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Executive Summary

The development of transverse fatigue cracks is not a performance issue, since adopting a 15-ft 
transverse joint spacing for jointed plain concrete pavements (JPCP)s in Pennsylvania. As 
performance expectations and the design life continue to be increased for JPCPs, it is important 
that the joints of the JPCP meet these demands. A holistic approach must be taken for this to be 
achieved.

The thickness and the length of slab for a JPCP is established in the design process. The 
slab should be sufficiently thick so that the number of transverse (fatigue) cracks that develop does 
not exceed the design threshold prior to the end of its design life. The slab length (joint spacing) 
of a JPCP is selected such that the slab is as long as possible to decrease the costs associated with 
the construction and maintenance of the joints without developing mid-slab cracking or hindering 
the performance of the joint.

Two components must be addressed to achieve the desired performance life at the joints. 
First, the pavement must be constructed with a durable concrete mixture. Joints can serve as a 
point of entrance for moisture and deicing salts thereby exposing the concrete faces. If the concrete 
mixture is not sufficiently durable, durability related distress can develop. This can be avoided by 
using Performance Engineered Mixtures (PEM)s but it is also critical to ensure the concrete is kept 
less than 85 percent saturated, as is described by Taylor et al. in 2012 [1]. High degrees of 
saturation will occur when water is ponding in the joint. Ponding in the joint can be prevented by 
maintaining a well-sealed joint to keep water from entering. The photo in Figure 1 shows a 
pavement section with sealed and unsealed joints. The unsealed joints have water flowing into the 
joint and draining across the surface, while for the well-sealed joints the water can be seen flowing 
over the joint and across the pavement surface. If the joint has activated, the open graded base used 
in Pennsylvania allows water entering the joint to freely drain through the subsurface without 
ponding. Ensuring free drainage though the subsurface prevents water that makes it past the sealant 
from ponding in the joint or saturating the underlying layer. Saturating the underlying layers should 
be avoided as it causes softening of the layer making it susceptible to erosion and pumping.

Figure 1. Photo of sealed and unsealed joints

The second component required to achieve the desired performance life at the joints is to 
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ensure that the pavement is properly designed. As previously stated, increasing slab thickness does 
not prevent distress from developing at the joint but prevents the development of transverse 
cracking at midslab. The slab length (joint spacing) does affect joint performance as the longer the 
slab the more the joint will open for the same drop in temperature. An increase in joint opening 
can reduce the load transfer potential and the ability to keep the joint sealed. The wider the joint 
opening the less aggregate interlock can engage to contribute in distributing the load across the 
joint to the adjacent slab. Dowel bars can be used to ensure good load transfer even with wide joint 
widths for pavements with heavy truck traffic. This prevents the development of faulting (a drop 
off from the approach slab to the leave slab along a transverse joint). It has been reported that 
epoxy coated dowels can provide load transfer efficiency for between 25 to 30 years. After this 
time, the accumulation of corrosion can cause the joints to lock-up and/or degradation of load 
transfer potential through a reduction in the dowel diameter. This life can be extended through the 
use of corrosion resistant bars, such as stainless steel tubular or epoxy coated galvanized bars [2] 
[3].

Durable concrete, effective load transfer and a drainable base all contribute to good 
performing transverse joints. The last key factor is ensuring the joints are properly sealed. Joint 
sealants help prevent the entrance of water and deicing salts that can lead to accelerated corrosion 
of the dowel bars and durability related distress in the concrete. This damage can be accelerated if 
the water entering is held within the joint and cannot drain freely out the bottom if the joint has 
not activated, or a drainable base is not present.

Sealants also prevent incompressibles, such as small pebbles and sand, from entering the 
joint in the winter when the temperatures drop and the joints widen. This can result in spalling of 
the joint as the slab expands and the joints get narrower in the summer when the temperatures rise. 
Figure 2 shows a photo taken in 2022 of a joint from SR-66 near Ford City, PA. It can be seen that 
cohesive failures developed within the sealant and incompressibles are present in these areas with 
failures. The spalled areas increase the size of the entry point along the joint allowing additional 
incompressibles, deicing salts and water to enter the joint. The gradual build-up of incompressibles 
in the joint can lead to blow-ups. Therefore, proper joint sealing is required to extend the 
performance of the joint. Pennsylvania and several other states have reported not achieving well 
sealed joints in recent years.

Figure 2. Wide joint with cohesive joint sealant failure and incompressibles (SR-66, near Ford 
City).
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The remaining portion of this report will summarize what was learned throughout this 
research effort on how to achieve optimal performance of the joint seals. The first step was to 
perform a literature review on current practices and previous studies. A summary of the literature 
review is included as Appendix A. This literature review revealed that much of the sealant 
performance data available is inconsistent. While some states indicate their sealants perform well, 
others indicate not achieving the desired performance. Some states, such as Wisconsin, elected to 
not seal their joints and instead use a 0.25-in single saw cut but this practice is now being re­
evaluated as there are concerns with the number of blow-ups that have been developing. Minnesota 
does not seal joints when the roadway speed is greater than 45 mph but uses a 0.125-in single saw 
cut. At traffic speeds of 45 mph or less the 0.125-in saw cut is sealed with asphalt. The large 
discrepancy in practices, materials and climates between states contributes to the variability in 
performance reported. It is also worth mentioning that airfield pavements use similar reservoir 
designs and sealants materials as are used in highway pavements and report few issues with joint 
sealant performance, indicating good performance can be achieved. Based on the literature review, 
it can be concluded that proper sealant performance can be achieved with the following: 1. use of 
proper installation techniques, 2. a reservoir design suitable for the climatic conditions, concrete 
mixture design and sealant type and 3. a sealant that meets the appropriate material specifications 
and performance requirements.

1. Proper installation techniques: The literature indicates an issue contributing to premature 
failure is not adequately cleaning/drying the concrete face prior applying the sealant. PennDOT 
has instituted the “wipe test” to make sure the bond area is sufficiently clean. Just-in-time training 
for both inspectors and contractors prior to each project, as well as having certified installers, also 
help reduce the potential for construction-related premature failures. Guidance on proper cutting, 
cleaning and installation techniques is provided in the ACPA Technical Bulletin TB10-2018 [4]. 
It should be noted that airfield pavements require the use of vacuums to clean sawed joints. The 
vacuuming is typically performed after the power washing for both the initial saw cut and the 
reservoir cut. Although the intent is to decrease health risks for the worker when cleaning the slurry 
once it has dried, it can also be beneficial in cleaning the joints [5].

2. Reservoir design: Some states fill a single 0.25 or 0.125-in saw cut slot as opposed to designing 
a reservoir. This can be a suitable approach for short joint spacings (< 6ft) but is not effective in 
maintaining a sealed joint for longer slab lengths. The smaller length slabs will have a narrower 
joint opening, limiting the strain that develops in the sealant. This is necessary since achieving a 
good bond between the slab face and sealant is more challenging as both cleaning and filling the 
narrow joint is more difficult than a wider joint reservoir. Also, a backer rod is not used in the 
narrow joints so without the benefit of the arc formed along the joint at the bottom of the sealant, 
large strains develop throughout the depth of the sealant. This contributes to cohesive failures in 
the sealant when large joint openings are experienced. This is observed in the results from the 
laboratory study performed, as described in Appendix D.

The reservoir should be designed so that the allowable strain is not exceeded to prevent a 
cohesive failure. The allowable strain is a function of the sealant type. The maximum allowable 
strain multiplied by the saw cut width must be less than the maximum opening that will occur 
during the winter months. Most asphalt sealants can accommodate a strain of up to 25 to 35 percent 
of the original width, while silicone sealants can undergo up to 100 percent strain but typically 
kept within 50 percent [6]. Manufacturers recommend designing for a strain of no more than 50 
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percent but ideally less than 25 percent [7]. The standard saw cut width in Pennsylvania is typically 
0.38 in. To maintain an allowable strain between 50 and 20 percent, the joint must open no more 
than 0.08 to 0.19 in for a total joint width of 0.45 to 0.56 in. An updated equation for calculating 
joint opening was developed based on data from the instrumented Smart Pavement on SR-22 in 
Murrysville, PA. This is provided in Appendix C. It was shown that a typical joint opening during 
the winter in Pennsylvania would be approximately 0.1 in for a joint width of 0.48 in. This should 
be in the working range for the sealants used in Pennsylvania. This is comparable to the 0.16 in of 
joint movement measured by the Michigan Department of Transportation in a study performed in 
2000 by Eacker and Bennett [8]. It should be noted that it is best to keep the joint reservoir as 
narrow as possible because it is more economical (less sealant and a more narrow joint to cut) and 
to avoid noise created by tire slapping. Each subsequent resealing project will result in an increase 
in the joint width as a new face of the concrete might need to be sawed to enhance the bond between 
the sealant and the old concrete.

The joint widths were measured for the Smart Pavement on SR-22 after a little over 18 
years in service. The joints widths were between 0.50 to 0.63 in with an average of 0.58 in when 
measured in the fall with a pavement temperature around 72oF. See Appendix C. This section was 
never resealed but the joints were still significantly wider than the 0.1-in increase in joint width 
anticipated based on the drying shrinkage and thermal coefficient measured for this concrete at 
this temperature. These wider joint widths were also observed in the field during the joint sealant 
survey performed by Peddicord et al. in 2021 [9], as discussed in Appendix D. These excessively 
wide joints most likely develop when sealants begin to fail, allowing incompressibles into the 
joints during the colder months. These sealant failures can occur early on in the pavement life if 
all joints do not activate prior to sealing, as this results in joints not activated being undersealed 
and activated joints being over-sealed. The undersealed joints are prone to sealant failure once all 
joints activate. Premature sealant failure can also occur as a result of poor construction practices 
during sealing. The entry of incompressibles in the poorly sealed joint prevents closure during the 
summer months as the pavement temperatures increase. This sustained stress will dissipate through 
creep, thereby effectively increasing the joint width at which the zero-stress state occurs. The 
cyclic yearly occurrence of this process will result in larger joint widths than would be predicted 
using current joint width prediction equations. This explains why the predicted increase in joint 
opening during the winter would be about 0.1 in for a maximum joint width of 0.5 in for a pavement 
in Pennsylvania, but the joint widths noted in the field during summer months were commonly 
significantly wider. This emphasizes the importance of proper construction but also the need to 
ensure all joints are activated prior to installing the sealant.

