results of the axial strain in the 977 

triaxial test were similar for the various mixtures. Also, the research team did not find the MS 978 

test as a reliable indicator for performance evaluation of CMPM due to the unsuitability of this 979 

test for open-graded mixtures. Limited use of the Hveem stabilometer has been reported in the 980 

literature to measure the cold mix stability [9]. Furthermore, the results of an investigation on 981 
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a conventional cold mixture (CCM), one type of proprietary cold patch (QPR brand) and HMA 982 

at the University of Minnesota showed a weak MS for the QPR mixture before and after curing. 983 

But the CCM, although it had weak stability before curing, showed comparable stability to 984 

HMA after curing [15, 16]. According to the literature, the MS of the unmodified CMA is 985 

significantly lower than HMA and WMA [11]. 986 

Through the MS evaluation of the CMPM, Weimin achieved an initial stability of mix not less 987 

than 2.0 kN and 1.5 kN at room and low temperatures, respectively. In a similar study by Jiguo, 988 

these values were obtained at 2.0 kN and 1.0 kN, respectively. The Japan Modified Asphalt 989 

Association standard specifies a minimum of 0.5~0.8 kN and 3.0 kN for initial MS and the 7th 990 

day after opening traffic stability, respectively [14]. In other studies, the minimum initial MS 991 

for CMPMs before opening traffic was suggested to be at least 2.5 kN [19]. However, for some 992 

cold mixtures, it takes about 10 days to reach 3 kN stability [17, 87]. China requirements have 993 

recommended a strength greater than 3 kN and 5 kN for the initial and forming strength of 994 

CMPMs, respectively [126]. In a comparative study on the un-treated cold mix and hot mix 995 

samples, the obtained MS values were 5.88 kN and 3.44 kN for dense-graded and open-graded 996 

mixtures, respectively, while these values were 11.48 and 10.71 kN for asphalt concrete and 997 

stone matrix asphalt, respectively [135]. The stability of open-graded and dense-graded cold 998 

patching mixtures including modified asphalt cement was analyzed through the MS test in 999 

another investigation. Rapid curing (24 h at 110 ℃) and ambient curing (24, 72, 168, and 336 1000 

h at 25 ℃) processes were considered before conducting tests at 40℃. As expected, the results 1001 

indicated higher stability values for dense-graded CMPM with respect to the open-graded one. 1002 

Plus, the wheel track test was also carried out on aged and unaged specimens in wet and dry 1003 

conditions for more verification. They found that moisture intensified the sample deformation; 1004 

however, it provides more reasonable results for predicting rut depth, especially in wet weather 1005 

conditions. Furthermore, they inferred that the stability and rutting resistance of the CMPMs 1006 

with high viscosity (130 poise) modified binders are comparable to those of HMA [83]. Also, 1007 

Biswas et al. [53] found similar results through a study on dense-graded and open-graded cold 1008 

mixtures that had been cured at 65℃ and 135℃ for 14 to 18 h. The authors found that the 1009 

stability of dense graded samples cured at 135℃ is comparable to HMA. A similar study was 1010 

done by Rezaei et al. [79] to assess the stability and rutting performance of CMPM in dry and 1011 

wet conditions. The results showed that curing the specimens at ambient temperature, the 1012 

HWTD turned out to be a very harsh test for CMPMs: specimens showed low resistance to 1013 

permanent deformation. However, the research team found that HWTD is a suitable test 1014 

method to evaluate the stability of CMPMs at accelerated-cured (135°C for 18 h) conditions. 1015 
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Moreover, they claimed that the MS test is an effective way to distinguish the stability of 1016 

CMPMs. HWTD was also considered to evaluate the stability of CMPM in research conducted 1017 

by Chatterjee et al. [20]. Due to the harsh impact of HWTD on uncured samples, the test was 1018 

carried out on 96-hour cured specimens that were compacted at 100 ℃. It was concluded that 1019 

the longer the curing time, the higher the rutting resistance. The same test was conducted by 1020 

Visser et al. [131] to assess the rut resistance of CMPMs. The materials were compacted and 1021 

tested at various temperatures, but the authors did not consider HWTD a suitable test method 1022 

to predict rut depth in the field. Even though the long curing time and compacting of the 1023 

samples at high temperatures provide stable specimens before testing under HWTD, it 1024 

drastically changes the properties of the mixture [96, 104]. To solve this issue, the Texas 1025 

Stability Test (TST) was developed to evaluate the stability of cold mixtures. So, the compacted 1026 

specimens with the Texas Gyratory Compactor (TGC) were cured at room temperature for 0, 1027 

1, and 2 weeks before 2-day conditioning and testing. Then, the MS test was conducted on the 1028 

samples and the maximum compressive load was used as a stability measure of CMPMs. 1029 

Furthermore, the research team employed an MMLS3 to assess the stability of the cold mixture 1030 

under Accelerated Pavement Testing (APT) conditions [104]. Dong et al. [41] in a study used 1031 

the Asphalt Pavement Analyzer (APA) to evaluate CMPM resistance to deformation. Their 1032 

investigation into the cold dump and cold proprietary patches that were cured for 96 hours and 1033 

compacted at 100 ℃ illustrated that even though cold dump materials had better performance 1034 

than the cold proprietary patches, their rut depth was very high at low load cycles. Kwon et al. 1035 

[95] used the APA and Marshall devices to evaluate the stability and performance of cold 1036 

mixtures, including RAP and virgin aggregates. Their investigation revealed better stability for 1037 

mixtures containing RAP materials. 1038 

The permanent deformation of CMPMs was investigated through the Modified Cyclic Creep 1039 

