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Abstract:  Asphalt joints are inevitable parts of every pavement. They are 

constructed for different reasons. Although much attention is dedicated to the 

construction joints (hot with hot pavement), a scientific approach for cold 

joints (cold with hot pavement) with respect to large patch constructions is 

still missing. This report tries to evaluate existing construction techniques and 

to suggest new testing methods of tests. Although, indirect tensile tests IDT 

and direct tension tests DTT are familiar in the field of asphalt pavement 

characterization, they have not been used for the assessment of joint quality so 

far. In this report, these two test types are evaluated and the results are 

analyzed using finite element software ABAQUS. The results of the 

comparison of joint compaction techniques on a laboratory scale suggest that 

joints with angles seem to show more promising behavior than vertical joints. 

Also, starting compaction from the hot side generally produces better results 

than compaction starting from cold side.   

 

KEY WORDS:  Cold asphalt pavement joints, Asphalt joint lab production, IDT 

joint evaluation, DTT joint evaluation, Joints FEM analysis. 
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1. Introduction  

1.1 Background 

One of the most vulnerable parts of every asphalt pavement are joints. They are formed 

by matching two adjoining surfaces in a layer. Joints in asphalt pavements can be found on 

all types of roads (motorways, highways, regional roads, community roads etc). Joints are 

formed during construction of new roads and also in case of repair of deteriorated 

pavement sections. Patchwork roads with narrow joints are an acceptable way of repair and 

therefore one of the major advantages of asphalt. On the other hand, open joints may cause 

serious safety problems for two-wheeled vehicles. Deterioration of joints may be caused by 

different reasons (figure 1.1). Some construction errors are listed as follows: 

- inadequate compaction 

- bad preparation of the joint surfaces 

- unfavorable pavement temperatures 

- combined repeated action of water from top and from bottom of the pavement 

- traffic loading in the vertical and horizontal direction 

 

Such errors can cause different kinds of damages to the pavement in the location of the 

joints (figure 1.1). 
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                            (a)                                                                 (b) 

                               

                                                           (c) 

Figure 1.1 (a) Deteriorated joint in an urban street of Stockholm; (b) deterioration of 

the joint at a local bus stop; (c) opening of the joint along the traffic direction. 
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1.2 Objectives 

The main objectives of this study are: 

(a) Evaluation of different techniques of constructing joints for patchworks.  

(b) Introduction of new test methods for the evaluation of joints.  

1.3 Structure of the report 

This report consists of eight chapters. It starts with an introduction and a short 

description of the major objectives followed by a presentation of the methodology. 

(Chapter one) 

Chapter two includes a literature and state of the art review presenting definitions as well as 

existing techniques and standards. It includes also relevant research done in Sweden and 

some other countries.  

Chapter three presents the selection of the construction techniques based on the findings in 

chapter two for lab production. 

Chapter four incorporates the production of specimens with joints in the laboratory. It 

contains a new original way to produce lab specimens, simulating, rolling and compaction 

from the hot side of a joint.   

Chapter five covers test preparations, calculations and a brief description of two quasi static 

tension tests. One test is an indirect tensile test, the other one a direct tensile test. It 

provides a comprehensive theoretical basis for newly proposed test methods for joints and 

presents the special design of the experimental set up chosen for the tests. 

Chapter six presents the analysis of the test results by using FEM linear elastic 3D models. 

It also provides tables of the results. 

Chapter seven deals with the results of the data analysis including a comparison of the 

techniques. 

Chapter eight consists of overall conclusions obtained from the analysis of all tests results.  

1.4 Methodology 

In the case of rehabilitation of a pavement (e.g. patching that is the subject of this 

study), a joint consists of three major parts. One is the already compacted side that is aged 

for environmental effects and is often more compacted because of the traffic loads acting 

during its lifespan. The other side is the fresh side that is placed beside the aged side and 

finally the joint that is the interface between the aged and the fresh side. Each part of the 

joint has its own properties and characteristics.  
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Since it was not possible to obtain a real aged side for the lab simulation in this thesis, 

the aged side of the joint was simulated using a harder binder type and slight aging by 

heating the mix as explained later. However, the other components are the same as in 

reality.  

Nowadays, density measurement is the only frequently used test for evaluating the 

joints. Because of unevenness of the joint, measuring the density by nuclear gauge has 

errors.  Moreover, by taking D=150mm and D=100mm cores, different results are obtained 

since the bigger size cores contain more material away from the joint. Therefore, two new 

types of measurements are chosen in this study to evaluate the quality of the joints. [1] 

 The indirect tensile test (IDT) was chosen in order to determine the tension capacity 

(FT) in the joint (pulling the joint apart) and to obtain the material properties of the joint in 

the interface (figure1.2) at different angles of joint β=0˚, 15˚, 30˚. FT can be either 

adhesion, if failure happens exactly in the interface area of the joint, or cohesion, if failure 

occurs close to the interface area. Since IDT concentrates the maximum tension stresses in 

the interface of the joint, it is expected to produce primarily adhesion failure.  

 

Figure 1.2 IDT test and imposed loads to measure the adhesion of the joint (100mm is 

the length and 40mm is the thickness of the specimen) 

Direct tensile test (DTT) was used to determine the maximal tension loading capacity 

of the system FP, i.e. the strength of the pavement joint as loaded in reality. This test was 

chosen because it is considered as a performance related test (figure 1.3). 
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Figure 1.3 DTT test and imposed loads to measure the strength of the joint.                 

(all dimensions are in mm)  

According to figure 1.3, FP denotes the maximal tension capacity and FS is the shear 

strength of the joint. (FP =FT/cosβ, FS= FP*sinβ). 

Since the number of the specimens was limited, it was decided to test all specimens 

with the same temperature of 20˚C.  

In order to avoid complex models, linear elastic models are used for calculations where 

loading rates and other parameters are involved. The mesh sizes for these calculations are 

fairly small. The difference between the results of the analysis with the same model and 

finer mesh sizes is less than 2%.  

This is a preliminary study. In order to simplify the models and because of not having 

the exact property of each component of the joint, the whole sample is considered as a 

homogeneous material.  Furthermore, since the elastic part and only the fracture point for 

each specimen are the main focus for this evaluation, the elastic mode for analysis of all 

specimens is used. 

F-test and t-test are used for a statistical comparison of the data in order to check if 

significant differences between different types of joints exist. 
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The flow chart in figure 1.4 shows the main steps of work in this research. This project 

started with two parallel activities. First, information about existing literature and frequent 

practice were collected, while, in parallel, the types of the tests for evaluation were chosen. 

Based on the literature review some of the techniques including different shapes, treatments 

and compactions methods were selected to be simulated in the laboratory. Then, tests were 

conducted on lab produced specimens and test results were analyzed. Finally, conclusions 

and recommendations were presented. 

  

Figure 1.4 road map of the work 

Literature Review 

       (Chap. 2) 

  Test Types  

 Selection 

   (Chap.6) 

 
Selection of Joint 

Types (Chap. 3) 

Evaluation of 

Cold Joints 

Lab. Joint 

Production 

(Chap.4) 

      IDT 

Conclusions & Recommendation   

                     (Chap.8) 

Experimental  

Approach & Test 

prep. 

 
        Tests (Chap. 5) 

      DTT 

Analysis (Chap.7) 
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2. Literature and state of the art review 

Typically, asphalt pavement joints are divided into two groups (figure 2.1): 

- Longitudinal joints ( in direction of paving) 

- Transverse joints ( perpendicular to the direction of paving) 

 

Figure 2.1 Longitudinal and transverse joints [1] 

Depending on technical requirements and location, construction of asphalt joints may be 

subject to different design specifications in order to obtain an acceptable pavement with 

proper lifespan and quality. 

2.1 Temperature related joint classification 

Asphalt temperature of the joint is the main parameter to be considered in design and 

construction of joints. Therefore, the following three types of joints can be distinguished: 

2.1.1 Hot joints (new on new) 

Hot joints are constructed using two pavers for paving the full width of the road at once. 

In the process of construction, the second lane mixture is placed before the first lane 

mixture. This causes a significant drop in temperature. However, there is no special 

treatment for the interface of this joint. 
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2.1.2 Warm joints (new on new) 

This type of joint is the same as the previous type. The only difference to hot joints is 

that the temperature of the first lane, when the second lane is placed, may drop to 49˚C 

when the second lane is placed.   

2.1.3 Cold joints (new on old)  

Cold joints are formed when the temperature of the first lane temperature falls below  

49°C before the mixture of the second lane is placed. Cold joints also become necessary in 

the following cases. 

2.1.3.1  Maintenance  

  Different reasons such as environment, bad construction or overloading, may lead to 

partial deterioration of a road. One of the options for repair is patching, e.g. at bus stops 

(figures 2.2 and 2.3). 

 

Figure 2.2 Longitudinal and transverse joints at a bus stop 

Also, in case of highways, due to deterioration of some parts of a lane, big patches are 

commonly a repair option (figure 2.3). 
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Figure 2.3 Pavement patches; the transverse and longitudinal joints of a big patch in a 

highway are shown. 

2.1.3.2 Repair of utility cuts 

   In case of installation and repair of cables, pipes and other infrastructure elements 

under asphalt roads, repair of trenches results in transverse, longitudinal and diagonal 

asphalt pavement joints (figure 2.4).  

 

Figure 2.4 Repair of utility cut; an example of the repaired part after laying a pipe or 

cable or other facilities under the road; two transverse joints are shown. 