The other aspect of the reservoir design is ensuring the depth of the sealant is sufficient, so 
the sealant does not fail in adhesion (bond failure between the concrete reservoir and the sealant). 
The sealant depth is selected based on the required shape factor (width to depth ratio) specified for 
that specific sealant material. Once an appropriate saw cut width is determined based on the 
allowable strain, that can be divided by the shape factor to establish the depth of the sealant. 
Asphalt typically has a shape factor of 1 and silicone 1 to 2. The depth of the sealant is controlled 
by proper placement of the backer rod. The backer rod should have a diameter that is 1.25 times 
the width of the joint reservoir.

3. Material specifications and performance requirements: Regarding appropriate sealant 
materials, PennDOT commonly uses asphalt or silicone. A list of the specifications these materials 
should meet is provided in Appendix A. The literature reported that silicone and preformed 
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compression seals generally outperform asphalt-based sealants on highway pavements, although 
silicone can have some sensitivity to concrete with limestone aggregates [10]. It has also been 
reported that asphalt sealants provide 3 to 8 years of service life after installation, silicone sealants 
provide 8 to 10 years of life, and preformed seals may provide up to 20 years of service [4].

PennDOT does require that the sealant meet adhesive (bond)/cohesive strength 
requirements in accordance with ASTM 5329. To further assess the suitability of the sealants used 
in Pennsylvania, the sealants were exposed to loading conditions that simulated 42 years of vehicle 
loading and joint opening/closing in a laboratory study. A report summarizing the study and the 
results are provided in Appendix D. The following factors were evaluated to assess the breakdown 
of the sealant throughout the simulated 42 years of service.:

a. Resiliency: The ability of the sealant to be subjected to repetitive vehicle loading and joint 
opening/closing without deteriorating for 42 years of service life in Pennsylvania.

b. Stiffness: The complex and shear modulus are used to characterize stiffness. A low 
modulus is desirable and is particularly important in cold weather climates, as the stress 
that develop in the sealant will be lower at the same level of thermal and mechanical strain.

c. Brittleness: Brittleness is characterized with the phase angle (). The less brittle the sealant 
(higher phase angle) the more the binder will dissipate stress (relax).

d. Adhesion: The ability of a sealant to bond to the concrete. (Function of the sealant depth 
established by the shape factor and bond strength.)

e. Cohesion: Ability of a sealant to resist tearing from tensile stresses. (Function of the 
allowable strain (sealant property) and the maximum joint opening.)

A 0.25-in wide joint with Type IV asphalt (Dura-Fill 3405 LM (K) made by P&T Products) 
filled, a 0.38-in wide reservoir with a shape factor (W:D) of 0.5 sealed with Type IV asphalt (Dura- 
Fill 3405 LM (K) made by P&T Products) sealant and a 0.38-in wide reservoir with a shape factor 
of 1 sealed with silicone (Sikasil 728 Non-Sag Silicone Sealant) sealant were included in the 
laboratory evaluation. Both products are approved PennDOT sealants.
The findings of this study were as follows:

• Large vertical differential deflections caused by vehicle loads on joints with reduced load 
transfer did not result in significant damage in the sealed joints. This indicates that sealant 
damage primarily occurs when fatigued through joint opening/closing.

• Asphalt filled reservoirs are difficult to seal, have significant variability in performance 
and generate large stresses at the bottom of the sealant when joints open without the arc 
created along the bottom of the sealant when using a backer rod.

• The modulus of the asphalt filled, asphalt reservoir, and silicone reservoir designs reduced 
by 42%, 23%, and 31%, respectively after simulating 42 years of in-service vehicle loads 
and joint opening/closing

• The cumulative length in cohesive and adhesive sealant damage was greater for the asphalt 
filled and asphalt reservoir designs compared to the silicone reservoir.

• The joint openings observed in the field would be sufficient to fail the asphalt filled joint 
but not the sealants with reservoirs. Regardless of the sealant/joint design selected, all joints 
should be activated prior to sealing to avoid premature failure due to undersealing joints 
that have not yet activated.

• The effect on the reduction in the opening at failure for the silicone sealant after simulating 
42 years of in-service fatigue was significantly less than that for the asphalt sealant.
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The ability of a sealant to resist deterioration when exposed to significant freeze-thaw 
cycles and exposure to ultraviolet sun rays and ozone was not considered in this study but are also 
critical to the long-term performance of the sealant [11] [12]. PennDOT Publication 408 does 
require silicone sealants meet ASTM C793 to ensure they are resistant to breakdown due to 
ultraviolet sun rays and ozone exposure. Although both the asphalt and silicone sealed joints with 
reservoirs performed well in the laboratory study, it is most likely that weathering and oxidation 
would have a more significant impact on the decline in the performance of the asphalt material as 
it is more likely to become brittle with ozone and ultraviolet ray exposure. Regardless of the sealant 
selected, all joints should be activated prior to sealing to avoid premature failure due to 
undersealing.

The backer rod material selection is also important. Open-cell foamed backer rod should 
not be used in concrete pavements as they absorb water. This can result in a high moisture content 
in the concrete surrounding the backer rod thereby increasing the potential for the development of 
durability related distress, especially in the winter when the water will contain concentrations of 
deicing solutions. Closed-cell foam does not absorb water and is best suited for cold-applied 
sealants, like silicone, since it will melt when in contact with the hot poured asphalt sealant. Bi­
cellular backer rod consists of a closed cell outer wrapper surrounding with an open-celled inner 
core and it will also not absorb water but will melt when used with hot poured asphalt sealants. 
Cross-linked/closed-cell foam will not absorb water and can be used with hot-applied sealants [4].

Recommendations

The following recommendations are provided based on the findings of this research. The section 
of the report containing content supporting the recommendation is provided in parentheses.

1. It is well known that a dry, clean joint reservoir is needed to achieve a good bond 
between the sealant and concrete. The use of a vacuum and/or washing to remove 
slurry from the surface during initial and final saw cuts has shown to be beneficial 
in increasing the likelihood of achieving a clean surface and would be beneficial if 
added to the joint sealing operation (Appendix A: Section 4.4).

2. It is essential to ensure all joints are activated prior to placing the sealant so that poor 
sealant performance does not occur as a result of joints being undersealed or oversealed 
(Appendix D: Section 4.3).

3. The new sealant design equation for (Eq. 8) calculating joint opening to ensure the 
allowable strain requirements are met should be further evaluated for adoption to 
replace the earlier version (Eq. 5) developed in the 1977 Zero Maintenance study and 
provided in the 1993 AASHTO Design Guide (Appendix C: Section 6.1.7).

4. Narrow (0.25 in) single saw cut joints should only be considered for pavements with 
short joint spacings. The sealants in the narrow joints tend to develop cohesive failures 
with longer joint spacings. The build-up of incompressibles within these gaps in the 
sealant where cohesive failures develop can lead to spalling and blowups. The 
increased infiltration of water resulting from the sealant failure is not a significant 
concern since PennDOT uses a drainable base and all joints eventually activate. Both 
factors prevent ponding of water in the reservoir (contribute to material-related distress 
in the concrete) or saturated the underlying layers (contributing to erosion and 
pumping) (Appendix D: Section 4)

5. Silicone sealants performed slightly better than asphalt sealants but can be more 
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sensitive to reservoir prep prior to placement. Either sealant type should be able to 
meet the performance requirements for a Pennsylvania standard JPCP design 
(Appendix A: Section 2; Appendix D: Section 4). It should be noted that, in the 
literature, it has been reported that silicone sealants can last 5 to 7 years longer than 
asphalt sealants. This study did not consider ultra-violet exposure, which is known to 
be more detrimental to the performance of the asphalt sealant as compared to the 
silicone. Although preform sealants were not evaluated as part of this study, they should 
be considered for use for long-life pavements as a 20-year performance life has been 
reported in the literature. It is also recommended that preformed sealants be 
considered for long-life pavements (Appendix A: Section 2).
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Appendix A. Joint Sealant Literature Review
1 .0 Introduction

Sealing and filling concrete pavement joints is considered beneficial to pavement performance 
for various reasons. First, joint sealants prevent water from infiltrating the pavement structure, 
which mitigates development of moisture related distresses such as faulting, softening of the 
subbase, corner breaks, and freeze-thaw damage. Second, joint sealants prevent the intrusion of 
fines into the pavement joint, minimizing spalling and blowups when the pavement expands due 
to environmental loading [13, 14, 15, 16]. Finally, the use of joint sealants reduces the amount of 
deicing chemicals, which can have an adverse effect on pavement performance, that enter the 
pavement system [4, 17, 18, 19].

Figure A.1 shows five common joint designs used for concrete pavements [4]. A conventional 
joint design configuration is shown as the “Sealed (in reservoir cut)” in Figure A.1d. The 
conventional joint configuration is constructed by first cutting an initial saw cut, which controls 
crack location in the pavement. The depth of sawcut is typically equal to one fourth or one third 
the depth of the pavement for pavements with unstablized and stabilized bases, respectively. Next, 
a reservoir in which the sealant is to be placed is cut. The dimensions of the reservoir are a function 
of the joint sealant shape factor and backer rod thickness [4, 16]. The shape factor is the depth to 
width ratio of the sealant and has been determined to be a critical factor in resistance to failure 
caused by joint movement [4, 20].

The freshly cut reservoir is then cleaned with water, allowed to dry and then sand blasted to 
remove all dust and moisture in the reservoir that would adversely affect the adhesion of the sealant 
to the pavement. Immediately after the joint is cleaned and dried, the backer rod is installed at the 
specified depth to prevent the joint sealant from adhering to the bottom of the joint reservoir. 
Preventing the sealant from adhering to the bottom of the reservoir reduces the stress in the sealant 
at the base of the reservoir. The joint sealant is then placed in the reservoir and formed to its 
specified shape factor [4, 16].

One alternative joint design option, depicted in Figure A.1a, is an unfilled single saw cut joint, 
which eliminates the need to cut the joint reservoir and fill with a sealant. This option has gained 
popularity in the wet freeze region of America due to premature sealant failures. The Wisconsin 
Department of Transportation (WisDOT) has adopted this practice which saves WisDOT over $6 
million dollars a year to complete other projects [21]. WisDOT and other states that use this 
method in the wet freeze regions of America have seen no loss in pavement performance [21, 22, 
23].

Another alternative being evaluated in recent years is to eliminate the joint reservoir and 
backer rod and fill the initial saw cut entirely with a sealant, typically a hot-pour asphalt sealant 
[16, 15]. This joint configuration can be seen as the “Filled (in single saw cut)” joint design in 
Figure A.1b. The North Dakota Department of Transportation (NDDOT) has begun filling single 
saw cut joints within their state. The state typically uses a 0.125-in joint width filled with a hot- 
pour asphalt-based sealant. However, NDDOT sometimes uses a 0.5 in joint width with a silicone 
sealant. NDDOT claims that filled single saw cut joints have not produced any distresses related 
to spalling within the 8 years since the sealant was installed [24]. This alternative can also have a 
widened joint, as seen in Figure A.1c.