Test (MCCT) and Light Cone Penetrometer (LCP) in research by Diaz in 2016 [101]. Multiple 1040 

Linear Regression Analysis (MLRA) was employed to analyze the data and led to two 1041 

predictive equations to estimate the parameters of MCCT as a function of rutting performance 1042 

with an LCP. The results claimed that to ensure the minimum required initial stability of the 1043 

cold patch, the LCP can be used to estimate the compactibility of the cold mixture during 1044 

operation. Besides, a penetration shear test was employed by Haipeng et al. [87] to simulate 1045 

patch deformation under vehicle loads. The test results of oven-cured Marshall briquettes at 1046 

various temperatures (Fig. 11) demonstrated that at the increased temperature, the deformation 1047 

resistance is low. A similar test, the California Bearing Ratio (CBR), was also used in another 1048 
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study to assess CMPM short-term premature deformation (Fig. 12). The results revealed that 1049 

the CBR index is affected by the stone skeleton and aggregate gradation of the mixtures [112]. 1050 

                                                            1051 

Figure 11. Conducting penetration shear test [87]             Figure 12. CBR test on cold patch mix [112] 1052 

As mentioned, adequate patch compaction is necessary to improve patch stability and prevent 1053 

premature failure due to deformation under traffic [69]. To evaluate the stability of the patch 1054 

materials, the area under the compaction curves has been used in the literature. Similarly, to 1055 

the equations mentioned in section 6.1, the following Eq. (7) and Eq. (8) were presented for 1056 

mix stability evaluation [111]: 1057 

Shear Energy index (EI) from 92% to 96% 𝐺𝑚𝑚: EI(92−96) = P ×
𝜋𝑑2

4
× ∑ ∆ℎ𝑁96

𝑁92                       (7) 1058 

Compactibility Energy Index from 92% to 96% 𝐺𝑚𝑚: 𝐶𝐸𝐼 =
EI(92−96)

𝑁92−96
                                                  (8) 1059 

where d is the sample diameter, P is the compaction pressure, h is the sample height during 1060 

compaction, and N is the number of gyrations. 1061 

In the indices, the 92% and 96% 𝐺𝑚𝑚 (corresponding to 8 to 4% air void in the target mixture) 1062 

are related to the mix shear strength. CEI is the energy needed to compact the mixture to reach 1063 

a density of 92 to 96%. Mixes with lower CEI values provide more durability and will be more 1064 

stable during service life under traffic loads [111]. 1065 

Another index has been defined by Anderson et al. [136] to measure the HMA stability based 1066 

on the linear compaction slope (K) and the air void (AV) corresponding to the design number 1067 

of gyrations (𝑁𝑑𝑒𝑠𝑖𝑔𝑛). According to the Eq. (9), better stability and rutting resistance are 1068 

achieved by the higher values of K × AV.  1069 

𝑆 = 𝐾 × 𝐴𝑉                                                                  (9) 1070 

The literature has mentioned a maximum of 0.5 and a minimum of 20 for CEI and S, 1071 

respectively [111]. 1072 
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As mentioned before, the stability of the CMPMs is low, especially immediately after their 1073 

compaction. Therefore, different types of modifiers are used in the mix design to achieve higher 1074 

stability. Usually, additives such as mineral fillers, fiber, rubber, polymer, sulfur, etc., are used 1075 

in the proprietary or modified binder production process to improve the mixture stability [50, 1076 

137]. Table 12 shows the summary of different methods used for measuring the stability of 1077 

CMPMs. 1078 

 1079 

Table 12. The summary of methods used for measuring the stability of CMPMs 1080 

Researcher Stability Measuring Method Indicator of the Stability  Ref. 

Diaz  Screwdriver test Penetration of screwdriver  [101] 

Wheel rotation using a car Patch resistance against wheel rotation  

Anderson et al.  Applying a dynamic haversine 

load through a steel foot 

The plastic deformation [9] 

Jain et al.  Marshall stability, Resilient 

modulus and Indirect tensile 

strength tests 

Compressive strength, Resilient 

modulus, and Tensile strength 

[13-16] 

Shoenberger et al.  Triaxial compression test Compressive strength [13] 

Anderson et al.  Hveem stabilometer Degree of plasticity [9] 

Liao et al.  

Rezaei et al.  

Visser et al.  

Wheel tracking test  Rutting resistance [20, 79, 

83, 131] 

Eckmann et al.  

 

Texas stability test  Maximum compressive load  [78, 

104] 
Model mobile load simulator Resistance to deformation  

Kwon et al.  Asphalt Pavement Analyzer Rutting resistance [41, 95] 

Wang et al.  Penetration shear test  Penetration load [87] 

Riviera et al.  California Bearing Ratio (CBR) Resistance to applied load [112] 

Bahia et al. Shear and compactibility energy 

indices  

Energy needed to compact the mixture  [111] 

Anderson et al.  Stability index Compaction curve slope (K) and the air 

void (AV) corresponding to the design 

number of gyration (𝑁𝑑𝑒𝑠𝑖𝑔𝑛). 