2.2 Construction procedures 

This work concentrates on cold joints in pavements. Their construction is mostly based 

on empirical techniques because of missing scientific knowledge. This research intends to 

provide an overview on current methods of constructing joints as proposed by prominent 

Swedish road contractor companies (e.g. PEAB and NCC and SKANSKA). Typical 

construction steps for asphalt pavement joints are described as follows. 

2.2.1   Cutting 

   When a freshly constructed asphalt edge cools down, either a warm or cold joint can 

be constructed, the latter requiring cutting away the cold edge to the completely compacted 

material. Cutting is often done by abrasive blades (cutting wheels) or jack hammers. Such a 

cut can be conducted in different shapes: 
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- Vertical cut (most common)  

Cutting with the blade creates an edge with a slight angle up to 10˚ (figure 2.5) but since 

the milling is done after the cut, the milling creates a vertical edge.  

- Cut with slope 

This type of cutting is not very common but it could be done by making adjustments on 

the cutting machine and miller to end up with an angular edge. 

 

 

Figure 2.5 Cutting blade creating an edge with an angle of 10º from the vertical edge 

after milling the vertical edge  

For small patches, it is common to use a jack hammer for destructing the damaged parts 

before sawing the edges either vertically or with a slope. The reason for a sloped edge is to 

reduce damage of surrounding material. Quality of the cutting depends on the skill of the 

operator. After cutting, the cold edge is often milled by a milling machine. Milling the cold 

edge produces a rough joint surface which is considered beneficial for the interlock and 

bond of the joint.  

2.2.2 Pre-heating 

This step is suggested by some Swedish companies, e.g. Sandahls Grust and Asfalt AB, 

in order to increase the adhesion of the cold edge of the joint. Pre-heating is typically done 

by infrared heaters as shown in figure 2.6.  
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Figure 2.6 Infrared heater 

2.2.3 Sealing  

According to Kandhal and Mallick 1997 [3], a rubberized asphalt tack coat (sealer) in 

construction joints has a positive influence on the durability of joints by preventing water 

penetrating into the joint. Sealing the edge before the new lane is placed, is shown in   

figure 2.7. 

 

Figure 2.7 Sealing the cold edge of the joint before placing the new lane mixture 

Other research, e.g. Scherocman 2006 [11], shows that for clean construction joint 

surfaces, sealing may not be effective since it is done by hand and may produce different 

coating thicknesses along the joint.  

All mentioned findings refer to construction joints, but it may be assumed that these 

findings also apply to patching joints.  
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2.2.4 Placing new asphalt 

It is recommended not to allow an overlap of new material on the cold edge for 

avoiding a bumpy surface of the road (figure 2.8a). From a practical point of view, it is 

suggested that for every 25mm thickness of asphalt layer, the height of the newly placed 

asphalt before compaction should be 6mm higher than the cold side in order to obtain a 

smooth surface after compaction. For longitudinal joints an overlap of around 50mm is 

recommended when placing the second lane before pushing back the overlapped asphalt to 

the joint. 

 

Figure 2.8 (a) Unrolled pavement overlapping the compacted side  (b) overlap 

raked back creating a bump [2] 

As shown in figure 2.8b, the overlapping material is pushed back to the joint by manual 

raking. Raking back the fresh material creates a bump on the unrolled side of the joint. This 

bump helps to construct the joint as dense as possible. However, since raking may disturb 

the uniformly distributed material, too much raking decreases the quality of the pavement.  

2.2.5 Compaction 

With respect to construction joints, Kandhal and Mallick 1997 [3] have shown that if 

compaction of longitudinal joints is started from the hot side, 15cm away from the joint, the 

material is pushed to the joint, thus increasing density and interlock in the joint. Placing the 

asphalt with a vibratory roller after a few passes without vibrations is beneficial for 

constructing a dense joint. In figure 2.9 different compaction techniques are demonstrated.  
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Literature study and discussions with experts performed for this thesis show that most 

experts believe that the quality of the joints depends more on the operation and building 

process than on the kind of material used for the sealing of the joints. 

         

 

Figure 2.9 (a) Rolling from hot side (H); (b) Rolling from cold side (C); (c) Rolling from 

hot side 15 cm away from joint [3]. 

2.3 Special construction aspects 

2.3.1 Shape of the edge 

It is shown in the literature, e.g. Fleckenstein 2002 [4], that by attaching a restraining 

wheel to the main drum when placing the first lane (figure 2.10) is a helpful alternative for 

making good quality construction joints. By making an angular joint rather than a vertical 

one, the performance of the construction joints is expected to be improved in terms of 

bonding and resistance to water penetration. It appears that an angular shape of the cold 

edge can be applicable in patch joints too.  

 

Figure 2.10 Restraining wheel provides a slope of 45° for the first lane during 

compaction 
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2.3.2   Density of joints 

Density in the region of the joints is always lower than in the pavement. It is reported 

that densely constructed joints perform better over a long period of time [3].  

However, most asphalt joints still have 1.5 to 7 percent less density than the rest of the 

pavement. The US National Center of Asphalt Technology (NCAT) recommends to specify 

a minimum density requirement. According to long term observations by NCAT, a 

difference of less than 2 percent density as in the rest of the pavement appears acceptable.  

2.4 Swedish and Canadian experience 

2.4.1 NCC (Company Sweden) 

A Swedish contractor company (NCC), in coordination with Vägverket (road 

administration) has done research on 6 different methods of joint construction techniques in 

Sweden [5].  

- Pre heating the cold edge and sealing. 

- Pre heating the cold edge without sealing. 

- Pre heating the cold edge and using bitumen 85/25 for sealing the edge. 

- Sealing the joint with bitumen 85/25 for edge sealing. 

- Using BEts (Latex modified emulsion) as basis for new regulations 

- Pre heating and using BEts for the edge sealing. 

 

It was concluded that a constant density along the joint is beneficial. When the new 

asphalt is dense, the possibility of interlock in the interface increases allowing the old and 

new pavements work together. Since the patched area is often not very large, it may be 

preferable to use asphalt with low air void content by using fine materials. However, design 

must be chosen such that no creep or blistering may occur. 

In addition, it was found that pre-heating and pre-treatment of cold pavement edges 

with gluing agents lead to better results than without.  

Although the test methods are not elaborated in this research, it appears that their 

evaluation test is limited to the measurement of density and air void content of the joints. 

No mechanical tests were performed.    

2.4.2 Quebec, Canada 

In Canada, Transport Quebec [12] recently has done some evaluations on both 

longitudinal and transverse cold joints. Some suggestions for improving existing 

regulations and better evaluation and construction of constructed joints were presented: 
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For longitudinal joints: 

- Cores should be taken from both sides of the joints within 30cm away from the 

joint for comparing the density of both sides (figure 2.11).  

- Compaction of the joints should not be less than 90%.  

 

 

Figure 2.11 Nuclear density gauge for density measurement of asphalt; 30cm is the 

allowed region to measure the density of each side [12]     

For transverse joints: 

 

 Beveled joints should not be constructed since variations on thickness make it 

difficult to read nuclear density gauge (figure 2.11).         

 Compaction of the joint should not be less than 90% of the rest of the pavement. 

2.5 Specifications in Sweden 

2.5.1 Cutting 

Based on the interview with some contractor companies, e.g. SKANSKA, cutting is 

done only vertically for small and big patches in Sweden. Milling the edge is performed 

after cutting to make a rough surface for better interlock with the fresh material that is 

placed afterward. Cleaning the edge is another option that is used for removing the 

remaining dust from cutting and milling. However, cleaning the edge is not always in the 

agenda for patchworks. 

2.5.2 Density 

In order to check the quality of the constructed joints, from every three cores that are 

taken from main lanes, one core should be taken from the joint to check the air voids. 
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According to Swedish standards, density of the newly laid material beside the joint must 

not be less than 2 % of the other parts [6].  

2.5.3 Sealer 

It is recommended to use emulsions either BEts or BE65R (see in the appendix          

table 11.5). BEts is a latex modified emulsion. The number 65 in BE65R indicates the 

percentage of bitumen which means that BE65R consists of 65% bitumen and the rest is 

mainly water. R stands for rapid breaker which means that the chemical breaking reaction 

in this material occurs rather fast. BE65M is another product which has a medium time of 

chemical breaking. In Sweden, it is recommended to use emulsions with high percentage of 

bitumen (more than 60%) for joints. After putting the hot fresh mixture, the same sealer is 

used for sealing the joint from the top in order to avoid water infiltration through the joint 

into the lower layers [7]. 

2.5.4 Compaction 

Since fresh material beside the cold edge cools fast, it is common to start compaction on 

the joint and then continue to the hot side (figure 2.9a). 
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3. Laboratory Simulation  

In order to compare different techniques of asphalt joint construction, it was decided to 

simulate selected frequently used techniques and compare them in both direct and indirect 

tensile test (see also chapter 5). Properties are taken from Swedish road administration  [6].  

3.1 Mix properties 

In case of asphalt joints for patching, generally one side consists of the previously 

placed pavement which has aged over time when the joint is constructed. This means that 

this side has been under the influence of environmental changes and also traffic loading. 