The final alternative design is shown in Figure A.1e is the compression seal design. This 
design keeps the polychloroprene elastomeric seal 20 to 50% compressed of the seals original 
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length. Keeping the seal compressed and in the joint without obtaining permanent deformation 
through over compressing the sealant is vital to the success of this type of sealing method. These 
seals are typically more expensive than other forms of sealant but have a longer design life since 
compression sealants will not deteriorate as quickly due to environmental factors [16].

Figure A.1. Concrete Pavement Joint Design (a) Unfilled (open) (b) Filled in single saw 
cut (c) Filled in reservoir (d) Sealed in reservoir (e) Compression seal [4]

2 .0 Types of Sealants

The three main sealants used for concrete pavements are asphalt, silicone, and preformed 
compression sealants. Asphalt sealants are placed when the sealant is hot and is the most common 
type of sealant used for concrete pavements. However, silicone and preformed sealants are also 
commonly accepted alternatives for many states DOTs [25, 19]. The following section provides 
greater detail on each type of joint sealant.

2.1 Asphalt Sealants

Asphalt sealants are the most widely used sealants by state DOTs. In a questionnaire prepared by 
Kim and Zollinger, 29 of 33 states which participated stated that asphalt sealants are used within 
their state. In comparison, only 17 states use silicone sealants, and 13 states use compression seals 
[24]. Asphalt sealants have a typical service life of 3 to 8 years and are known for good flexibility 
and sealing characteristics. In addition, the cost to fill joints is relatively low compared to other 
methods of sealing joints. Joint sealing accounts for about 5% to 10% of the initial cost of 
pavements, so reduction of the cost sealing has the potential for significant reduction of the project 
overall costs [26]. Although widely adopted, asphalt sealants are prone to failure over time due to 
stiffening of the sealant. Increased stiffness causes stress concentrations within the sealant, 
resulting in sealant failure when the pavement joint is subjected to excessive movement [16, 24].

There are four types of asphalt sealants according to ASTM D6690, which are denoted as 
Types I, II, III, and IV [27]. The classification of each type of sealant is based on the effectiveness 
of the sealant in specific climate conditions, which is a function of the bond strength and extension 
characteristics. Asphalt sealant performance is tested in low temperatures and stretched to a 
specified extension level to determine what is the appropriate sealant classification. In addition, 
ASTM D6690 lists the specific requirements for each asphalt sealant type based on cone 
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penetration, softening point, bond strength, resilience, oven aged resilience, and asphalt 
compatibility test.

2.2 Silicone Sealants

The second most commonly used sealant type is silicone. Although less widely used compared to 
asphalt sealants, states have begun to adopt the use of silicone in recent years because of increased 
bond strength and expansion characteristics found in newer silicone sealant materials. Silicone 
sealants also have excellent adhesive characteristics and are less susceptible to aging due to 
environmental factors when compared to asphalt sealants. In addition, silicone sealants do not 
require heating prior to application, which makes installation of silicone sealants safer as compared 
to asphalt sealants, and cure through a chemical reaction. Although more costly than asphalt 
sealants, the expected design life of silicone sealants is 8 to 15 years, as compared to a design life 
of 3 to 8 years more commonly observed for asphalt sealants [16].

ASTM D5893 lists the standard specifications for silicone sealants. This standard list two 
classifications of silicone sealants, non-sag (NS) and self-leveling (SL). NS sealants resist sagging 
after application and require the use of a tool to form the sealant to the required shape factor while 
SL sealants have sufficient flow characteristics to form a smooth, level surface without the aid of 
a tool [28]. In addition, ASTM lists the requirements regarding the silicone sealants shelf life, joint 
preparation, curing characteristics, extrusion rate, extension capabilities, and hardness.

2.3 Preformed Compression Sealants

Preformed compression sealants consist of a non-liquid sealant, which is pressed into the joint with 
an adhesive lubricant. ASTM D2628 provides specifications for preformed compression sealants 
[29]. Unlike asphalt and silicone sealants, preformed sealants do not rely on hardening of the 
material to provide rigidity of the sealant. Preformed sealants are designed to be compressed a 
minimum of 20% to a maximum of 50% of its original width to ensure adequate sealing 
characteristics without damaging the sealant.

Preformed sealants are more expensive compared to both asphalt and silicone sealants but 
have better performance against the weather, sunlight, oils and chemicals, heat, abrasion, impact, 
and hydrostatic pressure. In addition, preformed sealants have a 20-year expected design life, 
which is longer than the design life of both asphalt and silicone sealants by 10 and 15 years, 
respectively. The common cause of failure for preformed sealants is the improper estimation of 
joint movement. Excessive joint movement causes expansion of the sealant and reduces the 
compression percentage of the sealant. As a result, external forces, such as vehicle loads and 
hydrostatic pressure, could cause sealant displacement [16].

3 .0 Sealant Failure

Sealant failure leads to the entry of moisture, incompressibles, and deicing salts and can contribute 
to concrete material related distress, pumping, spalling and blowups, and to the corrosion of 
dowels. The two types of sealant failures that can occur are adhesive and cohesive failure. Failure 
type is influenced by the sealant material property characteristics, climatic conditions, construction 
and joint preparation, the geometry of the joint reservoir, joint movement, joint distresses, and 
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chemical reactions [16]. The following section details each type of failure, and the role sealant 
design has on the failure mode.

3.1 Adhesion Failure

Adhesive failure occurs when the sealant de-bonds from the concrete substrate, thus allowing the 
sealant to displace deeper into or out of the joint. This failure type develops due to insufficient 
bond strength between the sealant and joint reservoir. Once adhesion failure occurs, the intrusion 
of moisture and fines can enter the pavement system and decrease the overall pavement 
performance. Critical factors which contribute to adhesive failure include surface preparation, 
sealant material, and moisture penetration.

Proper surface preparation of the joint reservoir has been found to be critical in mitigating 
adhesive failure of the sealant. The joint reservoir needs to be free from debris and moisture to 
allow for a maximum bonding area and proper curing of the sealant. Gurjar et al. studied factors 
that affect the adhesive strength of sealants and concluded that surface preparation of the joint 
reservoir is a key factor that influences the bond strength of the sealant [30]. In addition, asphalt 
sealants are heavily influenced by the type of aggregate that is used in the reservoir since some 
aggregates chemically react with the asphalt sealant. Priming the joint reservoir before the sealant 
is placed can help prevent the sealant from reacting with the aggregates.

Gurjar’s findings have been verified through various field evaluations where silicone and 
asphalt sealants were found to have varying service lives. The Ohio DOT (ODOT) found that their 
sealants were prematurely failing less than a year after the sealants were placed [23]. ODOT 
concluded that that the omission of sand blasting, which was recommended by the manufacturer 
of the sealant, and lack of proper recession of the sealant were the main factors that caused 
premature adhesion failure. In comparison, sealants evaluated at the Arizona SPS-2 Test Site and 
Fairchild Air Force Base in the state of Washington were installed with proper joint preparation 
and displayed service lives exceeding 20 years [31, 32].

Another factor in proper joint preparation is moisture. Moisture present in the joint when 
applying the sealant will cause improper curing of the sealant, thus reducing the adhesive strength 
of the sealant and potentially causing failure. Most states DOTs do not specify a time for the 
contractors to wait to allow the joint reservoir to dry before sealing [24]. This can have an adverse 
effect on the sealant’s bond strength due to the presence of moisture during curing of the sealant. 
Li studied the effects of moisture and joint width on the adhesive strength of silicone sealants while 
it cured. It was concluded that an increase in moisture content at the time of sealing would decrease 
the adhesive strength of the sealant. In addition, smaller joint widths need more time to dry since 
there is less exposure to the atmosphere compared to wider joint width. Therefore, state DOTs and 
contractors need to be aware that moving to smaller joint widths will require more time to dry 
before the placement of the sealant, or premature adhesive failure could occur [33].

3.2 Cohesion Failure

Cohesive failure occurs when high tensile stresses within the sealant material cause significant 
cracking within the sealant material. Cohesive failure develops because of microcrack formations 
within the sealant material due to aging and joint movement. As time progresses, repeated joint 
movement causes propagation of microcracks, resulting in failure of the sealant [16]. However, 
cohesion failure is less common than adhesion failure [31, 32, 34].
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The critical factors which affect sealant cohesive strength are ambient temperature and aging 
of the sealant. While the adhesive strength of the sealant is unaffected by temperature, there is an 
increase in cohesive strength at temperatures lower than 39°F [35]. At temperatures less than 32°F, 
the cohesive strength of the asphalt sealant exceeds the adhesive strength. Therefore, when the 
temperature decreases in the wintertime, there is a greater chance of adhesive failure occurring 
compared to cohesive failure due to joint movement.

Cohesive sealant failure is also a function of aging of the material due to photo-oxidation 
caused by ultra-violet (UV) light exposure. Photo-oxidation is the degradation of polymers which 
occurs when UV light changes the chemical composition of the sealant, and the new sealant 
composition reacts with oxygen in the air. This causes the sealant to lose its molecular weight and 
become brittle, meaning the elastic modulus of the material increases [36]. The increase in elastic 
modulus causes higher stresses to develop when the sealant is subjected to typical deformations 
due to joint movement. Thus, as joint sealants age from UV light exposure, typical deformations 
due to joint movement have the potential to generate excessive stress within the sealant that will 
lead to cohesive failure.

3.3 Effect of Joint Reservoir Geometry on Failure Type

A critical factor that determines failure type is the shape factor (SF) of the sealant, which influences 
the location at which critical stress is generated. Typically, the critical stress generates at the corner 
or in the center of the sealant for adhesive or cohesive failures, respectively, as depicted in Figure 
A.2 [20, 37]. The SF is defined as the ratio of the sealant depth, D, to width, W. Generally, the SF 
is recommended to be 2D:1W for silicone sealants and 1D:1W for asphalt sealants [20, 19, 37].

Previous studies have been performed to quantify the effect shape factor has on sealant 
performance. One study found that decreasing the SF increases the stress within the sealant [38]. 
Kim et al developed a laboratory experiment and finite element model (FEM) to determine the 
optimal SF that is required for sealants. In this study, the degree of curvature (DoC) [20, 37] was 
introduced as a new sealant design factor to better describe the hourglass configuration [39] for 
optimal joint sealant design. Introducing the hourglass configuration helps distribute the stresses 
away from the corner of the sealant, thus mitigating adhesive failure. The degree of curvature is 
defined as two times the ratio of the sealant center depth, D’, to the sealant depth. The center 
thickness and edge thickness are depicted in Figure A.2. The FEM study consisted of analyzing 
the stress and strain distribution in the sealant for DoC between 0 and 1. The stress was evaluated 
at the corner and center of the sealant, as seen in Figure A.2 [20, 37].