[136] 

 1081 

3.3.5. Storageability  1082 

Both stockpile and containerized CMPMs need to remain workable and resist stripping and 1083 

binder draindown during storage. Therefore, this feature, which is called storageability and 1084 

depends on the environment, storage method, and project size, should be considered for the 1085 

desired storage period (6 to 12 months) in the mix design [66, 75, 100]. In fact, the improper 1086 

type and content of the mix component can reduce or extend the storageability of the mixture. 1087 
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A mixture containing excess binder enables better durability and stickiness due to providing a 1088 

thicker film to coat aggregates [72]. However, it may lead to binder draindown and 1089 

accumulation at the bottom of the pile, especially immediately after stockpiling or in warm 1090 

weather. Besides, a low viscosity binder may cause drainage and stripping problems during 1091 

stockpile, while a higher viscosity or quick volatilization of the diluent leads to poor 1092 

workability [75]. Moreover, aggregates with higher water absorption features cause stripping 1093 

and draindown problems during the stockpile. The mixing temperature should be kept as low 1094 

as possible and practicable to prevent binder draindown in the stockpile [94]. Also, storage at 1095 

a depth of less than 0.6 meter facilitates the cooling process and minimizes draindown [9, 74]. 1096 

In addition, covering the stockpile with polyethylene or a tarpaulin sheet can help to increase 1097 

storage time [20, 75]. The FHWA and AASHTO test methods have been frequently used in 1098 

previous studies to assess the CMPM draindown and subsequent storageability. In the FHWA 1099 

draindown test method, a plate containing 1000 g of the cold mixture is placed at 60°C for 24 1100 

h. The plate is then turned over and the mixture is removed. The amount of the remained binder 1101 

on the plate, which indicates binder drainage shouldn’t exceed 4 percent by mass of binder 1102 

[37]. However, the draindown of the best-performing mixtures in a study by Prowell and 1103 

Franklin [1] was in the range of 4 to 8 percent. Therefore, they concluded that the 4% limit 1104 

might be too strict and recommended a maximum of 8%. In addition, Anderson et al. [9] found 1105 

out that the results of the drainage test could be somewhat erroneous for the following reasons. 1106 

First, after 24 h aging at 60°C, removing all the particles from the plate is difficult. Second, in 1107 

mixtures that include a low amount of binder, the draindown occurs where the mixture is in 1108 

contact with the plate. The AASHTO test method for determining the draindown materials of 1109 

uncompacted asphalt mixtures was adapted by MTO for evaluating the draindown of CMPMs. 1110 

In this test, a certain amount of mixture is placed in a wire basket and conditioned for 1-h in a 1111 

forced draft oven. Then, the weight difference between the mixture before and after the 1112 

conditioning process is measured and reported as the drained binder of the mixture [96]. 1113 

 1114 

4. Conclusion 1115 

This study investigated the different aspects of CMPMs in repairing potholes. The advantages 1116 

and limitations of patching with CMPMs, repair procedures, impacts of patch components, 1117 

cost, curing, and storageability of these mixtures were assessed through this research. 1118 

Additionally, since CMPMs' durability and performance engage with poor workability in cold 1119 

weather, poor stability, especially in deep holes, bonding, and moisture susceptibility, the 1120 
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different procedures for evaluating these properties were investigated in detail. The main 1121 

outcomes can be summarized as follows: 1122 

 The purpose of repairing potholes with CMPMs is to provide traffic safety by restoring 1123 

serviceability, not a permanent repair. Therefore, these materials are applied in an 1124 

emergency as a temporary treatment until proper and definite practice is done.   1125 

However, it is not unusual for some road administrations to use these materials with a 1126 

desire for a more permanent solution. 1127 

 Although repairing potholes by a standard patching method involving vertical saw cuts 1128 

is more durable, this procedure is time-consuming and interrupts traffic. Therefore, 1129 

CMPMs that do not need special tools and considerations, are considered by road 1130 

administrators to repair potholes. 1131 

 Aggregates and binders play a significant role in the workability and stability of the 1132 

CMPMs. Thus, more attention should be paid to the shape, gradation, water absorption 1133 

of the aggregate, and binder viscosity to provide optimal performance during storage 1134 

and in-service. 1135 

 The volatilization of the CMPM solvents takes up to several months, and the curing 1136 

process is time-consuming. Still, the CMPM should be cured as fast as possible after 1137 

placement to provide maximum stability and re-establish the traffic flow in the patched 1138 

area. However, if the volatilization rate and curing during the stockpile are too fast, the 1139 

mixture will experience premature curing and become unworkable and impractical.  1140 

 The expected life of a temporary repaired patch with Proprietary CMPMs is up to one 1141 

year. However, the patch longevity is still considered to be days or months instead of 1142 

years.  1143 

 Pothole patching main charges involve materials, labor, and equipment. Usually, the 1144 

highest cost is devoted to crew and equipment, and the cost of materials is just a small 1145 

portion of the total patching costs. CMPMs contribute 20% of the overall repair cost, 1146 

while this value for hot mix asphalt is 2-5%. Therefore, using high-quality materials is 1147 

strongly recommended for patch operations.  1148 

 High-quality CMPMs give longer service life even if they cost more. The cost of high-1149 

quality materials with a proper repair method is significantly lower than the cost of 1150 

frequent patching operations because high-quality materials offset the cost of frequent 1151 

repairs that are conducted with poor-quality materials. Therefore, using expensive 1152 

materials with high longevity leads to a significant cost saving in the long run, and the 1153 
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cost-effectiveness appears in increased productivity and higher service levels, not 1154 

essentially in money-saving for the agency. 1155 

 For all CMPMs that foresee an evolution or reaction of the binder, the packaging and 1156 

the relative workability of materials are fundamental and decree the success or failure 1157 

of treatment. The inefficiency of CMPMs’ workability, which is very frequent 1158 

following their storage on pallets or shelves, leads to lower demand for materials and 1159 

is a severe discrimination factor in commercial competition. 1160 

 The initial patch bonding is usually low and increases over time. To ensure adequate 1161 

bonding between the patching material and the pothole, applying a bond coat to the 1162 

inside and around the hole is recommended. However, CMPMs should have self-1163 

tacking properties to eliminate the need to use a tack coat. 1164 

 The gradation and level of compaction have a critical role in the initial stability of the 1165 