On the other side of the joint, fresh asphalt is placed. For simulating the situation of a new 

pavement placed along an old pavement, the following properties for each side of the joint 

were chosen: 

3.1.1 Gradation 

In order to simulate asphalt joints in highways, a gradation of   ABS16 (SMA16) for 

both mixes (new and “aged” mix) was chosen as presented in table 3.1. ABS is rich open 

graded asphalt concrete which corresponds to SMA stone mastic asphalt [13]. 

 Table 3.1 Gradation table for highways based on Swedish standard [6]  

Sieve sizes (mm) 
Range of passing material by weight (percent) 

                                ABS16 

45                                     0 

31.5                                     0 

22.4                                   100 

16                                 90-100 

11.2                                      0 

8                                  27-50 

5.6                                     0 

4                                  20-32 

2                                  16-29 

0.5                                  12-24 

0.063                                    9-12 

 

3.1.2 Binder 

According to most of the literature, e.g. Walubita 2006 [8], asphalt aging is related to an 

increase in binder stiffness. Therefore, it was considered reasonable to use a stiffer binder 

(50/70pen) for simulating the aged side and a frequently used softer binder (70/100pen) for 

simulating the newly placed material.  
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3.1.3 Fiber 

According to the Swedish standard [6], fiber should be added to ABS from 0.3 to 1.5 % 

by weight, depending on the fiber type.  

3.1.4 Air voids 

According to Swedish standard [6], the air void of 2 to 3.5% is allowable for ABS 16. 

The air void contents of the mixtures used for the lab production were close to the 

maximum standard limit of 3.5%. 

3.1.5  Thickness  

The limitation for the thickness of the top layer for ABS, according to Swedish road 

administration standard [9], is shown in the table 3.2. Hence, the thickness of the slab for 

simulation was chosen based on table 3.2.  

Table 3.2 Suggested thickness of the layer based on the aggregate size 

 
Layer thickness, Min-Max (mm) 

                 ABS 16 

Layer thickness                   36 - 64 

 

Based on collected information from SKANSKA and NCC experts, the thickness of 

40mm was chosen for the lab simulation to make the specimens with a thickness 

corresponding to frequent top layers in Sweden for ABS.  

3.2 Techniques 

Based on the collected information from Swedish road standards VVBT 2010:93 [6] 

and VV2005:112 [9] and experts of contractor companies, the following joint surface 

treatment techniques and parameter variations were chosen: 

3.2.1 Sealing 

Sealing is claimed to increase adhesion between aged and fresh edges. It fills the voids 

producing denser joints and also protects the pavement from water infiltration. Hence, the 

following sealers were used for this study: 

- BEts  

- BE65R  

3.2.2 Pre-heating 

The effect of pre-heating is investigated specially as a possible alternative to the use of a 

sealer, since in the Swedish standard it is mentioned that pre-heating could be a 

replacement for BEts or other sealers in repair or remixing processes. 
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3.2.3 Sealing and pre-heating 

There is some controversial discussion in practice whether combining heat and sealing 

is necessary for achieving better adhesion or not. Both techniques were investigated here as 

combination to a clarification in this respect. 

3.2.4 No treatment 

No treatment was chosen as one variation in order to learn how significant are the 

influences of sealing and pre-heating techniques (regardless of water infiltration). 

3.2.5 Slope of joints 

In case of construction joints, vertical joints are considered as the most common case. 

However, angular edges have shown acceptable long term performance suggesting that 

sloped joints may improve load transition under traffic loading. It was therefore decided to 

investigate edges with slopes of 15 and 30 degrees in addition to vertical edges in 

combination with other parameters as mentioned above. 

3.2.6 Compaction 

In reality, the compaction commonly starts from the cold side of the joint and moves 

towards the hot side (figure 2.9b). One of the suggested techniques is to start compaction 

away from the joint similar to the case of construction joints when hot material is placed on 

both sides of the joints. In this study, this procedure was simulated for cold joints in order 

to investigate its influence as discussed in detail in section 4.1.7. In theory, starting 

compaction away from the joint and then moving towards the joint, allows more material to 

be pushed to the joint. This results in a denser joint and therefore better quality. 

In table 3.3, the combinations of the selected treatments are listed. 

Table 3.3 Selected techniques and joint slopes for laboratory production 

Compaction techniques  First passings away from the joint      Frequent technique 

Angles     0°    15°    30°    0°    15°    30° 

Sealing with BEts   -  -        

Pre-heating -  -  -    -  -  

Untreated joint surface   -  -        

Pre-heating + sealing with BEts 
  -  -        

Sealing with BE65R -  -  -    -  -  

 

 



 

20 

 

The reasons for choosing the techniques in table 3.3 are as follows: 

- The first method (frequent technique) was selected as reference for most cases. 

- The second method of compaction (first passings away from the joint) was only 

done on 0˚ joints to compare the results with the results of 0˚ with common 

compaction technique. The other reason was to compare the level of the 

compaction method with the angular joints. 

- Sealing with BE 65R was chosen to see if there is any difference between BEts 

and a normal emulsion in terms of the quality the joint. It was not used for 

angular joints since the only focus was the influence of the material as sealer. 

- Pre-heating was only done with 0˚ joints for comparison reasons because the 0˚ 

joint case was considered as most critical situation to compare all treatments. 
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4. Specimen production 

4.1 Production of mixes 

In order to have a close link to reality, both asphalt mixes were taken from SKANSKA 

asphalt plant and put in separated boxes with almost the same amount of about 10 kg and 

delivered to the laboratory. It was necessary to heat up the mixes again before compaction.  

4.1.1 Compaction of the mixture with stiffer binder 

First, the aged side of the joint (mixture with binder 50/70) had to be compacted. The 

idea was to make a slab and then cut it in half to produce two parts for creating a joint. 

After heating the material up to 165°C, the mix was filled into steel frames and full slabs 

with dimensions of 625x500x56mm³ were produced using a roller compactor as shown in 

figure 4.1.  

 

Figure 4.1 Compacted slab of the mixture with stiffer binder  

4.1.2 Cutting 

A cutting machine was used for cutting all 50/70 pen slabs into half. Vertical cuts, with 

the machine were not a problem (figure 4.2). However, for angular cuts, one side of the 

slab had to be tilted such that the vertical cutting blade would allow cuts with the required 

angles. 
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Figure 4.2 The 50/70pen material after compaction and cutting 

4.1.3 Aging 

Each half slab was aged in the oven at a temperature of 140°C for 20minutes. This 

procedure was conducted to induce short term aging to the compacted material. After this 

step, the aged half-slab was allowed to cool down until it reached the ambient temperature 

in the lab.   

4.1.4 Sealing 

Sealing of the joint was done with a paint brush to distribute the sealer as uniformly as 

possible (figure 4.3). The amount of sealer for each joint was calculated based on 1kg/m
2
 

which is the normal amount of material used by Swedish contractors (e.g. NCC). 

 

Figure 4.3 Sealing the aged side of the joint interface by using a paint brush 
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4.1.5 Pre-heating 

Pre-heating was a little bit difficult since the bottom part of the slab mould was made of 

wood and was sprayed with silicone for isolation reasons. Since no infrared heater was 

available, the edge of each 50/70pen half plate (figure 4.4) was heated up manually with a 

torch to achieve a uniform temperature along the cold side of about 80°C [7]. This 

temperature was chosen based on the Swedish standard specification for pre-heating. 

Temperature was checked with an IR temperature gun.  

 

Figure 4.4 Heating the edge to simulate pre-heating  

4.1.6 Placing the fresh material 

The remaining volume in the frame for the fresh material was measured and the 

required material was calculated. Then, the required fresh material was heated up to the 

standard temperature of 165°C and placed into the frame. 

4.1.7 Compaction 

Two compaction procedures were applied in order to simulate cold to hot and hot to 

cold compaction (figure 2.9). 

4.1.7.1 Compaction without wooden plank 

A roller DYNAPAC LR100 with the working weight of 1650kg and a vibration 

frequency of 50Hz was used for the compaction of the slabs. First, 15 passes were 

conducted without vibration, then 10 passes with vibration and finally 11 passes, again 

without vibration, in order to obtain a smooth surface (figure 4.5).  
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Figure 4.5 Compaction with small DYNAPAC LR100 compactor; the thin wooden plate 

was placed on the slab in order to avoid sticking of mixture particles to the rolling 

drums. 

4.1.7.2 Compaction with wooden plank 

This type of compaction was started by placing a wooden plank on the fresh side and 

conducting two passes without vibration. The intention for this was to simulate the rolling 

from the hot side (figure 2.9c) and to push more fresh material to the joint for constructing 

a joint with a higher density (figure 4.6). Then, the wooden plank was removed and the rest 

of passes was done in the same way as in the other compaction procedure. 

  

Figure 4.6 Pushing fresh material to the joint using wooden plank for first roller passes; 

arrows show the expected transport direction of the fresh material towards the joint; 

example shows a vertical joint (all dimensions in mm). 
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Figure 4.7 Finalized joint 

In figure 4.7, the finalized slab with the joint is shown. After allowing the slab to cool 

down to the ambient temperature, the sides of the metal frames were removed and the slab 

was ready for coring. 

4.2 Quality control 

4.2.1 Asphalt plant vs. laboratory 

A random box with 50/70pen mixture and a box with 70/100pen mixture were tested in 

the lab to determine their gradation curves and other properties like binder content, density 

and air void content in comparison with the standard values. This comparison was made in 

order to see if shoveling the asphalts from the asphalt plant to the boxes had a significant 

effect on the quality of the mixes. The result of the gradation curves is shown in figure 4.8. 