Figure A.2. Cross section depiction of joint sealant, with locations of stress 
concentration evaluated at the corner and the center of the sealant [20]
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Results from the laboratory experiment and FEM analysis indicated that as the DoC increases, 
the stress at the corner decreases and the stress at the center of the sealant increases. The decrease 
in stress concentration at the corner of the sealant reduces the likelihood of adhesive failure [20, 
37]. Requiring contractors to install the sealant to a proper SF and DoC could help prevent 
premature adhesive failure. However, the stress concentration at the center of the sealant will 
increase, which increases the likelihood of cohesion failure.

4 .0 Current Sealant Practices

Joint sealing practices are determined by state agencies, and as a result there is variation in typical 
practices. A questionnaire prepared by Kim and Zollinger was sent to each state DOT that included 
questions regarding the joint sealing practices of each state DOT. The survey questions related to 
general joint sealant practices, design of the joint sealant, joint preparation, performance of the 
joint sealant, maintenance and resealing practices, and any alternative methods the state DOTs 
implement [24]. Of the 50 states in America, 42 state DOTs responded to the survey. Results from 
this survey show that sealing practices vary throughout the country, indicating that current sealing 
practices are not optimized based on climate. Each category of questions will be described in the 
following sections.

4.1 General Joint Sealing Practice

Of the 42 states that responded to the questionnaire, 33 states (79%) use joint sealants. Three states 
(7%) do not use concrete pavements. Six states (14%) use alternative joint sealing practices. Nine 
states (21%) do not use joint sealants at all, and all nine of these states are in the north freeze area 
of America [24]. Asphalt sealants are the most common sealant, as 29 out of the 33 states (88%) 
reported use of asphalt-based sealants. 17 states (52%) used silicone joint sealants. 13 states (39%) 
used compressive seals. It is noted that most states in the non-freeze regions of America use both 
asphalt and silicone sealants, which is why the previous three percentages do not add up to 100% 
[24].

One question asked if the state DOTs use of the NTPEP-PCC database to obtain data for their 
joint sealant design. This database contains information regarding current and past sealant usage. 
Such information includes product information, placement information, material test information, 
and performance data. Of the states that responded, only 12 out of the 33 states (37%) that seal 
pavement joints use the NTPEP database. However, when analyzed, no correlation between 
regional characteristics and sealing practices were found within the database [24].

4.2 Design of the Joint Sealant

Most states did not specify the recommended SF used for silicone joint sealant design. Of those 
that did respond, four states use a SF between 1.5 and 2.0, nine states use a SF between 1.0 and 
1.5, and six states use a SF between 0.5 and 1.0 [24]. Regarding the joint reservoir minimum 
width, 12 states (36%) use 0.125 in, five states (15%) use 0.25 in, 16 states (48%) use 0.375 in, 
and zero states (0%) use 0.5 in joint width. These joint widths, for the most part, fall in line with 
what the American Concrete Paving Association (ACPA) recommend [24]. Eighteen states (60%) 
use a recessed configuration for their asphalt sealants compared to the 11 states (37%) that use a 
flush-fill configuration. Recess configurations consist of a recession in the joint sealant material 
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in the reservoir whereas a flush filled configuration fills the joint with sealant until the sealant is 
flush with the pavement surface. The authors noted that the practice of recess filling a concrete 
pavement joint with asphalt sealants is against the ACPA guidelines. Since the recessed 
configuration goes against ACPA guidelines, states that recess their asphalt joint sealant could 
potentially see premature sealant failure. For silicone sealants, 17 states (85%) use a recessed fill 
for their silicone sealant, which goes with the ACPA recommendations [24].

4.3 Joint Preparation

The responses to the survey indicate that joint cleaning procedures very between state DOTs. Most 
states indicate that a combination of air blasting, wire brushing, and/or sandblasting is required to 
clean the joint, however, it is noted that the practices and specifications of cleaning vary from state 
to state. In some instances, the state allows the contractor to determine the cleaning procedure 
without any approval from the state DOT. However, most states (29 states) require a visual 
inspection of the joint prior to sealing. Only the Nevada DOT mandates the ACPA Quality Control 
Wipe Test to determine the cleanliness of the joint, while 7 other states require a finger test that is 
similar to the Quality Control Wipe Test [24].

As previously described, it is critical that the joint is dry prior to placement of the sealant. 
State DOTs do not typically specify a time needed for the joint to dry, and so contractors determine 
when the joint reservoir is sufficiently dry. Of the states who responded, only seven state DOTs 
require sealing to occur within six hours of cleaning operations. However, 23 states (72%) have 
some way of checking for moisture before allowing the contractors to perform the sealing 
operations [24].

Slurry vacuum equipment has been adopted by the airfield pavement industry to provide 
workers respiratory protection from the crystalline silica dust created from the dried saw slurry. It 
also has the added benefit of removing the slurry residue from the pavement surface and as well 
as some from in the joint. Vacuuming along with the pressure washing operation prior to the media 
blasting operation can also be beneficial not only from a worker safety perspective but in achieving 
a clean joint [5].

4.4 Sealant Performance

Most states have little reported information regarding long-term sealant performance. For example, 
14 and 11 state DOTs are unsure of the performance of their asphalt and silicone sealants, 
respectively, in their state. However, all states, except one, that were aware of their sealant 
performance indicated that both asphalt and silicone sealants are getting at least seven years of 
performance, and two states reported over 15 years of performance. These results indicate that the 
sealants are reaching their expected design life for some state DOTs [24]. Investigating how these 
states seal would be beneficial for the design and installation of joint sealant material.

State DOTs were also asked how their sealants failed. For asphalt and silicone sealants, the 
main distress is debonding and adhesive failure, with just over half the states that responded 
experiencing this type of failure for their sealants. Cohesive failure and aging are the second 
highest failure type (37%), and displacement of the sealant is the third highest failure type (9%) 
for asphalt sealants. However, silicone sealants experience more displacement failure (27%) than 
cohesive failure (20%). Preformed seals mainly experience displacement due to excessive joint 
opening as the main failure mode [24].
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4.5 Maintenance and Resealing Practices 

72% of states do reseal their pavement joints, but these states were unable to specify a resealing 
timeline. In addition, most state DOTs do not have established recommendations on when to 
perform maintenance for joint sealants [24]. This could have a negative impact on the long-term 
performance of the pavement because it has been shown that not maintaining an effective seal 
could lead to more and more severe joint distresses compared to unsealed pavement joints [40].

4.6 Alternative Sealing Methods

Nine state DOTs reported use of alternative practices for sealing joints instead of using the 
traditional joint reservoir configuration. Four states only use alternatives and do not seal, where 
the other five states use alternatives and seal the pavement joints. Some alternative joint sealing 
practices are presented. A few states use a single saw cut and do not fill the joint at all. One state 
considers themselves a single saw cut state, but they also require the use of a cement treated base. 
One state uses a 0.125 in joint width cut to one third the slab thickness without filling the joint 
when the speed limit is greater than 45 mph. Another state uses the 1/8 in. joint width cut to one 
third the depth of the pavement thickness, but the joint is filled with an asphalt sealant. There was 
no comment on the speed limit from this state [24].

5 .0 To Seal or Not to Seal

There is currently a debate about whether sealing concrete pavement joints is beneficial for 
pavement performance given the cost required to seal and reseal pavement joints [41, 40]. Multiple 
researchers and state DOTs are getting different sealant performance results, indicating that sealing 
of the joints may be an unnecessary cost for pavement construction. To highlight the debate, 
consider the Minnesota Department of Transportation (MnDOT) core sample study of concrete 
pavement joints. 20 core samples of concrete pavement joints were taken from pavements installed 
between 1994 and 1999. The pavement joints were either sealed, not sealed, or had damaged 
sealant. Each core was recorded of the sealant type, any sealant failures, and joint distresses. It was 
observed that sealed pavement joints displayed the least severe distresses. However, pavement 
joints with failed sealant displayed more significant joint distresses compared to unsealed joints 
[40]. The findings from this study emphasize the potential importance of sealing joints, while at 
the same time indicating the importance of maintaining the joint sealant. Therefore, the capacity 
of a DOT to perform proper installation and maintenance on joint sealants should be considered 
prior to construction of the pavement, and the long-term performance of the joint sealant should 
be properly accounted for. Studies on joint sealant performance are discussed in this section.

5.1 To Seal

Many studies have shown that joint sealing is beneficial to pavement performance and sealants 
can last beyond the expected design life. A 1993 study on silicone joint sealant in Arizona showed 
no road section had more than 35% joint failure, which includes adhesive and cohesive failure and 
spalling of the joint. The Arizona Pavement Studies (SPS-2) constructed 12 test sections for Long 
Term Pavement Performance (LTPP) evaluation and 9 sections for the Arizona Department of 

27



Transportation (ADOT). Each section had approximately 33 transverse joints and were sealed with 
a non-sag silicone sealant. In 2013, about 20 years after construction, a joint and joint sealant 
survey was completed for each test section. It was concluded that no test section had greater than 
35% of overall sealant failure, which was considered good since the truck lane has carried around 
a total of 31 million Equivalent Single Axle Loads (ESALs) [31].

In the SPS-2 study, the primary mode of sealant failure was adhesive failure of the sealant, 
and the most common joint distress was spalling. On average, adhesive failure only accounted for 
5% of the joint failure while cohesive failure was minimal. In addition, spalling occurred at 65% 
of the joints in the test section. Two concrete strengths were tested at the SPS-2 location and the 
normal strength concrete had 2.4 times more spalls than the high strength concrete, indicating 
concrete strength could be a factor that reduces joint distresses. Even as spalling occurred, it was 
observed that the sealant was still adhered to the spalled concrete, signaling adhesive failure did 
not occur before the joint spalled [31]. This study suggests that silicone sealant can last over 20 
years and that the pavement strength could be a factor when considering joint spalling.

The U.S. Army Engineer Research and Development Center and Crafco, Inc. set out to 
develop specification to improve hot-applied, jet fuel-resistant and non-jet fuel-resistant asphalt 
sealants. The study also aimed to determine how the configuration, shape factor and recession 
depth, of the joint sealant in the joint reservoir impacted field performance. The study took place 
at the Fairchild Air Force Base in Spokane, WA. This test site was selected because of the large 
temperature swings within the region; the extreme low and high temperatures are -30°F and 70°F, 
respectively. The large temperature swing ensured ample joint movement and various material 
property characteristics of the joint sealant throughout the year [32].