CMPM. Low compaction levels lead to higher air-void content (up to 30%), and the 1166 

patch is prone to rutting and raveling.   1167 

 Through the evaluation of CMPMs' performance and durability, the samples are usually 1168 

aged and cured in the oven to provide sufficient stability for testing. Though this 1169 

procedure reflects the patch condition after several months in service, the patch 1170 

durability may be shorter than a few months, and the patch deteriorates in a short time 1171 

after patching. Consequently, evaluation of the CMPMs after long-term curing cannot 1172 

indicate their performance immediately after patching. The mixture may show 1173 

satisfactory results after long-term curing, but after patching, it distresses instantly 1174 

under traffic and weather conditions. A comprehensive standard is required to design 1175 

and evaluate the performance of CMPMs. 1176 

In conclusion, CMPMs are quickly developing for patching potholes as suitable alternatives 1177 

to HMA. However, there are still some limitations and issues with their mix design and 1178 

performance evaluation. In fact, most of the test methods have been borrowed from the 1179 

HMA context. However, those approaches do not always meet the requirements of 1180 

CMPMs. Also, there is a conflict between mechanical performance, which is required in 1181 

the field and the easiness of application (workability) and compaction that is demanded by 1182 

road maintenance operators. Besides, most of the mechanical evaluation tests use thick 1183 

specimens (Marshall briquette) that need longer curing time and are not stable enough after 1184 

demolding, while in real conditions, patching operations are performed in thinner layers 1185 

(less than 50 mm) with almost immediate curing and reopening to traffic. Therefore, 1186 
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developing new procedures that can evaluate the performance of these kinds of materials 1187 

is essential. It is hoped that a connection between researchers, producers and operators will 1188 

be made in order to develop methods and techniques to achieve durable and superior 1189 

materials and facilitate the quality control and assurance steps. 1190 

 1191 

References 1192 

[1] B.D. Prowell, A.G. Franklin, Evaluation of cold mixes for winter pothole repair, Transportation 1193 
research record.1529(1) (1996) 76-85. https://doi.org/10.1177/0361198196152900110 1194 
[2] J. Yuan, Q. Dong, T. Zhang, X. Gu, Design and performance evaluation of cement enhanced cold 1195 
patch asphalt mixture, GeoShanghai International Conference (2018) 463-470. 1196 
https://doi.org/10.1007/978-981-13-0011-0_50 1197 
[3] Y. Pei, C. Mao, M. Song, Driving mode at pothole-subsidence pavement based on wheel path, 1198 
Advanced Materials Research, Trans Tech Publ, (2012) 847-851. 1199 
https://doi.org/10.4028/www.scientific.net/AEF.5.77 1200 
[4] A. NS, T. Thasni, N.S. Kumar, Pothole Reclamation using different pavement mixes, International 1201 
Journal of Engineering Research & Technology (IJERT) 8(6) (2019) 902-904. 1202 
[5] C. Nicholls, K. Kubanek, C. Karcher, et al., Durable pothole repairs, TRA-transport research arena,  1203 
2014. 1204 
[6] A. Maher, N. Gucunski, W. Yanko, F. Petsi, Evaluation of pothole patching materials, Report no. 1205 
FHWA 2001-02, Washington, D.C., U.S.A., 2001. 1206 
[7] M.D. Nazzal, S.-S. Kim, A.R. Abbas, Evaluation of winter pothole patching methods, Report No. 1207 
FHWA/OH-2014/2, Ohio. Dept. of Transportation. Office of Statewide Planning and Research, 2014. 1208 
[8] T.R. Wing, Road accidents in India, Government of India, ministry of road transport and highways, 1209 
New Delhi, India, 2019. 1210 
[9] D. Anderson, H. Thomas, Z. Siddiqui, D. Krivohlavek, More effective cold, wet weather patching 1211 
materials for asphalt pavements, Report No. FHWA-RD-88-00l, Federal Highway Administration, 1212 
Pennsylvania Transportation Institute, 1988. 1213 
[10] G. Maupin, C.W. Payne, Evaluation of spray injection patching, Report No. VTRC 03-TAR11, 1214 
Virginia Transportation Research Council, 2003. 1215 
[11] S. Jain, B. Singh, Cold mix asphalt: An overview, Journal of Cleaner Production. 280  (2021) 1216 
124378. https://doi.org/10.1016/j.jclepro.2020.124378 1217 
[12] K. Kaito, K. Kobayashi, E. Fujiwara, R. Okizuka, Durability analysis of pothole patching mixture 1218 
in snowy cold region, Society for Social Management Systems Internet Journal, 5(1)  (2009). 1219 
[13] J.E. Shoenberger, W.D. Hodo, C.A. Weiss Jr, P.G. Malone, T.S. Poole, Expedient repair materials 1220 
for roadway pavements, Geotechnicaland Structures Laboratory, U.S. Army Engineer Research and 1221 
Development Center, 2005. 1222 
[14] L.D. Zhao, Y.Q. Tan, A summary of cold patch material for asphalt pavements, Advanced 1223 
Materials Research, Trans Tech Publ. 168-170 (2011) 864-869.  1224 
https://doi.org/10.4028/www.scientific.net/AMR.168-170.864 1225 
[15] M. Marasteanu, D. Ghosh, M. Turos, M. Hartman, R. Milavitz, J.-L. Le, Pothole prevention and 1226 
innovative repair, Report No. 2018-14, Minnesota. Dept. of Transportation. Research Services & 1227 
Library, 2018. 1228 
[16] D. Ghosh, M. Turos, M. Marasteanu, Experimental investigation of pothole repair materials, 1229 
Proceedings of the 9th International Conference on Maintenance and Rehabilitation of Pavements—1230 
Mairepav9, Lecture Notes in Civil Engineering 76 (2020) 13-22. https://doi.org/10.1007/978-3-030-1231 
48679-2_2 1232 
[17] S. Huang, J. Ren, M. Li, Z. Li, S. Zhou, Development and evaluation of solvent-based cold patching 1233 
asphalt mixture based on multiscale, Advances in Materials Science and Engineering 2020 (2020). 1234 
https://doi.org/10.1155/2020/1984972 1235 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