According to figure 4.8 both mixes are between the standard limits and for most sieve 

sizes quite close to the standard.  
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Figure 4.8 Comparison of gradation curves of both aged (50/70) and new (70/100)   

ABS 16 mixtures 

As shown in table 4.1, the binder contents of the mixture in the asphalt plant and 

laboratory test are close whereas differences in terms of air void content exist. However, 

based on the lab tests, the air void content of the mixtures are still close to the maximum 

allowed in the standard. 

Table 4.1 Properties of the mixes in asphalt plant and laboratory (minus means that the 

laboratory measurement shows the higher value than measured in the asphalt plant) 

  
Binder type 

Binder content  

(% by weight) 

    Air void      

 (%by volume) 

Asphalt 

plant 

70/100 5.8 2.7 

50/70 5.9 2.6 

Laboratory 

check 

70/100 5.61 3.7 

50/70 5.83 3.3 

Standard 
70/100 6 2-3.5 

50/70 6 2-3.5 

 

According to table 4.1, the standard requires a minimum of 6% of binder content for 

ABS 16. However, what is produced in the SKANSKA asphalt plant is less. The reason for 

this difference is that the density of the aggregates used in the SKANSKA asphalt plant is 

higher than the density given in the standard. Therefore, the binder content is decreased in 

proportion to the ratio between the densities in the standard and of the SKANKSA 

aggregates.  
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5. Quasi static tension tests 

5.1 Indirect Tensile Test (IDT) 

5.1.1 Evaluation of specimen geometry 

The IDT is a test method, originally introduced for concrete by Akazawa and Carneiro 

[14], [15], [16]. Usually, circular samples are used for IDT tests. However, in order to 

allow adhesion testing in the FT direction of the joint at angles 0º, 15º and 30º (figure 1.2), 

it was necessary to perform IDT on cubic samples cut from the slabs as schematically 

shown in figure 5.1.  In this way, the sample can be placed between the loading strips to 

impose a splitting load (FT) exactly in the joint. 

 

Figure5.1 Top half of a cubic sample with the loading strip placed exactly on the joint 

(dimensions in mm) 

For validation purposes, the results of square specimens were compared to those of 

circular ones determined under the same conditions, same elastic modulus (4020MPa) and 

Poisson’s ratio (0.4) in the central location of the joints (o-o). It was decided to impose 

1mm of displacement in all models since the IDT is performed as a displacement controlled 

test in this study. Stress and strain distributions of circular and rectangular homogeneous 

specimens without joints were compared using linear elastic finite element (FE) models 

with ABAQUS. Mesh type of C3D8R (a 8-node linear brick with reduced integration and 

hourglass control) with sizes of 1x1mm
2
 for 2D and 1x1x1mm

3
 for 3D specimens was 

used. The first step consisted of the verification of the finite element models with both 2D 

and 3D analytical solutions.   

Hondros in 1959 [10] suggested stress distribution formulas for a 2D circular model. 

Zein in 1974 [18] presented a theoretical calculation for circular and rectangular IDT. Wijk 

in 1978 [17] also suggested analytical solutions for stress distributions of a 3D circular 

model. However, the 3D solution is more complex and its results are close to the 2D model 
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results. This is especially true in the center of the specimen where the tensile stress is a 

maximum. Hence, the 2D model formulations were chosen for this study.  

For validation of the FE model, a circular specimen with a diameter of 100mm was 

modeled with ABAQUS and its stress distributions along the vertical centerline were 

compared with the Hondros’s analytical solutions [10].  Since the location of the joint is on 

the vertical centerline of the IDT specimen, the stresses of the vertical centerline of the 

model were compared with the formulas that are mentioned below. A comparison of the 

calculations for the horizontal centerline is given in the appendix 11.1.  

In figure 5.2, the schema of IDT for both circular and square specimens including the 

vertical and horizontal axes of inspections are demonstrated. Since axis 22 is the location of 

the joints in the IDT specimens, stresses along the axis 22 for both 2D and 3D models were 

obtained and distributions according to Hondros (1959) [10] along the vertical centerline of 

the circular specimen (see figure 5.2) were compared with the formulas eq. (5.1) and eq. 

(5.2) which describe the stresses. 

   

Figure 5.2 The schema of IDT for both circular and square specimens including the 

vertical and horizontal axes of inspections 

    
  

   
  

              

                   
        

  
  

  

  
  

  

                              (5.1) 

    
   

   
  

              

                   
        

  
  

  

  
  

  

                              (5.2) 

Where (P) the applied load, (a) the width of the loading strip, (d) thickness of the 

specimen, (R) radius of the specimen, ( ) radial angle and (y) is the distance from the 

center of the specimen along the vertical centerline.   
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In order to compare the stresses of the 2D and 3D circular and square models, 1mm of 

displacement was imposed to all models. Other assumptions and applied loads for all 

compared models are shown in the table 5.1. 

 

Table 5.1 Assumptions and applied loads for comparison of FE models stresses 

Shape 
Elastic modulus 

(MPa) 

Poisson's 

ratio 
Load Displacement(mm) 

2D-circular 4020 0.4 1290.555 1 

2D-square 4020 0.4 1296.724 1 

3D-circular 4020 0.4 54715.02 1 

3D-square 4020 0.4 54934.48 1 

 

   Comparisons between analytical and FE solutions are presented in the following 

sequence: 

1) Stress distributions obtained from FE model for the 2D circular specimens and 

compared with the analytical solutions (figure 5.3). 

2) Stress distributions from 2D FE models for circular and square specimens are 

compared (figure 5.4). 

3) Stress distributions FE models from 2D and 3D circular specimens are 

compared (figure 5.5). 

4) Stress diagrams of FE models 3D circular and square are compared         

(figure 5.6). 

 

 

Figure 5.3 FE stress distributions of the 2D circular specimen in the vertical centerline 

compared with analytical solution (top half of the specimen) 
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According to figure 5.3, except for the stresses near the loading strips, the stress 

distribution curves are quite similar. This can be easily explained by the different boundary 

conditions of FE and the analytical solution. Note that compression is negative and tension 

is positive according to usual sign convention. 

 

Figure 5.4 FE stress distributions of the 2D circular specimen in the vertical centerline 

compared with 2D square specimen in the vertical centerline (top half of the specimen) 

 According to figure 5.4, the stress distributions of both shapes are very similar and the 

differences seem negligible. 

 

Figure 5.5 FE stress distributions of the 2D circular specimen in the vertical centerline 

compared with 3D circular specimen in the vertical centerline (top half of the specimen) 

The stress distributions in figure 5.5 show quite similar values in the center of the 

specimen. Closer to the loading strips the 3D model produces larger stress due to the 3D 

effect. However, since we are interested in the tension properties in the center of the 
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specimen, it is important to note that the comparison shows a difference of only 0.25% in 

the center of the specimen which is sufficiently small to be considered negligible. 

 

Figure 5.6 FE stress distributions of the 3D circular specimen in the vertical centerline 

compared with 3D square specimen in the vertical centerline (top half of the specimen) 

The results of stress distribution comparison indicate that the difference between the 

stresses of circular and square specimen is very little and can be neglected.  

5.1.2 Design of loading strips 

In a normal IDT test with circular specimens, the loading strips have a width of about 

1/8 of the diameter and are shaped to follow the curvature of the sample.  In order to adjust 

the contact surface of the loading strips to the flat surface of the square specimens, a steel 

attachment was glued to each of the loading strips as shown schematically in figure 5.7. 

 

Figure 5.7 Modification of the standard loading strips of circular specimens to the flat 

surface of cubic specimens 
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5.1.3 Specimens Dimensions 

Standard diameters for circular IDT specimens are 100 and 150 mm. In the beginning, it 

was intended to cut specimens with dimensions of 100x100x56 mm³. Because of limited 

length of the produced slabs and in order to provide at least three specimens from each slab 

for IDT and DTT without including potential inhomogeneity zones close to the border of 

the slabs and because of available coring and cutting devices, it was impossible to produce 

all specimens with the same dimension of 100x100mm
2
 (figure 5.8). However, it was tried 

to cut out specimens as big as possible for IDT after taking circular specimens. At the end 

of coring, square specimens for IDT tests with three dimensions of 100x100mm
2
, 

90x90mm
2
 and 80x80mm

2
 were obtained. In figure 5.8 the locations of coring from each 

slab for square specimens are shown. 

 

Figure 5.8 Schema of locations of cutting IDT specimens from each slab 

As for the specimen thickness, the visually most homogeneous compacted zone in the 

56mm thick slabs was chosen to cut IDT specimens with a thickness of 40mm as shown in 

figure 5.9. 

 

Figure 5.9 Side view of the sample; the total thickness of the slab was 56mm and after 

cutting the sample with parallel saws to a thickness of 40mm, the specimen became 

ready for the test. 
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5.1.4 Calculation of loading rate 

In a normal IDT test, the loading rate of 50.8mm/min is used. Since the specimens had 

different dimensions, the rate was adopted individually such that for each dimension the 

same strain rate was obtained in the centre of the specimen. For this reason, a 2D finite 

element model was used for each size individually referring to a standard size of 

100x100mm² and a standard loading rate of 50.8 mm/min. Hence, the relative loading 

speeds for 90x90 and 80x80mm² specimens were as follows: 

- 44 mm/min for 90x90mm² specimens  

- 37.428mm/min for 80x80mm² specimens 

Since the normal diameter for field coring is 150mm and cutting square specimens of 

100x100cm
2
 from such cores is difficult (figure 5.10), it was decided to produce square 

specimens with different dimensions to study the influence of different loading rates on the 

results of the IDT test. 