The study evaluated pavement test section at 58-, 68-, 117-, and 250-months. At the 117- 
month evaluation, two asphalt sealants and four silicone sealants were still in working conditions 
and had not met the 25% failure criteria. It was also noted in the 250-month evaluation that the 
asphalt sealants typically failed in adhesion while the silicone-based sealants failed due to joint 
spalling, which is consistent with previous findings. Flush filled asphalt sealed joints produced an 
increase in sealant service life of 50% compared to the recessed asphalt sealed joints when 
evaluated after 250 months. Both silicone and low-modulus asphalt sealants with flush geometry 
exhibited greater than 21 years of performance without meeting the failure criteria. The findings 
in this study indicate longer performance of joint sealants with flush filled asphalt, which supports 
the recommendation made by ACPA to not construct recess filled joints. Most sealants failed due 
to adhesion and/or spalling at the 250-month evaluation [32].

Other studies have determined that asphalt sealants have the potential for long service life 
[42]. The FHWA found over 75% effectiveness when the joint sealant was evaluated at 120 
months. The effectiveness of the joint sealant depended on the manufacturer, reservoir 
configuration, climatic conditions, and joint movement [42]. Tests were performed in four 
locations in the United States to evaluate transverse joint sealants. These areas represent the four 
fundament climatic regions of America, dry-nonfreeze, dry-freeze, wet-nonfreeze, and wet-freeze. 
One site placed the joint sealant in ideal and adverse conditions to test the effect of ambient weather 
conditions on the initial sealing operation. In addition, upwards of 10 different materials were used 
at each location to test the variability of the sealant due to the manufacturer. In this study, eight 
different reservoir configurations were evaluated, as depicted in Figure A.3. Seven different 
preparation procedures were used, including no cleaning, wire brush and air blasted, hot air 
blasted, air blasted, air blasted with backer rod, sandblasted and backer rod, or sand blasted and 
backer tape [42].

28



Figure A.3. Joint reservoir configurations [42]

For the overall study, 9 of the 61 crack-seal configurations had over 80% effectiveness at the 
end of six and a half years. It was expected that some of the configurations would not perform to 
the end of the study since this study created a range of crack-seal configurations to test for the 
optimal configuration. Considerable differences in sealant performance were noticed between the 
non-freeze and freeze regions. The test sites in the freeze region dealt with more intense 
temperature swings resulting in larger joint movements, which is believed to be a main cause for 
the sealant failure in those regions [42].

Results from the study indicate that the standard recessed band-aid had the longest service 
life, followed by the shallow recessed band-aid configuration for asphalt sealants. The simple 
band-aid had a statistically worse service life compared to the other two configurations listed. This 
study also noticed that the standard reservoir-and-flush configuration performed better than the 
standard recessed band-aid. The asphalt sealants typically experience adhesive failure when placed 
in the reservoir-and-flush, standard recessed band-aid and shallow recessed band-aid 
configuration, while cohesive failure was typically seen when the asphalt sealant was placed in the 
simple band-aid configuration. This is potentially due the simple band-aid configuration having a 
smaller cross-sectional area compared to the other three configurations, which would increase the 
stress within the sealant cross-section due to joint movement. Regarding pavement performance, 
the silicone sealants in this study typically failed due to spalling and edge deterioration at the joint, 
while the asphalt sealants typically did not spall. [42].

Comparing the air blasted preparation procedure with the hot air blasted procedure showed 
only one statistical difference when directly compared after an ANOVA test was performed on the 
results. However, the hot air blast procedure was noticed to perform better overall. It is theorized 
that the hot air reduced the amount of moisture at the sealant-adherent interface, thus increasing 
the bond strength of the sealant [42].

A study was performed by NDDOT to determine if joint sealing is necessary for long term 
concrete pavement performance. NDDOT is currently experimenting with not sealing joints 
because the state has observed a high number of joint sealant failure, prompting the DOT to 
consider if the cost to seal pavement joints is economically beneficial. Unsealed concrete pavement 
sections were constructed by NDDOT at four test sites in 1997 and were evaluated each year for 
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10 years. During each yearly evaluation, the department monitored and recorded the joint 
distresses, ride quality, amount of incompressibles in the joints, and if incompressibles are filtered 
through the pavement drainage system. The unsealed joints had a 0.125 in saw cut to a depth of 
one third of the thickness of the concrete pavement [43].

The study concluded that both the sealed and unsealed joints experienced the same types of 
distresses, but the unsealed pavement joints experienced more spalling, and spalling occurred at a 
worse distress level. For example, one test section from this study experienced spalling in 72.9% 
of its unsealed joints and only 20.3% of spalling in its sealed joints. Incompressibles were found 
in the transverse joints on the lane and should joints. However, the wheel path consistently had 
less incompressibles in the joint. This is most likely due to the traffic dislodging the incompressible 
in the joint at the wheel path. It was not believed that the incompressibles were affecting the 
drainage at most test sections. However, since NDDOT is using fewer and/or smaller drainage 
systems with each new design, the study believed that sealing the joints would still be beneficial 
to help prevent water from entering the pavement system and prevent the acceleration of spalling 
[43].

5.2 Not to Seal

This section discusses relevant literature on not sealing concrete pavement joints. The FHWA and 
Ohio Department of Transportation developed an experiment to test the performance of various 
joint sealants in transverse joints of concrete pavement roads. This study was two years long, 
during which time two separate evaluations were made on the pavement performance. The 
pavement was constructed in Athens, Ohio, to test wet-freeze climate impact on joint sealing. The 
project is to complement similar sections constructed for the Specific Pavement Study (SPS) by 
the Strategic Highway Research Program (SHRP) [22, 23].

After about one year of the placement of the sealants, most of the asphalt and silicone sealants 
were in fair to poor condition and displayed significant full-depth adhesion failure. However, it 
was stated that that there were concerns with the joint preparation, as sandblasting was not 
performed, which potentially left debris on the face of the reservoir [22]. Gurja et al confirmed 
that joint preparation is one of the most import factors regarding the adhesive strength of the sealant 
[27]. Since the joints were not properly prepared, the full depth adhesion failure for ODOT could 
be contributed to the unclean joint rather than the sealant itself. Concerns for joint sealing arise 
because it is worrisome that the placement of the sealant in this test section possibly represents the 
normal sealing conditions contractors seal in [22].

Another limitation for the asphalt and silicone sealants were that the sealants were not 
recessed properly. From Kim et al FEM study, it was determined that the shape factor and degree 
of curvature are important factors in reducing the stress and strain within a sealant [20, 37]. It was 
also noticed that small joint widths experienced more sealant failure due to the sealant overflowing 
out of the joint and the traffic deteriorating it [22]. This could be due to excessive joint movement 
in the warm months that displaced the joint sealants or improper shape factors, which emphasizes 
the importance of understanding joint movement and shape factors for joints in concrete 
pavements.

In comparison to the asphalt and silicone sealants, the compression sealant and unsealed joints 
were in very good conditions, and the sections at which they were placed displayed minimal 
distress. The unsealed sections experienced no spalling, blowups, or loss of support. In addition, 
other unsealed test sections from the SPS wet-freeze region also experience no joint distresses or 
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loss of support during their evaluations. The two-year evaluation of the pavement test sections 
confirmed the results of the one-year evaluation, as just discussed [23]. It was concluded that the 
unsealed pavement joints should continue to be evaluated by researchers because if there is no 
negative impact on pavement performance with unsealed joints, leaving the pavement joints 
unsealed is a cost effect alternative design [22] [23].

Wisconsin Department of Transportation has been studying the effects of sealed versus 
unsealed concrete pavement joints for over 50 years. After years of research, WisDOT concluded 
that sealed pavement joints had no positive impact on pavement performance. Thus, the state DOT 
eliminated all concrete pavement joint sealing operations in 1990. For a typical year, WisDOT was 
paying approximately $2.8 million on sealing new concrete pavement joints and $3.2 million on 
re-sealing old pavement joints. Since sealing joints provided no positive impact on pavement 
performance, WisDOT saves $6 million dollars annually by not sealing pavement joints, which is 
allocated to other projects to improve user ride quality and experience [21].

There are some limitations to the WisDOT evaluation on un-sealed joints. Short-term 
pavement performance data was extrapolated to evaluate long term pavement performance results 
and considered failed joint sealants as working joint sealants [44]. However, both the FHWA and 
MnDOT evaluated the pavement sections and concluded that the WisDOT findings were 
reasonable and that sealed pavement joints did not improve the pavement performance in 
Wisconsin [21].

The U.S. Department of Transportation funded a joint sealant study. A total of 117 test 
sections were installed between Arizona, Colorado, Florida, Georgia, Illinois, Indiana, Iowa, 
Minnesota, New York, Ohio, and Wisconsin. Asphalt-based and silicone-based sealants, 
preformed seals, and unsealed pavement joints were used in the study. The pavement test sections 
were then evaluated for any pavement distresses. From the collected distress data, there was no 
significant difference in pavement performance between the sealed and unsealed sections [13].
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Appendix B. Sealant Field Performance Review
1 .0 Introduction

The purpose of this study was to evaluate the effect of joint sealant performance on the 
performance of jointed plain concrete pavements (JPCP)s using distress survey results. Joint 
sealant condition is not directly assessed during typical distress surveys. Therefore, distress 
development that can be associated with poor sealant performance was evaluated. The distresses 
that, at times, can be at least partially attributed to poor joint sealant performance include joint 
spalling, faulting, and blowups. Unfortunately, blowup distress data is not included in the 
performance databases for the agencies contributing data and therefore was not considered in this 
analysis. Each distress was evaluated with respect to pavement design parameters, location of 
pavement section, number of years in service, and construction age. Critical parameters were 
identified based on the strength of their correlation with distress development.

2 .0 Description of Databases

Performance data was provided by the Pennsylvania Department of Transportation 
(PennDOT) and Pennsylvania Turnpike. Data from Allegheny County was not available for 
inclusion in this analysis. The database populated with PennDOT distress data consisted of 36,594 
observations with each data point representing a single section of roadway. A total of 725 different 
sections of roadway were represented. Distress data included length of concrete rutting, number 
of joints spalled, and number of joints faulted at various levels of severity. To evaluate distress 
development as a function of sealant performance, the PennDOT database was filtered to only 
include observations from when the pavement was constructed until when the first repair was 
performed. This was done to ensure observations were not included where sealant was replaced. 
Sections that had concrete pavement restoration (CPR) performed were identified in a separate 
database of pavement history, which was also provided by PennDOT. After eliminating 
performance data obtained after CPR, the PennDOT database consisted of 28,582 observations.