https://doi.org/10.1177%2F0361198196152900110


46 
 

[18] L. Geng, Q. Xu, X. Yu, C. Jiang, Z. Zhang, C. Li, Laboratory performance evaluation of a cold 1236 
patching asphalt material containing cooking waste oil, Construction and Building Materials 246 (2020) 1237 
117637. https://doi.org/10.1016/j.conbuildmat.2019.117637 1238 
[19] T. Liu, G. Hu, Y. Gu, Influence of cold patch asphalt mixture gradation on pavement performance, 1239 
Fourth International Conference on Transportation Engineering (ICTE) (2013) 1405-1410. 1240 
https://doi.org/10.1061/9780784413159.205 1241 
[20] S. Chatterjee, R.P. White, A. Smit, J. Prozzi, J.A. Prozzi, Development of mix design and testing 1242 
procedures for cold patching mixtures, Report No. FHWA/TX-05/0-4872-1, Federal Highway 1243 
Administration, Texas Department of Transportation, Austin, Texas, 2006. 1244 
[21] J.S. Miller, W.Y. Bellinger, Distress identification manual for the long-term pavement performance 1245 
program, Report No. FHWA-HRT-13-092, Federal Highway Administration, Office of 1246 
Infrastructure Research and Development, United States, 2003. 1247 
[22] M. McHale, C. Nicholls, I. Carswell, Guidance for the selection of pothole repair options, 6th 1248 
Eurasphalt & Eurobitume Congress, Prague, Czech Republic, 2016. (DOI): 1249 
dx.doi.org/10.14311/EE.2016.422 1250 
[23] A.O. Odumade, J.C. Agunwamba, Mechanistic modelling of potholes development from cracks 1251 
due to axle loads and time, International Journal of Advancements in Research & Technology, 9(1) 1252 
(2020). 1253 
[24] M. McHale, C. Nicholls, I. Carswell, Best practice guide for the selection of pothole repair options, 1254 
Report No. RN44, Transport Research Laboratory, 2016. 1255 
[25] F. Saeed, S. Qamariatul, M. Rahman, A. Woodside, The state of pothole management in UK local 1256 
authority, Bituminous Mixtures and Pavements VI  (2015) 153-159. 1257 
[26] A. Ipavec, Study of existing standards, techniques, materials and experience with them on the 1258 
European market, Project No. 832700, FEHRL Brussels, 2012. 1259 
[27] J. Komba, M. Roux, G. Mvelase, Scoping study for establishment of an effective pothole and patch 1260 
repair programm for the rural road network of LGED in Bangladesh, Project NO. BAN2169A, ReCAP 1261 
Project Management Unit, London, 2019. 1262 
[28] Clifton Associates Ltd., Pothole identification, assessment and repair guidelines, Leveraged 1263 

Municipal Innovation Fund, Prince Albert, Saskatoon, 2012. 1264 

[29] K.S. Jassal, Development of potholes from cracks in flexible pavements, Thesis for the Degree of 1265 
Master of Applied Science in Engineering, Concordia University, Montreal, Quebec, 1998. 1266 
[30] Anonymous, Prevention and a better cure: potholes review, UK Department for Transport, 2012. 1267 
[31] L.M. Zanko, D.M. Hopstock, W. DeRocher, Evaluate and develop innovative pavement repair and 1268 
patching: Taconite-based repair options, Report No. MN/RC 2016-03, Natural Resources Research 1269 
Institute, University of Minnesota Duluth, 2016. 1270 
[32] S. Biswas, L. Hashemian, A. Bayat, Investigation of pothole severity and maintenance methods in 1271 
Canada through questionnaire survey, Journal of cold regions engineering 32(2) (2018) 04018002. 1272 
https://doi.org/10.1061/(ASCE)CR.1943-5495.0000161 1273 
[33] Q. Dong, M.A. Onyango, B. Huang, Investigation on service time and effective cost of typical 1274 
pothole patches in Tennessee, Climatic Effects on Pavement and Geotechnical Infrastructure (2014) 1275 
152-158. https://doi.org/10.1061/9780784413326.015 1276 
[34] S. Han, M. Liu, W. Shang, X. Qi, Z. Zhang, S. Dong, Timely and durable polymer modified 1277 
patching materials for pothole repairs in low temperature and wet conditions, Applied Sciences 9(9) 1278 
(2019). https://doi.org/10.3390/app9091949 1279 
[35] The Association of Directors of Environment, Economy, Planning & Transport (ADEPT) 1280 
Engineering Board, Potholes - a repair guide, Department for Transport, United Kingdom, 2019. 1281 
[36] M.Y. Shahin, Pavement management for airports, roads, and parking lots, Springer, 1994. 1282 
[37] T.P. Wilson, A. Romine, Materials and procedures for repair of potholes in asphalt-surfaced 1283 
pavements--manual of practice, Report No. FHWA-RD-99-168, Federal Highway Administration, U.S. 1284 
Department of Transportation, 2001. 1285 
[38] K.L. Smith, A. Romine, T.P. Wilson, Asphalt pavement repair manuals of practice—materials and 1286 
procedures for sealing and filling cracks in asphalt-surfaced pavements, Project No. SHRPH-348, 1287 
Strategic Highway Research Program , National Research Council, Washington D.C., 1993. 1288 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