 

Figure 5.10 Best possible cut from circular cores of 15cm is 10.61cm; but because of 

the width of the blade it is not always the case in practice.  

 A series of IDT tests was conducted on homogeneous square specimens without joints 

of 90x90mm
2
 and 80x80mm² applying both standard and their relative loading rates. For 

example, at least three samples of 90x90mm² without joint were tested with 50.8mm/min 

and at least three specimens of the same size were tested with the rate of 44mm/min. The 

same procedure was performed for samples of 80x80mm². All specimens were tested at 

20˚C. All results were plotted as shown for the modulus in figure 5.11. 
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Figure 5.11 Modulus vs. strain rate with linear regression (single values) 

According to figure 5.11, no significant difference was found between the results of 

specimens tested in IDT with different testing speeds (see also appendix 11.1.2). Hence, the 

effect of the rate in this limited range was ruled out from influential parameters on the test 

results. Therefore, for all dimensions of IDT specimens the rate of 50.8 mm/min was 

chosen. 

 

Figure 5.12 Square specimen with angle of 0˚ under IDT test  
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5.2 Direct Tensile Test (DTT) 

5.2.1 Shape and size of the specimens 

From each slab, three specimens with a diameter of 100 mm were taken by coring.  

Also, top and bottom were cut from all circular specimens to produce specimens with a 

thickness of 40 mm (see figure 5.9). For the DTT, it was not necessary to cut square 

specimens. This is an advantage when testing specimens from a real road. The DTT can be 

conducted on circular specimens with diameters 150mm or 100mm. In this study, since the 

length of the slabs was limited, specimens with diameter of 100mm were chosen.  

5.2.2 Design of testing head 

While a normal direct tensile test is used for evaluation of adhesion between layers, in 

the case of a layer with asphalt joint, a specially designed fixture is needed. The shape of 

the newly designed fixture is shown in figure 5.13. 

 

Figure 5.13 side and front view of the DTT testing head 

5.2.3 Gluing 

In order to stick the specimen to the testing heads, rapid hardening epoxy glue was used 

(figure 5.14). According to the specifications of the glue, it takes about 2-3 hours to reach 

sufficient tensile strength for testing. 
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Figure 5.14 Example of rapid hardening glue used for direct tension test 

5.2.4 Loading rate 

In order to determine the relation between the results of DTT and IDT, a finite element 

model was created (see figure 5.1) allowing to determine a testing speed that generates the 

same tension strain rate in the DTT specimen as in an IDT specimen (50.8mm/min). In 

order to exclude the effect of thicknesses of the samples, a 2D model was chosen with 

reasonably small mesh sizes of 0.1x0.1mm
2
. Poisson’s ratio of 0.4 and an elastic modulus 

of 4020MPa were chosen for modeling both samples. A displacement of 1mm was imposed 

to both samples and the strain rates of both models were obtained and compared. A test rate 

of 22.26 mm/min was calculated for DTT. 

 In figure 5.15 both 2D IDT and DTT models used for the calculation of the DTT test 

speed are shown. The colors show the strain distributions (Ԑ11) of models when imposing a 

displacement of 1mm. The arrows demonstrate the direction and width of the loadings in 

both tests and colors show the specimens under loading with the same strain rate. 

 

Figure 5.15 2D IDT (left) and DTT (right) models used for calculation of the testing 

rate of DTT  

Figure 5.16 depicts a 30˚ angle joint with BEts treatment. The top half of the specimen 

is the fresh asphalt (70/100) and the bottom half is the aged side (50/70). The failure has 
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occurred exactly at the location of the joint. It seems that a viscous binder failure caused 

the separation of the specimen.  

 

Figure 5.16 Front and side views of an adhesive failure of a broken specimen with the 

angle of 30˚ after direct tension testing at 20˚C.  

5.2.5 Cutting scheme  

Three circular and three square specimens were taken from each slab (figure 5.17). It 

was found that the length of slab should be larger than 625mm to facilitate cutting and to 

get rid of inhomogeneous zones at the edge of the slab. It was concluded that an ideal 

dimension would have been 700mm.   

 

Figure 5.17 Schema of the location and nominal shape of the cores taken from each slab  
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6. Analysis 

6.1 Modeling 

3D finite element models were used for both IDT and DTT specimens. In order to 

simplify the models, again Poisson’s ratio of 0.4 was used for analysis.    

6.1.1 Assumptions 

6.1.1.1 Elastic models 

For simplicity and due to the limited amount of specimens, it was decided to use elastic 

mode in all cases. 

6.1.1.2 Homogeneity 

All specimens were assumed and modeled as homogeneous material for less complex 

analysis. 

6.1.1.3 Mesh size and type 

In the section for the verification of the IDT model, the mesh type of C3D8R was 

chosen and all specimens were modeled in millimeter scale with fairly small mesh size of 

1x1x1mm³. As presented earlier, the results of analysis were very close to the analytical 

solutions. Therefore, this mesh element type and size was used for analysis. Furthermore, 

using this mesh element type decreased the CPU time for each analysis.     

6.2 Analysis method 

6.2.1 Elastic modulus (E1) 

Elastic modulus of each specimen was calculated by using force-displacement diagrams 

of the test results (figure 6.1). First, two points in the elastic zone of the force-displacement 

diagram were chosen. Then, by subtracting the forces and also subtracting displacements of 

the points, the force and displacement changes between the two points were obtained. In 

the FE model, by imposing the calculated load, the relative vertical displacement of the 

specimen was obtained by changing elastic modulus of the model. The final elastic 

modulus was used as the elastic modulus of the specimen. 

6.2.2 Secant modulus to the fracture point (E2) 

Since the max force and its relative displacement are known from each test, the secant 

modulus, i.e. the slope E2 (line to the fracture point in the force displacement curve) was 

determined as shown in figure 6.1. With this procedure, an estimation of the stress-strain 

situation at moment of fracture was made, assuming that the specimen in this fracture state 

can be replaced by an idealized homogeneous unfractured “elastic” specimen. Since the 
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real behavior is not elastic in this stage, no further calculations with E2 can be made, of 

course.  

 

Figure 6.1 E1 (elastic modulus), E2 secant modulus 

6.2.3 Stresses and strains 

As mentioned before, by using the force and displacement at the fracture point and 

using E2 as the modulus of the model, stress and strains of the samples in the location of 

the joints can be obtained. In figure 6.2, a schema of the directions of the axes and their 

names is shown.  

 

(a)                                                      (b) 

       

                            (c) 

Figure 6.2 (a) Direction of axes for direct tensile test (DTT), (b), (c) direction of axes 

for indirect tensile test (IDT) for vertical and angular joints  



 

40 

 

As shown in figure 6.3, because of symmetry, the top half of the sample has been 

modeled and loaded by a discrete rigid element as loading strip. The assumption of plain 

deformation in the middle of the specimen in the interface of the joint was made. Full 

contact was assumed between the rigid loading strip and the flexible specimen. 

     

Figure 6.3 Upper half of the square specimen with vertical supports at the bottom of the 

model (stress distribution in the direction of 11 is shown for a 30˚ joint.)  

As shown in the figure 6.4, a quarter of the circular specimen is modeled and loaded by 

the help of a discrete rigid loading fixture. Again, a plain deformation situation in the 

interface of the joint was made. Note the stress concentration at the point where the end of 

the fixture meets the free curved surface area. 

 

Figure 6.4 Stress distribution in 22 direction of a quarter of the 30˚ circular specimen  
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7. Results 

7.1 IDT results analysis 

For IDT analysis, each specimen was modeled and its stress and strain distributions 

along the location of the joint were obtained (figure 7.1). 

 

Figure 7.1 Quarter IDT model showing the stress in the 11 direction; the bright line 

shows the location of stress and strain inspection. 

The comparison of the techniques was decided to be based on maximum stress and 

strains in this study. A schematic shape of stress and strain distributions in the location of 

the inspection is shown in figure 7.2 and 7.3. Note that failure of an IDT specimen occurs 

along the axle 22 due to σ11.  

 

Figure 7.2 Example of a typical stress distribution (σ11) of a quarter of an IDT model 

along the vertical line of inspection; the circle shows the maximum tensile stress in a 

80x80mm
2 
square specimen. 

As shown in figure 7.2, maximum stress is expected to occur in the center of all IDT 

specimens (regardless of their dimensions and joint angles. For this reason, the stress at the 
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center of the specimen was chosen for comparing the results of different joint construction 

techniques. 

 

Figure 7.3 Example of a typical strain distribution (Ԑ11) of a quarter of an IDT model 

along the vertical line of inspection; the circle shows the maximum strain in a 

80x80mm
2 
square specimen. 

The maximum strain occurs near the loading strips. In this study, the maximum strain 

Ԑmax was used for joint construction comparisons and for calculations of strains in elastic 

and plastic regions (see appendix 11.2) strain in the center of the specimen Ԑ11 was used.  

7.1.1 Comparisons  

In the following, comparison was made between the construction techniques based on 

the maximum stresses and secant moduli obtained from analysis of the IDT test results. 

More results are added in appendix 11.2.   

7.1.1.1 Effect of the angles 

As an example, showing the effect of the angles on the mechanical characteristics of the 

joint with the same treatment, σ11 is presented in figure 7.4 and E2 is shown in figure 7.5. 