A database of 1,952 observations was provided by the Turnpike. Each observation contained 
distress survey information for a single section of roadway collected between 1997 and 2021. The 
following roadways were included in the database: North-East Extension, Beaver Valley 
Expressway, Greensburg Bypass, Mon-Fayette Expressway, Southern Beltway, and Mainline 
Turnpike. Distress data included length of concrete rutting, number of joints spalled, and number 
of joints faulted at various levels of severity. Construction year for each section was determined 
using construction records in conjunction with construction and maintenance contracts, which 
were provided by the Turnpike. If reconstruction or repairs were specified for a given section in 
the record of contracts, the year of the most recent rehabilitation was chosen as the construction 
year when establishing the age of the sealant. After eliminating sections consisting of ramps, the 
final Turnpike database contained 1,632 observations.

Two types of asphalt, also known as hot pour, sealants are listed as an approved sealant for 
concrete pavements in PennDOT Bulletin 15 based on ASTM D6690 specifications [27] [45]. For 
the majority of the construction years, Type IV sealant was the only approved asphalt sealant for 
concrete pavements. However, between May of 2008 and October of 2018 the approved sealant 
was changed from Type IV to Type II. Within each database of distress survey results, the sealant 
type was assigned as a function of the year of construction or rehabilitation year. This was used to
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evaluate the effect of sealant type on distress development.

3 .0 Concrete Rutting

Rutting is defined as longitudinal depressions in the wheel path of concrete roads caused by 
wear of the surface. Three levels of rutting are defined as a function of the depth of the depression: 
low (0.25 – 0.5 in), medium (0.5 – 1.0 in), and high (1.0 in <) [46]. The total length of rutting at 
each severity is reported. Rutting is not a distress that is commonly observed in JPCP throughout 
Pennsylvania. Originally this information was used to identify if a section of JPCP had an asphalt 
overlay and therefore would need to be removed from the data set being analyzed for this study. It 
was observed that rutting was being reported even for JPCP that were not overlaid. Rutting is not 
a distress associated with joint sealant deterioration, but a limited investigation was performed to 
determine why such large amounts of rutting is being reported for JPCP.

3.1 PennDOT Rutting Results

In the PennDOT database 22,296 observations (78%) contained low rutting, 5,164 (18%) 
contained medium rutting, and 685 (2.4%) contained high rutting. The percent of the section 
exhibiting rutting was calculated for each observation. The average percent rutting per section was 
11% across sections with low rutting, 2.4% across sections with medium rutting, and 1.9% across 
sections with high rutting. The distribution of percent section rutted was right tailed, with the 
distribution skewed toward having low percent of sections exhibiting rutting, as shown in Figure 
B.1.

Figure B.1. Distribution of percent section spalling for low severity spalling

The percent of the section rutted was evaluated as a function of the section features to identify 
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parameters, which are significant for rutting development. The original assumption was that rutting 
might be more prevalent in the areas of Pennsylvania receiving the greatest amount of snowfall. 
In these areas, the use of tire chains or studded tires might be more prevalent and would contribute 
to the development of rutting. Rutting was not observed to vary significantly as a function of 
location within the state and therefore could not be linked to an increase in tire wear caused by 
higher snowfall.

The majority of observations with a high percent of the section rutted occurred when the 
section had fewer than 10 years in service. These sections were mostly constructed between 1995 
and 2005, as shown in Figure B.2. This trend is counter intuitive as it was expected that older 
sections would display higher levels of pavement distress. There are several likely explanations 
for the observed trend. It is possible that the rutting is an artifact of the methodology, equipment 
or data processing techniques used in the performance data collection. This is supported by the 
fact that the majority of the observations with greater than 50 percent of the section exhibiting 
rutting were constructed within a 10-year timeframe. Additionally, sections with a high percentage 
of the section rutted could have been identified early and had CPR performed, resulting in their 
removal from the data set considered in this analysis. This would explain why only a few sections 
older than 20 years old had greater than 50 percent section rutted. It is evident that rutting is not a 
major issue in concrete pavements throughout the state and that leads the researchers to believe 
this rutting observed is an anomaly associated with the data collection process.

Figure B.2. Percent section with low rutting as a function of years in service on 
the x-axis for all sections, with the color indicating construction year

3.2 Spalling

Spalling is characterized by damage to JPCP slab edges along the transverse joint. Damaged 
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or missing joint sealant can allow incompressibles to enter transverse joints. The incompressibles 
prevent slab expansion due to thermal changes, causing a buildup of stresses at the face of the 
joint. Spalling develops when the stresses exceed the concrete strength and cracking develops near 
the surface along the joint. Spalling was used to evaluate the performance of the joint sealant with 
respect to design parameters. Concrete spalling is reported at three levels (low, medium, and high) 
as a function of the width of the spall into the slab and the length of the spall along the transverse 
joint [46]. In this analysis, percent joints spalled was calculated for each observation by summing 
the total number of joints spalled across each level of severity and dividing by the number of joints 
in the section.

3.2.1 PennDOT Spalling Results

This analysis was focused on early spalling that could develop due to premature sealant 
failure. Early was defined as within the first 10 years the pavement is in service. Focusing on 
performance within the first ten years also helps to prevent including spalling that might be 
associated with material related distress since both durability cracking as well as alkali-silica 
reaction tends to develop after ten years in service. First the 12,347 observations with 10 service 
years or fewer were identified. Of the 12,347 observations, it was seen that the majority had 
minimal to no joints spalled. Only 759 (6.1%) of the observations exceeded 10% of joints spalled, 
which indicated overall decent performance is being achieved. However, it was noted that a few 
observations contained significant spalling. This subset of the data was isolated to be analyzed 
separately to identify features which could explain the cause of the significant spalling.

First, a correlation matrix was generated to quantify the correlation between each parameter, 
as shown in Figure B.3. It was seen that the parameters with the highest correlation to percent 
joints spalled were construction year (0.56) and sealant type (-0.40). These results indicate that the 
observations with high percent joints spalled could be influenced by the year that the pavement 
was constructed.

35



Figure B.3. Correlation matrix for sections with 10 service years or fewer and at least 10% 
joints spalled, with percent joints spalled outlined in red

When the dataset was filtered to include only the 207 observations with greater than 50% of 
joints spalled and 10 or less years of service, the magnitude of the correlations between percent 
joints spalled and construction year and percent joints spalled and sealant type increased to 0.81 
and -0.50, respectively. As shown in Figure B.4, these results may be dominated by sections 
constructed between 2012 and 2020. The fact that the sealant type was changed from a Type IV 
asphalt sealant to a Type II between 2008 and 2018 could be influencing these results. This 
indicates the use of a Type II sealant could be more prone to early failure or that issues with 
construction in these years resulted in an earlier development of spalling.

36



Figure B.4. Percent joints spalled as a function of year constructed, with sealant type 
denoted by the marker shape

The previous analysis showed a greater amount of spalling was observed in pavements 
constructed between 2008 and 2018 but it was not determined how early in the life of the pavement 
the spalling developed. To investigate this, the correlation between construction year and percent 
joints spalled for observations with greater than 10% joints spalled was evaluated for sections with 
5 years in service and then 10 years in service. It was found that the correlation between 
construction year and percent joints spalled for pavements that had been in service for 5 years is 
0.59. This correlation is reduced to -0.10 for pavements that were in service for 10 years. 
Moreover, 133 of the 1,324 sections displayed greater than 10% joints spalled at 5 years compared 
to 66 of the 1,446 sections which did so at 10 years. These results indicate that spalling is observed 
at a small percentage of the observations, however, the development of spalling occurs primarily 
within the first 5 years of construction.

3.2.2 Turnpike Spalling Results

The majority of sections within the Turnpike database displayed significant levels of spalling. 
Of the 1,632 observations, 79% of sections had spalling at every joint while 15% of the sections 
exhibited no spalling. This is depicted in Figure B.5. To ensure sections with 100% joints spalled 
were not concentrated in specific roads, spalling was evaluated as a function of Turnpike roadway 
as shown in Figure B.6. It was determined that the distribution of sections was not skewed toward 
any particular roadway.
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Figure B.5. Count of sections with various levels of spalling, showing that the majority of 
observations within the Turnpike database reported 100% joints spalled

Figure B.6. Percent joints spalled as a function of Turnpike roadway

Only 6% of sections reported between 0% and 100% joints spalled. Because the data is heavily
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skewed toward 100% of joints spalled, it was not feasible to evaluate spalling as a function of 
location, age, construction year, or sealant type in a meaningful manner. It was observed that the 
data was showing even sections just constructed had spalling at every joint. To further investigate 
this, a site visit was made to a newly constructed section of the Southern Beltway in the fall of 
2022. It was observed that the large amount of spalling seen in the distress data for the newly 
constructed sections could be associated with the installation of the reflective line tape. This may 
be a result of the grinding performed to recess the reflective line tape so that it is not damaged by 
snowplows. During a site visit to a section of the Southern Beltway in August of 2022, a significant 
number of joints had minor concrete spalling adjacent to the recessed reflective tape along the 
lane/shoulder longitudinal edge. Examples of this spalling is shown in Figure B.7. This spalling is 
not related to joint sealant performance, however, it would be reported during joint surveys. As a 
result, it was not possible to distinguish between performance- and construction-related spalling 
development within the sections which contain reflective line tape.

Figure B. 7. Examples of spalling adjacent to reflective tape

3.3 Faulting

Transverse joint faulting is defined as a difference in elevation between approach and leave 
slabs and commonly develops due to the pumping mechanism. Pumping requires moisture 
infiltration through the joint into the underlying layers, which is reduced when the joint is properly 
sealed. Sealant damage enables excessive moisture in the joint that can lead to the development of 
faulting. Therefore, faulting data was also analyzed as a means of potentially evaluating sealant 
performance. Faulting was reported at two levels (medium, high) as a function of the height of the 
faulting for each observation in the distress database. Medium severity is faulting ranging between 
0.25 and 0.5 in and high severity is anything greater than 0.5 in [46].
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3.3.1 PennDOT Faulting Results

Of the 28,557 observations in the PennDOT database, 6,980 (24%) reported faulting present. 
Within the observations with faulting present, the vast majority had only a few joints with 
measurable faulting, resulting in a low percent joints faulted, as shown in Figure B.8. For the 
observations exhibiting faulting, the average percent of the joints within a section that are actually 
faulting is only 1.9%. This emphasizes the point that even with 24% of the observations exhibiting 
faulting, very few joints within each section have faulted.