47 
 

[39] C.K. Estakhri, J.W. Button, Evaluation and improvement of bituminous maintenance mixtures, 1289 
Report No. FHWA/TX-96/1377-1F, Federal Highway Administration, Texas Transportation Institute, 1290 
1995. 1291 
[40] P. Paige-Green, A. Maharaj, J. Komba, Potholes: Technical guide to their causes, identification 1292 
and repair, CSIR Built Environment, Stellenbosch, South Africa,  2010. 1293 
[41] Q. Dong, B. Huang, S. Zhao, Field and laboratory evaluation of winter season pavement pothole 1294 
patching materials, International Journal of Pavement Engineering 15(4) (2014) 279-289. 1295 
https://doi.org/10.1080/10298436.2013.814772 1296 
[42] R. McDaniel, J. Olek, B. Magee, A. Behnood, R. Pollock, pavement patching practices-A synthesis 1297 
of highway practice, NCHRP Synthesis 463, National Cooperative Highway Research Program, 1298 
Transportation Research Board, Washington D.C., 2014. 1299 
[43] C. Nicholls, K. Kubanek, C. Karcher, A. Hartmann, A. Adesiyun, A. Ipavec, J. Komacka, E. 1300 
Nielsen, Assessment of generic pothole repair materials, 6th International Conference on Bituminous 1301 
Mixtures and Pavements (2015) 759-766. DOI: 10.1201/b18538-108 1302 
[44] A.M. Johnson, Best practices handbook on asphalt pavement maintenance, Report No. 2000-04, 1303 
Minnesota Department of Transportation, USA, 2000. 1304 
[45] M. Isabela, R. Spielhofer, Rapid and durable maintenance methods and techniques, Final report, 1305 
ERA-NET Road – Design, Austria, 2014. 1306 
[46] H.I.A. Obaidi, Development of innovative pothole repair materials using induction heating 1307 
technology, Thesis  for the degree of Doctor of Philosophy, University of Nottingham, 2018. DOI: 1308 
10.13140/RG.2.2.15618.53449 1309 
[47] T.P. Wilson, A.R. Romine, Innovative materials development and testing. Volume 2: Pothole 1310 
repair, Report No. SHRP-H-353, Strategic Highway Research Program, Washington, D.C., 1993. 1311 
[48] A. Griffith, Improved winter pothole patching, Report No. OR-RD 99-10, Oregon. Department of 1312 
Transportation, 1999. 1313 
[49] H.R. Thomas, D.A. Anderson, Pothole repair: you can't afford not to do it right, Transportation 1314 
Research Record 1102 (1986) 32-40. 1315 
[50] K. Smith, D. Peshkin, E. Rmeili, T. Vandam, K. Smith, Innovative materials and equipment for 1316 
pavement surface repairs. Volume 1: Summary of material performance and experimental plans, Report 1317 
No. SHRP-M/UFR-91-504, Strategic Highway Research Program (SHRP), hington, D.C., 1991. 1318 
[51] Q. Dong, C. Dong, B. Huang, Statistical analyses of field serviceability of throw-and-roll pothole 1319 
patches, Journal of Transportation Engineering 141(9) (2015) 04015017. 1320 
https://doi.org/10.1061/(ASCE)TE.1943-5436.0000786 1321 
[52] G. Jennings, Spray injection pothole filling, AHMCT Research Center, University of California- 1322 
Davis, 2013. 1323 
[53] S. Biswas, L. Hashemian, M. Hasanuzzaman, A. Bayat, A study on pothole repair in Canada 1324 
through questionnaire survey and laboratory evaluation of patching materials, Canadian Journal of Civil 1325 
Engineering 43(5) (2016) 443-450. https://doi.org/10.1139/cjce-2015-0553 1326 
[54] J. Davis, Preventing and repairing potholes and pavement cracks. 1327 
http://asphaltmagazine.com/preventing-and-repairing-potholes-and-pavement-cracks/, (May 2021). 1328 
[55] L. Uzarowski, V. Henderson, M. Henderson, B. Kiesswetter, Innovative infrared crack repair 1329 
method, Maintenance and Construction Session: Successes and Innovations in Maintenance Methods 1330 
of the 2011 Annual Conference of the Transportation Association of Canada, Edmonton, Alberta, 2011. 1331 
[56] J. Byzyka, M. Rahman, D.A. Chamberlain, An innovative asphalt patch repair pre–heating method 1332 
using dynamic heating, Construction and Building Materials 188 (2018) 178-197. 1333 
https://doi.org/10.1016/j.conbuildmat.2018.08.086 1334 
[57] L. M Zanko, D. M Hopstock, Taconite-enhanced pothole repair using portable microwave 1335 
technology, University of Minnesota Duluth Natural Resources Research Institute (NRRI), 2011. 1336 
[58] J. Byzyka, D.A. Chamberlain, M. Rahman, A novel control pothole repair system using radiant 1337 
heat for long lasting patch repairs, Transportation Research Board 96th Annual Meeting, Washington 1338 
DC, United States, 2017. 1339 
[59] J.M. Fragachan, Accelerated testing methodology for evaluating pavement patching materials, 1340 
Thesis for the Degree of Master of Science in Civil Engineering, Worcester Polytechnic Institute, 2007. 1341 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

http://asphaltmagazine.com/preventing-and-repairing-potholes-and-pavement-cracks/