Note, that the word “aside” in the diagrams stands for the technique of compaction with 

the wooden plank where compaction was started aside from the joint on the hot side to 

simulate compaction “hot to cold”, (see section 4.1.7.2). 
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Figure 7.4 Influence of joint compaction techniques and angles on the IDT strength σ11 

of joints constructed with different angles  

In figure 7.4, it can be seen that the angular joints of 15˚and 30˚ angle joints performed 

better compared to 0˚ angle joints. However, difference between 0˚ joint with different 

compaction types does not seem to be significant.  

  

 

Figure 7.5 Influence of joint compaction techniques and angles on the IDT secant 

modulus E2 of joints constructed with different angles 

The same regression method as used for figure 7.4 applies for the single value analysis 

results of the secant modulus. As shown in figure 7.5, increasing angles of joints seem to 
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improve the mechanical characteristics of sealed joint. Compaction with a few passes from 

the hot side and before covering the joint improves properties and also reduces the 

influence and necessity of constructing joints with angles. Comparison of the rest of the 

treatments “sealed joint” and “pre-heated and sealed joint”, showed the same trend as 

presented in the appendix 11.2.   

7.1.1.2 Comparison of all methods 

Mean values of three specimens and standard deviations of maximum stress σ11 and 

secant modulus E2 were calculated for each treatment and all joint construction techniques. 

Results are presented in figures 7.6 and 7.7. The result for the other mechanical 

characteristics is composed in the appendix 11.2. The general pattern does not change, 

though.   

With respect to the mean values of maximum stresses σ11 shown in figure 7.6, the effect 

of the angles and the method of compaction in most cases seem to be more decisive than 

the joint treatments, e.g. “sealing”, “pre-heating” etc. Angular joints without treatment 

appear to show higher values than vertical joint with treatments.  

 

 

Figure 7.6 Mean values of horizontal stress (σ11) of all joint construction techniques and 

their standard deviations (sealer2 stands for sealing with BE65R) 
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Figure 7.7 Mean values of elastic modulus (E2) of all joint construction techniques and 

their standard deviations  

Figure 7.7 also shows the positive influence of the angle and second compaction 

method “hot to cold”. Pre-heating treatment is comparable with the other treatments of 

vertical joints. 

 Because of the large scatter, comparison becomes quite difficult in most cases. In order 

to determine significance of differences in the results, it appeared reasonable to apply 

statistical test, although in full awareness that the statistical basis for these tests was 

extremely small. 

7.1.2 Statistical significance tests 

By the help of F-test and t-test, some of the critical results that seemed to have 

differences at different levels of significance were compared and presented in table 7.1. In 

table 7.1, “x” stands for slight difference (90% of reliability), “xx” for significant 

difference (95%) and “xxx” means a very significant difference (99.9%) between the 

compared techniques. 
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Table 7.1 Results of F and t-tests for IDT  

IDT Better performance vs. Worse performance Level of 

significance 

Stress 

σ11 

Untreated-30 vs.  Untreated-15 x 

Pre-heating+sealing-15 vs.  Pre-heating+sealing-0 xx 

Pre-heating+sealing-30 vs.  Pre-heating+sealing-0 xx 

Pre-heating+sealing-30 vs.  Pre-heating+sealing-15 x 

Untreated-30 vs.  Pre-heating+sealing-0 xx 

Pre-heating+sealing-15 vs.  Untreated-15 x 

Pre-heating+sealing-30 vs.  Untreated-30 xx 

Secant 

modulus 

E2 

Untreated-30 vs. Pre-heating+sealing-0 xx 

Sealing-15 vs. Sealing -0 xx 

Sealing -30 vs. Sealing -0 xx 

Sealing -15 vs. Pre-heating+sealing-0 xx 

Sealing -30 vs. Pre-heating+sealing-0 xx 

Pre-heating+sealing-30 vs. Pre-heating+sealing-0 xxx 

Sealing -aside vs. Sealing -0 x 

Pre-heating+sealing-aside vs. Pre-heating+sealing-0 x 

Sealing -aside vs. Pre-heating+sealing-0 xx 

  

From table 7.1 the following statements regarding performance in the lab test can be 

made:  

In terms of maximum stress σ11: 

- For “untreated” and “pre-heated” as well as “sealed” joints with different angles, 

a bigger joint angle shows improvement of the joint performance. 

- Untreated joints with 30° angle show better performance than vertical           

“pre-heated” and “sealed” joints. This means that the effect of the joint angle has 

been stronger than the types of treatment. 

-  When comparing joints with the same angles, the joint with “pre-heating and 

sealing” seems to be better than the untreated ones. This means that, beside of 

the effect of the angles, treatments also have significant effect on the interface of 

the joints. 

In terms of the secant modulus (E2): 

- The effect of the angles on performance of the joint is even more significant 

when comparing the secant modulus results. 
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- Vertical joints (0˚) both “sealed” and “pre-heated before sealing” have a better 

performance when their compaction starts away from the joints hot to cold. 

However, the differences are not very significant. 

- A “sealer aside” joint seems to perform better than the “pre-heated and sealed” 

joints with the ordinary compaction method. This means that the way of 

compaction in this case is more significant than the joint treatment. 

7.2 DTT results analysis 

For DTT analysis, each specimen was modeled and its stress and strain distributions 

along the location of the joint were obtained (figure 7.1). Note that failure of a DTT 

specimen occurs along the axis 11 due to σ22.  

     

Figure 7.8 Quarter DTT model showing the σ22 along 11 direction; the bright line shows 

the location of stress and strain inspection. 

A schematic picture of the shape of stress and strain distributions in the location of the 

inspection for quarter of a DTT specimen is shown in the figures 7.9 and 7.10. 
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Figure 7.9 Example of a typical stress distribution (σ22) of a quarter of a DTT model 

along the vertical line of inspection; the circle shows the maximum tensile stress in a 

specimen. 

As shown in figure 7.9, the maximum stress occurs close to the edge (see the circle 

figure 7.9) of the specimen. The maximum value was taken from each analysis for 

comparison of the techniques.  

 

 

Figure 7.10 Example of a typical strain distribution (Ԑ22) of a quarter of a DTT model 

along the vertical line of inspection; the circle shows the maximum strain in a specimen. 

 

0 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

0.7 

0.8 

0 20 40 60 

σ
2

2
(M

P
a)

 

Centreline (mm) 

0 

0.00002 

0.00004 

0.00006 

0.00008 

0.0001 

0.00012 

0.00014 

0.00016 

0.00018 

0.0002 

0 10 20 30 40 50 60 

ε 2
2

 

Centreline (mm) 



 

49 

 

In figure 7.10, the shape of the strain distribution looks the same as for the stress 

distribution. However, the maximum strain doesn’t occur exactly at the same location as 

the maximum stress. For comparison of the techniques, the strain at the same location as 

the maximum stress was chosen, i.e. at 37 mm distance of the centerline. 

7.2.1 Comparison 

7.2.1.1 Effect of the angles 

The effect of the angles on the performance of the joint with the same treatment is 

presented in figure 7.11. 

 

Figure 7.11 Influence of joint compaction techniques and angles on the DTT strength 

σ22 of joints constructed with different angles 

In figure 7.11, the increment of stress as a function of angle is illustrated.  Different 

compaction techniques don’t show any significant impact on the results.  

From the stress diagrams shown above, it could be concluded that there is no significant 

difference on failure stress between joints with different angles. This conclusion also 

applies for the secant modulus (see figure 11.29). However, the scatter of the data is quite 

high and an influence of the angle cannot be completely excluded. Further tests would be 

necessary to investigate this point.  

7.2.1.2 Comparison of all methods 

Mean values of maximum stress σ22, strain Ԑ22 and E2 were calculated for each 

treatment and all joint construction techniques. The results are presented in figures 7.12 and 

7.13 and in the appendix 11.3 (in case of strain). 
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Figure 7.12 Mean values of maximum stress (σ22) for all techniques and their standard 

deviations; (Sealer2 stands for technique of sealing the joint with BE65R.) 

From figure 7.12, follows that because of the large scatter a comparison of the joint 

construction techniques seems not possible. 

  

Figure 7.13 Mean values of secant moduli (E2) of the joints with different techniques 

and their standard deviations 

Also in case of E2 the large scatter makes it difficult to compare the joint construction 

techniques (figure 7.13). In order to determine significance of differences in the results, 

again, statistical tests of significance were applied. 

7.2.1.3 Statistical significant test 

By means of F-test and t-test, some of the results that seemed to show differences with 

different levels of significance were compared and the results are presented in table 7.2. 
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Again, “x” stands for slight difference (90% of reliability), “xx” for significant difference 

(95%) and “xxx” means a very significant difference (99.9%) between the compared 

techniques. 