Figure B.8. Distribution of percent joints faulted for all sections with measurable faulting 
reported in the PennDOT database

Observations with measured faulting were isolated for inclusion in the development of the 
correlation matrix shown in Figure B.9. The highest correlations with percent joints faulted were 
with joint spacing (0.19) and years in service (0.17), however, these correlations were not 
considered strong. This is likely due to the fact that the majority of observations with measured 
faulting had very few joints within the section actually exhibiting faulting, which makes it difficult 
to identify significant trends.
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Figure B.9. Correlation matrix for all sections with measurable faulting, with percent joints 
faulted outlined in red

3.3.2 Turnpike Faulting Results

Of the 1,632 observations within the Turnpike database, 9% had faulting, while 91% reported 
no faulting. Only 5 observations (0.3%) reported 100% of joints faulted. It should be noted that 
these sections only had a small number of joints and are not representative of a standard section. 
For the observations with faulting present, the vast majority of the joints within the section were 
not exhibiting faulting, as shown in Figure B.10. This indicates that faulting does not frequently 
occur and when it does it is not prevalent throughout the section. These trends are consistent with 
those identified when analyzing the data provided by PennDOT.
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Figure B.10. Distribution of percent joints faulted for all sections with measurable 
faulting reported in the Turnpike database

Observations with measurable faulting were isolated to identify the parameters which 
contribute to the development of faulting as was done earlier in the PennDOT data analysis. A 
correlation matrix was generated, as shown in Figure B.11. Construction year, roadway, and 
sealant type all had low correlation to percent joints faulted, which is consistent with the results 
from the PennDOT data analysis.

Figure B.11. Correlation matrix for the 151 sections with measurable faulting, with percent 
joints faulted outlined in red
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It was noted that the threshold of 0.25 in for faulting to be reported is high, especially 
considering joints with greater than 0.15 in of faulting are considered “poor” by PennDOT 
standards [47]. Because of this high threshold for faulting in the distress survey, the dataset may 
ignore a significant number of both PennDOT and Turnpike sections with measurable faulting. 
Therefore, more data is required in order to identify the effect of key pavement features on joint 
sealant performance and faulting development in Pennsylvania.

3.3 Conclusion

Two databases provided by PennDOT and the Turnpike were analyzed to evaluate the effect 
of design parameters, years in service, and construction year on key concrete pavement distresses 
associated with joint sealant performance. The purpose of this analysis was to identify the 
parameters that contribute to distresses that can be attributed to sealant performance. The 
PennDOT database consisted of 28,557 observations for a total of 7,008 sections, and the 
Turnpike database consisted of 1,632 observations for 1,632 sections since only one year of 
performance data was available. The following conclusions were made.

• 78% of observations within the PennDOT database contained some level of concrete 
rutting.

• The majority of observations with greater than 50 percent of the section exhibiting rutting 
developed rutting within less than 10 years in service. Concrete pavement rutting is not a 
distress commonly observed in Pennsylvania, which indicates these results are an 
anomaly associated with the data collection.

• 759 of the 12,347 early age transverse joint spalling observations (6.1%) contained 
greater than 10% spalling in the PennDOT database, indicating that early age spalling is 
not a significant problem.

• Of the 6.1% of early age joint spalling observations identified in the PennDOT dataset, 
the most significant factors were construction year and sealant type. The highest 
development of early spalling occurred in sections constructed between 2012 and 2020, 
which indicates that Type II sealant could be a factor affecting performance.

• 79% of observations within the Turnpike database reported 100% of joints spalled, and 
15% reported 0% joints spalled. This is most likely due to construction practices and not 
sealant performance.

• 24% of observations within the PennDOT dataset consisted of sections exhibiting 
faulting. However, most observations only had one or two joints within the section that 
were faulted. Similarly, only 9% of observations within the Turnpike dataset reported 
measurable faulting. The majority of these sections consisted of only a few joints 
exhibiting faulting. Therefore, joint faulting was not observed to be a prevalent distress in 
either dataset.

• The databases do not contain the level of specificity required to adequately evaluate 
faulting because the threshold for measurable faulting is too high (0.25 in). As a result, it 
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was not feasible to make conclusions regarding sealant performance based solely on the 
available faulting data.
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Appendix C. Evaluation of the Frictional Coefficient Used 
for Joint Sealant Reservoir Design
1 .0 Introduction

In a study performed by the Federal Highway Administration (FHWA), the effectiveness of 
joint sealants was evaluated over a 6.5-year period [42]. This study was performed in four different 
climate regions with ten sealant materials, eight different reservoirs designs, and seven different 
preparation techniques. The study found that nine of the 61 design combinations had over 80% 
effectiveness with no signs of failure at the end of the 6.5- year period. In addition, this study 
predicted that 7 of the 9 successful sealants would last longer than 10 years. While this and other 
studies have shown that good performance can be achieved from these sealants [42, 32, 31], other 
studies have also identified significant levels of premature sealant failure [22, 23]. Premature 
sealant failure is also frequently reported by state departments of transportation. A number of 
previous studies have evaluated sealant performance, but the factors which contribute to premature 
sealant failure are not well-established.

The two primary failure mechanisms for sealants are adhesive and cohesive failures [24]. 
Adhesive failure occurs when the bond is lost between the joint sealant and reservoir. Adhesive 
failure occurs as a result of inadequate construction practices, such as not adequately cleaning the 
reservoir prior to placement, a high concrete moisture content at the time of sealing, or an improper 
sealant temperature during [48, 30]. Cohesive failure occurs within the sealant material when the 
stress of the sealant is more than the allowable stress, which can occur as a result of low 
temperatures at the time of sealing and aging of the sealant [23, 24, 35].

Both adhesive and cohesive failures can occur as a result of excessive joint openings during 
the colder months. It has been concluded from a prior study that the maximum allowable strain in 
the sealant should not exceed 20% but this is typically dictated by the sealant material used [48]. 
The reservoir width, w, should be selected such that the strain that develops at the maximum joint 
opening is within the allowable limit. Studies have also shown the use of a suitable shape factor 
(SF), defined as the ratio of the sealant depth, D, to width, w, and is necessary to reduce the stress 
in the sealant. Generally, the SF is recommended to be 2D:1w for silicone sealants and 1D:1w for 
asphalt sealants [48, 19, 37]. To ensure the allowable strain criteria is met, the maximum amount 
the joint will open must be accurately estimated.

Current sealant reservoir design consists of establishing the width, w, of the reservoir by 
determining the maximum joint opening that will occur such that the allowable strain limit will 
not be exceeded. Once the reservoir width is determined, the depth is selected to ensure SF 
requirements are met [39]. To predict how much a joint opens, current design methodology 
predicts changes in slab length. The change in slab length is a function of the initial slab length, 
change in temperature, the coefficient of thermal expansion (CTE), drying shrinkage, and the 
frictional coefficient (C-value). This is shown in Equation 1 [24].

∆L=CL(∆Tα+εDS) eq.1

Where,
∆L = change in slab length, in
C = frictional coefficient (0.65 for stabilized; 0.8 for granular base; for slab on subgrade)
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L = initial slab length, in
ΔT = temperature change (Tset – Tmin), °F
Tset = pavement set temperature, °F
Tmin = minimum temperature the pavement experiences, °F 
α = laboratory coefficient of thermal expansion (CTE), 10-6/°F 
εDS = laboratory ultimate drying shrinkage, 10-6

The use of this equations requires an accurate characterization of the in-situ drying shrinkage 
and CTE so that the laboratory values can be correctly adjusted with the frictional coefficient, C. 
These three parameters (drying shrinkage, CTE and frictional coefficient) are each discussed 
below.

2 .0 Drying Shrinkage

Drying shrinkage of the pavement structure varies temporally and is significantly affected by 
location within the slab and the moisture content of the concrete. Previous research has found that 
over 50% of the drying shrinkage will develop within the first six months, and drying shrinkage 
will stabilize within the first five years for pavement sections constructed in Minnesota and 
Pennsylvania [49, 50]. The drying shrinkage approximately 5 years after paving was reported to 
be between 39 and 377 με for sections in Minnesota [50]. Similar results were obtained from a 
roadway in Pennsylvania where the drying shrinkage varied throughout the pavement and ranged 
between 50 to 200 με after about 150 days [49].

The drying shrinkage of these pavement structures are significantly less than the ultimate 
drying shrinkage commonly measured for the concrete mixture when testing in accordance with 
ASTM C157. This is, in part, due to the difference in the standard curing conditions used in the 
lab and the ambient conditions present in the field and restraint conditions. Under C157, the 
specimens are maintained at a relative humidity (RH) of 50% [51]. However, for pavements, the 
RH has been measured at 80% to 85% below the upper 2 in of the slab and 100% at the bottom of 
the slab [49, 52, 53]. As a result, the laboratory conditions do not replicate the in-situ moisture 
state of the pavement structure. Additionally, the constant humidity of the laboratory does not 
replicate humidity fluctuations, which occur in pavement structures. Although the RH at the 
surface can decrease to near 50%, precipitation reintroduces moisture to the upper portion of the 
slab, and 30% of the drying shrinkage is recoverable for a typical paving mixture due to rewetting 
[54].

Some studies have evaluated the effect of rainfall on recoverable drying shrinkage. One study 
concluded that days with rain events heavily influenced the drying shrinkage recovered at the top 
of the pavement while the drying shrinkage at the bottom of the pavement was unaffected [55]. 
For example, a 4-in and 6-in bonded concrete overlay of asphalt in Minnesota exhibited a decrease 
in drying shrinkage of 50 and 75 με, respectively, on days after it rained. It was also concluded 
that rain events with low intensity, but high duration would increase the moisture content more so 
than days with short, high intensity rain accumulations, thus resulting in a higher amount of 
recovered drying shrinkage [55].

Lastly, it has been observed that drying shrinkage varies throughout the slab as a function of 
restraint conditions or proximity to joints and cracks. The drying shrinkage that develops in a slab 
is restrained due to the friction between the bottom of the slab and the base and the restraint caused 
by dowel and tie bars, which further reduces drying shrinkage measured in the slab as compared 
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to the free shrinkage measured in accordance with ASTM C157. Drying shrinkage was also 
observed to be higher at the joints when compared at the mid-panel for identical depths in the slab 
[49]. It was hypothesized that the increase in drying shrinkage was due to the fluctuation in 
saturation level and exposure to the atmosphere at the joint. This trend was again observed when 
comparing the tied centerline longitudinal joint to all other joints. The tie bars prevent the lanes 
from separating and exposing the face of the centerline joint to the atmosphere. This reduced the 
loss of water at the centerline joint, therefore, reduced the drying shrinkage [49, 55].