48 
 

[60] Q. Dong, J. Yuan, X. Chen, X. Ma, Reduction of moisture susceptibility of cold asphalt mixture 1342 
with Portland cement and bentonite nanoclay additives, Journal of Cleaner Production 176(6) (2018) 1343 
320-328. DOI:10.1016/J.JCLEPRO.2017.12.163 1344 
[61] G. Indahl, J. Quinn, K. Afferton, Pavement patching techniques and materials, New Jersey 1345 
Department of Transportation, 1975. 1346 
[62] M. Berlin, E. Hunt, Asphalt concrete patching material evaluation: interim report, Report No. OR-1347 
RD-01-19, Oregon. Dept. of Transportation, Research Unit, 2001. 1348 
[63] Q. Dong, J. Gao, X. Chen, X. Wang, Development of a turpentine cutback asphalt mixture for 1349 
porous pavement pothole repair, Journal of Materials in Civil Engineering 32(3) (2020) 05020001. 1350 
https://doi.org/10.1061/(ASCE)MT.1943-5533.0003075 1351 
[64] H. Obaidi, B. Gomez-Meijide, A. Garcia, A fast pothole repair method using asphalt tiles and 1352 
induction heating, Construction and Building Materials 131 (2017) 592-599. 1353 
https://doi.org/10.1016/j.conbuildmat.2016.11.099 1354 
[65] Y. Yang, Z. Qian, X. Song, A pothole patching material for epoxy asphalt pavement on steel 1355 
bridges: Fatigue test and numerical analysis, Construction and Building Materials 94(7) (2015) 299-1356 
305. DOI: 10.1016/j.conbuildmat.2015.07.017 1357 
[66] I. Thanaya, S. Zoorob, J. Forth, A laboratory study on cold-mix, cold-lay emulsion mixtures, 1358 
Proceedings of the Institution of Civil Engineers-Transport, Thomas Telford Ltd. (2009) 47-55. 1359 
[67] S. Al-Busaltan, H. Al Nageim, W. Atherton, G. Sharples, Mechanical properties of an upgrading 1360 
cold-mix asphalt using waste materials, Journal of materials in civil engineering 24(12) (2012) 1484-1361 
1491. https://doi.org/10.1061/(ASCE)MT.1943-5533.0000540 1362 
[68] A. Stanley, Value engineering study of highway shoulder maintenance, Report No.FHWA-TS-77-1363 
210, Washington Department of Transportation, Federal Highway Administration, 1977. 1364 
[69] Q. Dong, B. Huang, X. Jia, Long-term cost-effectiveness of asphalt pavement pothole patching 1365 
methods, Transportation Research Record 2431(1) (2014) 49-56. https://doi.org/10.3141/2431-07 1366 
[70] K. Kubanek, Guidelines for pothole repairs (Annex of Final Report of the project “POTHOLE”), 1367 
Project No. 832700, Karlsruhe Institute of Technology, 2013. 1368 
[71] W.H. Kao, L. Carlson, J.-M. Yang, J.-W.W. Ju, Application of high toughness, low viscosity nano-1369 
molecular resin for reinforcing pothole patching materials in asphalt and concrete base pavement, Patent 1370 
No. US 9328024B2, University of California,Oakland, CA (US), 2016. 1371 
[72] P.S. Kandhal, D.B. Mellott, Rational approach to design of bituminous stockpile patching mixtures, 1372 
Transportation Research Record 821 (1981) 16-22. 1373 
[73] L. Hammel, Reparatur asphalte – Stand der Technik und aktuelle Entwicklungen, Thesis  for the 1374 
degree of Doctor of Philosophy, TU Dresden, 2015. 1375 
[74] H.R. Thomas, D.A. Anderson, Evaluation of experimental cold-stockpiled patching materials for 1376 
repairs in cold and wet weather, Transportation Research Record 1268 (1990). 1377 
[75] C. Wei, S. Tighe, Development of preventive maintenance decision trees based on cost-1378 
effectiveness analysis: an Ontario case study, Transportation research record 1866(1) (2004) 9-19. 1379 
https://doi.org/10.3141/1866-02 1380 
[76] D. Bennett, S.A. Velinsky, Continued evaluation of pothole patching equipment, materials, and 1381 
processes, Report No. CA14-2338, California. Department of Transportation, 2014. 1382 
[77] L. O'Brien, Value engineering study of bituminous patching, Rural a nd Orban Roads, Washington 1383 
D.C., 1976. 1384 
[78] V. Rosales, J. Prozzi, J. Prozzi, Mixture design and performance-based specifications for cold 1385 
patching mixtures, Report No. FHWA/TX-08/0-4872-2, The University of Texas at Austin, Center for 1386 
Transportation Research, 2007. 1387 
[79] M. Rezaei, L. Hashemian, A. Bayat, B. Huculak, Investigation of rutting resistance and moisture 1388 
damage of cold asphalt mixes, Journal of Materials in Civil Engineering 29(10) (2017) 04017193. 1389 
https://doi.org/10.1061/(ASCE)MT.1943-5533.0002042 1390 
[80] Anonymous, Recycled asphalt shingles - Material description. https://rmrc.wisc.edu/ug-mat-1391 
roofing-shingle-scrap/. (Accessed May 2021). 1392 
[81] M. Pasetto, E. Pasquini, A. Baliello, Recycling bituminous shingles in cold mix asphalt for high 1393 
performance patching repair of road pavements, Pavement and Asset Management  (2019) 627-634. 1394 
DOI: 10.1201/9780429264702-75 1395 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

https://doi.org/10.3141%2F1866-02
https://rmrc.wisc.edu/ug-mat-roofing-shingle-scrap/
https://rmrc.wisc.edu/ug-mat-roofing-shingle-scrap/