Table 7.2 Results of F and t-tests for DTT  

DTT Better performance vs. Worse performance 
Level of 

significance 

Stress 

σ22 

Sealing-30 vs. Sealing-0 xx 

Pre-heating+sealing-0 vs. Sealing2-0 xx 

Pre-heating+sealing-0 vs. Sealing-0 x 

Pre-heating+sealing-0 vs. Pre-heating-0 x 

Secant 

Modulus 

E2 

Sealing -15 vs. Sealing -aside xx 

Pre-heating+sealing-15 vs. Pre-heating+sealing-aside xx 

Pre-heating+sealing-15 vs. Pre-heating+sealing-30 xx 

Sealing-30 vs. Sealing-0 x 

Pre-heating+sealing-0 vs. Pre-heating-0 xx 

Pre-heating+sealing-0 vs. Sealing-0 xx 

Pre-heating+sealing-aside vs. Sealing-aside x 

Sealing -15 vs. Untreated-15 xx 

Pre-heating+sealing-15 vs. Untreated-15 xx 

 

From table 7.2, the following statements regarding performance in the lab tests can be 

made:  

In terms of maximum stress σ22: 

- “Sealed joints” with 30° angle have a more significant performance compared to 

the same joint with 0˚ angle. 

- “Pre-heated and sealed” joints with 0˚ angle show a slightly higher level of 

significance compared to the only “sealed” and only “pre-heated” joints. This 

means that combination of heating and sealing tends to improve performance. 

In terms of secant modulus (E2): 

- For both “sealed” and pre-heated” and “sealed” joints, those with 15° angle 

show better performance than 0˚ angle joints with the “hot to cold” compaction 

technique. This means that compaction had less influence on the performance of 

the joint compared to the effect of the angle in these cases.  

- There is a slight difference between “sealed joints” with 30° angle and “sealed 

joints” with 0˚ angle. It indicates that the angle of the joint has an impact, albeit 

not a very significant one, on the performance in this case. 
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- Combination of pre-heating and sealing in case of vertical joints results in a 

better performance than only sealing or just pre-heating of joints. This also 

applies regardless of the method of compaction. 

- In case of joints with 15˚ angle, untreated ones show inferior performance 

compared to the two other techniques.  

7.3 Comparison IDT vs. DTT 

In order to check if it would be possible to find a relation between IDT and DTT, mean 

values of maximum stress σ11 from IDT were compared to σ22 from DTT as shown            

in figure 7.14. 

 

Figure 7.14 regression line using mean values of stresses  

The low value of R
2
 = -1.303 shows that no correlation is existing. In fact, the 

correlation would only be based on the fact that the regression curve must go through the 

origin. Although there must be clearly more data to support such a relation, such a relation 

would allow to estimate DTT results from results of the IDT test, for example IDT stresses  

using the slope of the regression line presented in figure 7.14. Nevertheless, figure 7.14 

shows clearly that DTT gives a better ranking than IDT for the maximum stresses, since the 

range where the values are distributed is much broader for DTT than for IDT. 
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8. Conclusions 

In summary, from the results of this study, the following main conclusions can be 

drawn: 

1. Among joints with the same angle, “pre-heating and sealing” treatment appears 

superior to the other treatments in most of cases. 

2. For the same treatments and compaction method, angular joints seem to be 

preferable to vertical joints.  

3. Starting compaction aside from the joint (hot to cold) makes the joint better in 

case of vertical joints. 

4. IDT test on rectangular specimens, as developed in this study, appears a 

possible way evaluating the adhesion of joints with different angles. 

5. DTT, as developed in this study, is beneficial because of the possibility of 

testing cores and because it allows to determine the maximal tension loading 

capacity of the joint as a system. 

6. DTT appears to provide a better ranking in terms of maximum stresses than 

IDT. 

7. The influence of loading rate is limited as long as the differences are in the 

range of 25% (e.g. 37 to 50.8mm/min). 

8. The new compaction method (wooden plank) developed for the lab proved 

successful. 

9. The size of the slabs should be enhanced to allow more homogeneous 

specimens of the same size. 

10. The number of specimen should be enhanced to improve statistical conclusions. 
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9. Future work 

Future work should be conducted in an extensive research study that goes 

far beyond the scope of a master thesis. This is due to the great variety of 

pavements and influence factors as well as the high impact of poorly 

constructed joint on durability of the whole road structure. In particular, the 

following recommendations for further detailed research can be made:  

1. It is recommended to evaluate real pavements by taking cores from 

asphalt pavement joints in order to compare its results with the lab 

simulation. Preferably this investigation should be made after different 

moments in service life in order to determine the development of the 

properties of the joints in a real pavement over the years.  

 

2. In order to improve the statistical basis of this study, it is necessary to 

make more slabs to run the evaluation tests on a larger number of 

specimens. In this way, the reliability of the results should increase.  

 

3. More sophisticated equipment should be used, like infrared heater and 

milling equipment for the lab simulation, in order to increase the 

quality of the joints. 

 

4. This study should also be done on new construction methods and new 

materials to establish a broader database. 

 

5. Visco-elastic modelling is suggested for more realistic analysis. In 

addition also energy considerations (fracture mechanics) and damage 

calculations should be made.  

 

6. More investigation on the properties of each side of the joint should be 

performed by FE modelling for more conclusive results. In this sense, 

studies should also focus on determining specific properties of the 

joint, such as determining characteristics properties of the interlayer 

zone (e.g. fictitious interlayer modulus or fictitious interlayer 

thickness) by FE modelling. 

 

7. Other pavements (other mixture types, other aggregate sizes, other 

binder) and both other construction techniques and treatments should 

be investigated. 

 

8. A study should be performed to investigate the influence of aging, 

traffic loading (e.g. fatigue loading), water exposure and heat exposure. 

 

9. The effect of testing and different temperatures should be investigated.   
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11 Appendix 

This chapter consists of four parts: 

-  Supplementary graphs regarding IDT test evaluation: 

o  The comparison between stress and strain distributions of 

circular and square specimens in the horizontal centerline  

o The effect of different test rates on IDT results 

- Results of IDT tests and supplementary graphs 

- Results of DTT and supplementary graphs  

- Characteristics of sealers BEts and BE65R 

11.1 IDT test evaluation 

11.1.1 Comparison of stress distributions between circular and square 

specimens for IDT test 

The analytical solution formulas by Hondros (1959) [10] , for horizontal centerline of a 

circular specimen are as follows: 
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                    (11.2) 

(P) the applied load, (a) the width of the loading strip, (d) thickness of the specimen, (R) 

radius of the specimen, ( ) radial angle and (x) distance from the center of the specimen 

along the horizontal centerline.  
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Figure 11.1 FE stress distributions σ11 of the 2D circular and square IDT specimens in 

the horizontal centerline compared with analytical solution (top half of the specimen)  

 

Figure 11.2 FE stress distributions σ11 of the 2D and 3D circular IDT specimens in the 

horizontal centerline compared with analytical solution (top half of the specimen) 

 

Figure 11.3 FE stress distributions σ11  of the 3D circular and square IDT specimens in 

the horizontal centerline  
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Figure 11.4 FE stress distributions σ22 of the 2D circular and square IDT specimens in 

the vertical centerline compared with analytical solution (top half of the specimen) 

 

Figure 11.5 FE stress distributions σ22 of the 2D and 3D circular IDT specimens in the 

vertical centerline compared with analytical solution (top half of the specimen) 

 

Figure 11.6 FE stress distributions σ22 of 3D circular and square IDT specimens in the 

vertical centerline compared with analytical solution (top half of the specimen) 
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11.1.2 The effect of different test rates on IDT results 

 

Figure 11.7 Maximum stress (σ11) vs. strain rate with linear regression (single values) 

 

Figure 11.8 Maximum strain (Ԑ11) vs. strain rate with linear regression (single values) 
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11.2 IDT supplementary results 

 

Figure 11.9 Mean values of elastic modulus (E1) of all techniques and their standard 

deviations  

 

Figure 11.10 Mean values of maximum strain (Ԑmax) of all techniques and their 

standard deviations 

* Ԑmax is the maximum strain of Ԑ11 along the direction of 22 for IDT 

specimens.  
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- Effect of angularity: 

 

Figure 11.11 Influence of joint compaction techniques and angles on the elastic 

modulus (E1) of IDT specimens for joints constructed with different angles 

 

Figure 11.12 Influence of joint compaction techniques and angles on the secant modulus 

(E2) of IDT specimens for joints constructed with different angles 
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Figure 11.13 Influence of joint compaction techniques and angles on the IDT strength 

σ11 of joints constructed with different angles 

 

Figure 11.14 Influence of joint compaction techniques and angles on the maximum 

strain (Ԑmax) of IDT specimens for joints constructed with different angles 
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Figure 11.15 Influence of joint compaction techniques and angles on the elastic 

modulus (E1) of IDT specimens for joints constructed with different angles 

 

Figure 11.16 Influence of joint compaction techniques and angles on the maximum 

strain (Ԑmax) of IDT specimens for joints constructed with different angles 
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Figure 11.17 Influence of joint compaction techniques and angles on the elastic 

modulus (E1) of IDT specimens for joints constructed with different angles  

 

Figure 11.18 Influence of joint compaction techniques and angles on the secant modulus 

(E2) of IDT specimens for joints constructed with different angles  
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Figure 11.19 Influence of joint compaction techniques and angles on the IDT strength 

σ11 of joints constructed with different angles 

 
Figure 11.20 Influence of joint compaction techniques and angles on the maximum 

strain (Ԑmax) of IDT specimens for joints constructed with different angles 
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Table 11.1 Mean values of the IDT test results and analysis results for each joint 

construction technique 

Table 11.2 Standard deviations of the IDT test results and analysis results for each joint 

construction technique 

Name Treatment(s) 

Modulus Displ. Force 
Secant 

modulus 
Stress Strain 

Max 

strain 

E1 

(MPa) 
mm F (N) 

E2 

(MPa) 

 11 

(Mpa) 
Ԑ11 ԐMax 

C Untreated-aside 494 -1.081 -7715 252 1.193 0.011 0.017 

A Untreated-0 478 -1.211 -5384 148 0.908 0.014 0.020 

B Untreated-15 409 -1.153 -8724 262 1.218 0.011 0.017 

E Untreated-30 517 -1.097 -10338 289 1.345 0.012 0.017 

F Sealer-aside 630 -0.872 -7081 278 1.129 0.009 0.014 

G Sealer2-0 689 -0.997 -7676 268 1.252 0.011 0.016 

J Sealer-0 464 -1.047 -7435 240 1.214 0.012 0.017 

K Sealer-15 524 -1.008 -9596 316 1.462 0.011 0.016 

N Sealer-30 493 -1.035 -10986 325 1.433 0.011 0.016 

I Heat+Sealer-aside 519 -1.008 -8163 281 1.299 0.011 0.016 

D Heat-0 702 -1.046 -7914 274 1.224 0.011 0.013 

H Heat+Sealer-0 621 -1.148 -7554 228 1.198 0.012 0.018 

L Heat+Sealer-15 451 -1.102 -9104 280 1.368 0.012 0.017 

M Heat+Sealer-30 522 -1.094 -11240 314 1.463 0.011 0.017 

Name Treatment 

Stdev. 

E1 

(MPa) 

Stdev. 

Displ. 

(mm) 

Stdev. 

Force 

(N) 

Stdev. 

E2 

(MPa) 

Stdev. 

 11 

(MPa) 

Stdev. 

Ԑ11 

Stdev. 

ԐMax 

C Untreated-aside 40 0.14 162 35.72 0.13 0.002 0.002 

A Untreated-0 - - - - - - - 

B Untreated-15 162 0.17 311 37.33 0.12 0.003 0.003 

E Untreated-30 121 0.12 1066 45.47 0.05 0.002 0.002 

F Sealer-aside 53 0.20 1932 33.89 0.33 0.002 0.003 

G Sealer2-0 233 0.13 1235 81.50 0.16 0.002 0.003 

J Sealer-0 72 0.12 1122 15.11 0.17 0.001 0.001 

K Sealer-15 54 0.12 940 46.52 0.28 0.001 0.001 

N Sealer-30 55 0.09 455 32.41 0.15 0.001 0.001 

I Heat+Sealer-aside 58 0.10 673 44.49 0.18 0.001 0.001 

D Heat-0 229 0.29 988 54.58 0.21 0.004 0.009 

H Heat+Sealer-0 117 0.15 373 18.61 0.07 0.001 0.002 

L Heat+Sealer-15 87 0.17 847 74.33 0.08 0.003 0.004 

M Heat+Sealer-30 16 0.05 174 8.13 0.07 0.001 0.0004 



68 
 

11.3 DTT Supplementary results 

 

Figure 11.21 Mean values of elastic modulus (E1) of all techniques and their standard 

deviations 

 

Figure 11.22 Mean values of maximum strain (Ԑ22) of all techniques and their standard 

deviations 
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Figure 11.23 Mean values of maximum loads (Fp) of all techniques and their standard 

deviations  

- Effect of angularity: 

 

Figure 11.24 Influence of joint compaction techniques and angles on the elastic 

modulus (E1) of DTT specimens for joints constructed with different angles  
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Figure 11.25 Influence of joint compaction techniques and angles on the secant modulus 

(E2) of DTT specimens for joints constructed with different angles  

 

Figure 11.26 Influence of joint compaction techniques and angles on the DTT strength 

σ22 of joints constructed with different angles 
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Figure 11.27 Influence of joint compaction techniques and angles on the maximum 

strain (Ԑ22) of DTT specimens for joints constructed with different angles 

 

Figure 11.28 Influence of joint compaction techniques and angles on the elastic 

modulus (E1) of DTT specimens for joints constructed with different angles  
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Figure 11.29 Influence of joint compaction techniques and angles on the secant modulus 

(E2) of DTT specimens for joints constructed with different angles  

 
Figure 11.30 Influence of joint compaction techniques and angles on the maximum 

strain (Ԑ22) of DTT specimens for joints constructed with different angles 
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Figure 11.31 Influence of joint compaction techniques and angles on the elastic modulus 

(E1) of DTT specimens for joints constructed with different angles  

 

Figure 11.32 Influence of joint compaction techniques and angles on the secant modulus 

(E2) of DTT specimens for joints constructed with different angles 
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Figure 11.33 Influence of joint compaction techniques and angles on the DTT strength 

σ22 of joints constructed with different angles 

 

Figure 11.34 Influence of joint compaction techniques and angles on the maximum 

strain (Ԑ22) of DTT specimens for joints constructed with different angles  
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Table 11.3 Mean values of the DTT test results and analysis results for each joint 

construction technique 

 

 Table 11.4 Standard deviations of the DT test results and analysis results for each joint 

construction technique 

Name Treatment(s) E1(MPa) 
Displ. 

mm 
F (N) E2(MPa)  22(MPa) ε22 

C Untreated-aside 165.986152 0.324170 7122.667 174.659188 2.184429 0.012553 

A Untreated-0 66.203715 0.253177 2997.338 94.109437 0.919245 0.009804 

B Untreated-15 182.732493 0.312264 6563.697 163.692523 1.977536 0.012279 

E Untreated-30 159.628524 0.492443 7292.667 131.225866 1.989052 0.018756 

F Sealer-aside 179.777432 0.402003 7093.591 140.116054 2.175512 0.015567 

G Sealer2-0 182.094770 0.262787 6266.254 192.259960 1.921779 0.010176 

J Sealer-0 206.557479 0.324649 7221.270 178.672488 2.214670 0.012571 

K Sealer-15 179.156929 0.296183 8052.833 209.694505 2.426189 0.011647 

N Sealer-30 202.427905 0.364998 10208.769 211.349683 2.784410 0.013902 

I Heat+Sealer-aside 168.880503 0.318937 7547.333 187.651879 2.314669 0.012350 

D Heat-0 185.575420 0.318319 6096.000 156.970994 1.869564 0.012326 

H Heat+Sealer-0 233.397217 0.310607 8785.500 226.907252 2.694399 0.012027 

L Heat+Sealer-15 225.887387 0.285153 8877.000 245.622681 2.674497 0.011213 

M Heat+Sealer-30 193.871809 0.321523 7860.333 189.194167 2.143881 0.012246 

Name Treatment(s) 

Stdev. 

E1(MPa) 
Stdev. 

Displ.(mm) 

Stdev.     

F(kN) 

Stdev. 

E2(MPa) 

Stdev. 

 22(MPa) 

Stdev. 

Ԑ22 

C Untreated-aside 15.97 0.1224 2.6749 49.5883 0.8203 0.0047 

A Untreated-0 7.72 0.0612 0.2988 5.4636 0.0916 0.0023 

B Untreated-15 63.80 4.1563 1.5061 8.6471 0.4537 0.1609 

E Untreated-30 78.66 3.9688 2.4758 71.7970 0.6752 0.1536 

F Sealer-aside 30.23 3.9708 1.6505 29.6335 0.5061 0.1537 

G Sealer2-0 21.37 0.3662 1.0973 47.5588 0.3365 0.0141 

J Sealer-0 35.06 0.0928 0.3504 23.2470 0.1074 0.0035 

K Sealer-15 50.76 0.1028 3.0162 19.4726 0.9087 0.0039 

N Sealer-30 33.06 0.0328 1.6464 1.1151 0.4490 0.0013 

I Heat+Sealer-aside 30.73 0.207041 1.329216 23.657953 0.407653 0.0078 

D Heat-0 15.92 0.205067 1.661701 22.373373 0.509622 0.0077 

H Heat+Sealer-0 52.24 0.189304 1.389485 23.153749 0.426137 0.0070 

L Heat+Sealer-15 14.29 0.158573 0.909459 27.207593 0.274005 0.0061 

M Heat+Sealer-30 39.65 0.173617 1.767190 31.763377 0.481996 0.0067 
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11.4 Characteristics of sealers 

 

Table 11.5 Characteristics of bitumen emulsions for sealing the joints [5] 

Emulsion name C 67 B 3-160/220 C 65 BP 1  

Previous designation BE65R BEts 

Bitumen (pen. graded) 160/220 160/220 

Technical characteristics 
Method 

(standard) 
Unit Value Class Value Class 

Perceptible properties EN 1425  
No 

requirements 
0 

No 

requirements 
0 

Particle polarity EN 1430  Positive 2 Positive 2 

Breaking value 
EN 

13075-1 
 50-100 3 50-100 3 

Proportion of recycled 

binder (by distillation) 
EN 1431 

 

% 
≥ 67 8 ≥ 65 7 

Level of oil distillation EN 1431 % ≤ 3.0 3 ≤ 2.0 2 

Efflux time: 4mm 

opening at 40˚C 
EN 12846 S   10-45 6 

Efflux time: 4mm at 

opening at 50˚C 
EN 12846 S 25-50 9   

Residue after sieving by 

0.5mm sieve 
EN 1429 % ≤ 0,1 2 ≤ 0,1 2 

Residue after sieving  

(7 days of storage) 

 by 0.5mm sieve 

EN 1429 % ≤ 0,1 2 ≤ 0,1 2 

Softening point EN 1427 ˚C ≥ 35 6 ≥ 35 6 

 

 

 

 

 

 

 