49 
 

[82] C.K. Estakhri, J.W. Button, Test methods for evaluation of cold-applied bituminous patching 1396 
mixtures, Transportation research record 1590(1) (1997) 10-16. https://doi.org/10.3141/1590-02 1397 
[83] M.-C. Liao, C.-C. Luo, T.-Y. Wang, X. Xie, Developing effective test methods for evaluating cold-1398 
mix asphalt patching materials, Journal of Materials in Civil Engineering 28(10) (2016) 04016108. 1399 
https://doi.org/10.1061/(ASCE)MT.1943-5533.0001639 1400 
[84] J.-M. Torrenti, F. La Torre, Materials and infrastructures 1, Research for innovative transports set 1401 
Wiley, Great Britain and the United States, 2016. 1402 
[85] P. Redelius, J.-A. Östlund, H. Soenen, Field experience of cold mix asphalt during 15 years, Road 1403 
Materials and Pavement Design 17(1) (2016) 223-242. 1404 
https://doi.org/10.1080/14680629.2015.1068702 1405 
[86] H. Moriyasu, H. Taniguchi, K. Koshi, K. Hatakeyama, Development of water-based curing 1406 
reactive cold asphalt repair material, Asphalt Pavements 1 (2015) 343-353. 1407 
https://doi.org/10.1201/b17219 1408 
[87] H.P. Wang, R. Zhang, Z.Y. He, J.Z. Wang, Deformation behaviors of dilution type cold patch 1409 

asphalt mixture under different stress modes, Applied Mechanics and Materials (2017) 114-118.  1410 

https://doi.org/10.4028/www.scientific.net/AMM.872.114 1411 

[88] I. Gawel, J. Pilat, P. Radziszewski, L. Niczke, J. Krol, M. Sarnowski, Bitumen fluxes of vegetable 1412 
origin, Polimery 55(1) (2010). DOI: 10.14314/polimery.2010.055 1413 
[89] J.-P. Serfass, J.-E. Poirier, J.-P. Henrat, X. Carbonneau, Influence of curing on cold mix mechanical 1414 
performance, Materials and structures 37(5) (2004) 365-368. https://doi.org/10.1007/BF02481685 1415 
[90] I.N.A. Thanaya, Review and recommendation of cold asphalt emulsion mixtures CAEMS design, 1416 
Civil Engineering Dimension 9(1) (2007) 49-56. https://doi.org/10.9744/ced.9.1.pp.%2049-56 1417 
[91] X. Wang, X. Chen, Q. Dong, A. Jahanzaib, Material properties of porous asphalt pavement cold 1418 
patch mixtures with different solvents, Journal of Materials in Civil Engineering 32(10) (2020) 1419 
06020015. https://doi.org/10.1061/(ASCE)MT.1943-5533.0003399 1420 
[92] Z. Zhang, S. Wang, G. Lu, Properties of new cold patch asphalt liquid and mixture modified with 1421 
waterborne epoxy resin, International Journal of Pavement Engineering  (2018) 1-11. 1422 
https://doi.org/10.1080/10298436.2018.1559314 1423 
[93] S.C. Somé, V. Gaudefroy, D. Delaunay, Effect of vegetable oil additives on binder and mix 1424 
properties: laboratory and field investigation, Materials and structures 49(6) (2016) 2197-2208. 1425 
https://doi.org/10.1617/s11527-015-0643-1 1426 
[94] C.K. Estakhri, L.M. Jimenez, J.W. Button, Evaluation of Texas DOT Item 334, hot-mix, cold-laid 1427 
asphalt concrete paving mixtures, Report No. FHWA/TX-00/1717-1, Texas Transportation Institute, 1428 
Texas A & M University System, 1999. 1429 
[95] B.J. Kwon, D. Kim, S.K. Rhee, Y.R. Kim, Spray injection patching for pothole repair using 100 1430 
percent reclaimed asphalt pavement, Construction and Building Materials 166 (2018) 445-451. 1431 
https://doi.org/10.1016/j.conbuildmat.2018.01.145 1432 
[96] S. Lavorato, S. Manolis, G. Vasiliu, et al. , Evaluation of laboratory and field performance of high 1433 
performance cold mix patching material with reduced volatile organic compound content, Proceedings 1434 
of the Fifty-Eighth Annual Conference of the Canadian Technical Asphalt Association (CTAA), St. 1435 
John's, Newfoundland and Labrador (2013) 177-205. 1436 
[97] K.P. Chong, Health monitoring of civil structures, Journal of Intelligent Material Systems and 1437 
Structures 9(11) (1998) 892-898. https://doi.org/10.1177/1045389X9800901104 1438 
[98] M. Mejias-Santiago, F.d. Valle-Roldan, L.P. Priddy, Certification tests on cold patch asphalt repair 1439 
materials for use in airfield pavements, Report No. ERDC/GSL TR-10-14, Vicksburg  Engineer 1440 
Research and Development Center, 2010. 1441 
[99] C.-W. Huang, T.-H. Yang, G.-B. Lin, The evaluation of short-and long-term performance of cold-1442 
mix asphalt patching materials, Advances in Materials Science and Engineering 2020 (2020). 1443 
https://doi.org/10.1155/2020/8968951 1444 
[100] M. Liu, S. Han, X. Han, X. Qi, S. Dong, Microcapsule and polymer reinforcement techniques 1445 
developed asphalt for use of pothole repairs in winter and rainy seasons, Cold Regions Science and 1446 
Technology 167 (2019) 102865. https://doi.org/10.1016/j.coldregions.2019.102865 1447 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 