2.1 Coefficient of Thermal Expansion

To measure the CTE for concrete, fully saturated lab specimens are subjected to temperature 
changes, and the corresponding change in length is measured in accordance with AASHTO T 336­
09 [56]. While this approach captures the effect of different aggregate types on CTE, this test does 
not replicate the in-situ conditions of a pavement structure in two key aspects. First, the pavement 
structure is not always fully saturated. Secondly, unrestrained specimens are tested in the 
laboratory, whereas slabs in a pavement structure are restrained from movement due to friction 
with the base and tie bars.

Several investigators have studied the effects of concrete moisture content on CTE. First, it 
has been shown that fully saturated concrete specimens have a lower CTE than partially saturated 
test specimens. In fact, the CTE of a partially saturated concrete has been shown to increase by as 
much as 50% compared to a fully saturated lab specimen [57]. Past studies were performed to 
quantify the effect of concrete RH on the CTE. Meyers concluded that the maximum CTE occurred 
when the concrete has a RH of 70% [58]. A similar study performed by Zollinger et al. found the 
CTE is highest when the concrete is at approximately a 85% RH. As previously described, the 
upper portion of the slab is commonly partially saturated. Therefore, determining pavement 
expansion and contraction with changes in temperature based on the CTE measured in accordance 
with AASHTO T 336-09 can result in a drastic underestimation. Moreover, the CTE of the 
concrete is lowest when the RH is near 100% or below 50%, and small changes in RH have 
significant effects on the CTE when the RH is greater than 50% [59]. As previously stated, the 
moisture in a pavement structure is not uniform and therefore the CTE is not constant throughout 
the pavement depth as is currently assumed in pavement design. This illustrates that a single CTE 
value determined through laboratory testing on a fully saturated specimen does not accurately 
depict the in-situ CTE of a slab. This also has ramifications on the estimated joint opening and 
closing, and hence sealant performance, since the laboratory determined CTE is a critical 
parameter in joint design.

Additionally, the degree of saturation varies spatially throughout the pavement due to the 
presence of joints and cracks, which allow moisture to infiltrate the pavement structure. The 
concrete in regions closer to joints and cracks will be saturated more frequently compared to the 
concrete at mid-slab or other regions away from points of entry [49]. This indicates that the CTE 
will not be constant throughout the depth or length of the slab. The effects of the variability in the 
CTE on the development of curling stresses as well as on the opening and closing of the joints is 
not currently accounted for in the design process.

2.2 Frictional Coefficient

Little research has been conducted to validate the frictional coefficient, C. The use of the 
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frictional coefficient in Equation 1 was introduced by Darter and Barenberg in 1977 [60]. The 
values commonly used for the frictional coefficient is 0.65 for a slab on a stabilized base, 0.80 for 
a slab on a granular base and 1 for a slab constructed directly on the subgrade [60]. However, 
there are a number of limitations associated with the methods used to establish these coefficients. 
First, the frictional coefficients were established based on a limited amount of field data from four 
different studies conducted in the states of Utah, Florida, Michigan, and California. The data was 
collected by manually measuring the joint widths and ambient temperatures and consisted of 
limited observations. There was also a large degree of variability in the data, causing some results 
to be inconclusive [60]. Finally, in some portions of the studies, the changes in joint widths are 
only measured once, without additional measurements for establishing a trend. Due to the limited 
data used to establish the friction coefficient used in the design equation, this should be revisited.

3 .0 Scope

This study uses strain data collected over a 16-year period from an instrumented JPCP to 
quantify the temporal and spatial variation that occur with respect to drying shrinkage and CTE in 
the field. The difference between the ultimate drying shrinkage and CTE measured in the 
laboratory using specimens cast during paving and the in-situ drying shrinkage and CTE of the 
pavement during the 16-year service life are investigated. This investigation is performed for 
pavement structures with two different restraint conditions, as described below. In addition to 
investigating the long-term drying shrinkage and CTE, the field estimated and predicted joint 
opening are determined and used to evaluate the frictional coefficient used in sealant for the 
restrained pavement section.

3.1 Instrumented Section

The pavement section used for this study is a four-lane divided urban major arterial highway 
that is part of the University of Pittsburgh Smart Pavement Project located in Murrysville, PA, on 
SR-22. The pavement is a 12-in thick JPCP with a 4-in asphalt-treated permeable base and a 5-in 
dense graded subbase. The pavement consists of 12-ft wide lanes with transverse joints spaced 
every 15 ft. A concrete curb and gutter runs adjacent to the outside lane where the instrumented 
panels are located. Some of the slabs contain 1.5-in epoxy coated dowels and No. 5 epoxy coated 
tie bars spaced every 2.5 ft along the centerline and lane/shoulder longitudinal joints. These will 
be referred to as the “restrained” slabs. The “unrestrained” slabs do not have dowels or tie bars.

3.2 Sensor Layout

Cells 3 and 4 from the Smart Pavement Project are used for this study. The slabs in Cells 3 
and 4 are unrestrained and restrained, respectively, and instrumented with static strain gages. The 
sensors of interest for this study are Geokon Model 4200 vibrating wire strain gages (VW) installed 
1 in down from the top and 1 in up from the bottom of the slab prior to paving. These sensors 
include not only the vibrating wire and “plucker” housing for determining strain but also 
thermistors for providing a temperature at that location. The installed strain gages selected for 
inclusion in this analysis are oriented in the longitudinal direction and located at mid-slab and at 
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the corners of the slab. The sensors are installed in the outside lane, which lies between the 12-ft 
inside lane and the 2-ft curb and gutter.

3.3 Data Collection

Sensor readings have been collected every 15 minutes beginning just prior to paving. There 
are some gaps that exist in the strain data. Strain data is not available for Cell 3 for six months 
between April 2008 and March 2009. Strain data is not available for Cell 4 for five months in 
2006, for three months in 2012 and one month in 2013. Both cells are missing data from mid­
December 2009 to April 2011. Also, some of the sensors no longer provided valid readings after 
2012 and were taken offline. Of the 24 sensors used in this study, 7 sensors were taken offline.

4 .0 Methodology

Both the mechanical strain and the total strain are investigated. The total strain is the strain 
that the concrete pavement will experience due to changes in the thermal and moisture conditions. 
The mechanical strain is the total strain with the thermal strain removed, which is used to isolate 
strain due to drying shrinkage. The total and mechanical strain was calculated for each sensor 
reading using Equation 2 and 3, respectively [50]. To accomplish this, the lab measured CTE of 
the concrete, along with the temperature change established using the thermistors attached to the 
gage, are used to estimate the thermal strain. The laboratory measured CTE of the concrete is 5.71 
με/°F. The location of each sensor included in this analysis is provided in Table C. and depicted 
in Figure C.1. The mechanical strain was then plotted over the life of the pavement to study the 
early and long-term strain trends of the pavement.

��^^ = (��1 - ��0) + ((��1 - ��0) ∗ ^^) ��^. 2
����ℎ = (��1 - ��0) + ((��1 - ��0) ∗ (^^ - ^)) ��^. 3

Where:
��^^ = total strain, με
����ℎ = mechanical strain, με
��0 = strain at the time the concrete sets, με
��1 = strain at time ��1, με
��0 = temperature at the time the concrete sets, °F
��1 = temperature at time ��1, °F

^^ = coefficient of thermal expansion of the steel wire, 6.77με/°F
^ = coefficient of thermal expansion of concrete measured in lab, 5.71 με/°F
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Figure C.1. SR-22 static vibrating wire strain gauge locations

50



Table C.1. List of vibrating wire strain gages included in this study

Cell Slab Location Location Depth Sensor ID

3 
(Unrestrained)

A
1 Mid-panel Top 3A-MP-T

Bottom 3A-MP-B

2 Corner Lane/Shoulder Top 3A-CS-T
Bottom 3A-CS-B

B

3 Corner Lane/Shoulder Bottom 3B-CS-B

4 Mid-panel Top 3B-MP-T
Bottom 3B-MP-B

5 Corner Centerline Top 3B-CC-T

C 6 Corner Centerline Top 3C-CC-T
Bottom 3C-CC-B

4 
(Restrained)

A
7 Corner Centerline

Top 4A-CC-T
3 in from top 4A-CC-M

Bottom 4A-CC-B

8 Mid-panel Top 4A-MP-T
Bottom 4A-MP-B

B
9 Corner Lane/Shoulder

Top 4B-CS-T
3 in from top 4B-CS-M

Bottom 4B-CS-B

10 Mid-panel Top 4B-MP-T
Bottom 4B-MP-B

C
11 Corner Lane/Shoulder Top 4C-CS-T

Bottom 4C-CS-B

12 Mid-panel Top 4C-MP-T
Bottom 4C-MP-B

4.1 Data analysis

In this study, the effects of drying shrinkage, temperature variation, and pavement saturation 
are studied. First, a distress survey was performed to identify factors that might influence the strain 
readings, such as joint conditions, the presence of material related distress, spalling, cracking, etc. 
Then, strain data is used to determine the mechanical strain over time, which is a function of the 
drying shrinkage. Next, the strain data is used to evaluate the effect of seasonal temperature 
variation on strain response. This analysis was used to generate the monthly strain response of the 
pavement due to thermal changes for different pavement locations, so the effects on restraint 
condition, temperature, ambient RH, and the amount and frequency of rainfall can be evaluated. 
Finally, the field estimated and predicted change in slab length are determined from the change in 
maximum and minimum strain and temperature, respectively. The field estimated and predicted 
changes in slab length are then used to calculate the frictional coefficient in equation 1.

4.1.1 Distress Survey

A pavement distress survey was performed at 10:00 AM on June 17, 2021. The ambient 
temperature was about 70°F. The purpose of the distress survey was to determine if there were any 
influencing factors that should be considered when analyzing the strain data. A drawing of the 
distress survey is shown in Figure C.2. It was observed that the overall condition of the pavement 
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was good, with no transverse cracks, signs of ASR, or high severity spalling. One corner break 
was observed in the inside lane, along the centerline longitudinal joint and adjacent to Cell 3 Slab 
A at Joint 2.

Figure C.2. Distress survey from June 17, 2021, with joints and slab numbers identified

The asphalt sealant was observed to be in poor condition for all joints except Joint 5. Spalling 
was observed at Joints 1, 2, 4, and 7, with Joint 7 exhibiting the most severe spalling. The spalling 
at Joint 7 was located along both the transverse and the longitudinal, lane/shoulder joints where 
these two joints intersect in Slab 4B. It should be noted that strain sensors 4A-CS-T and 4C-CS-B 
are in Slab 4C by the spalling in Joint 7.

The transverse joint widths varied along this pavement section, but all restrained slab joints 
were wider than the unrestrained slab joints. The average transverse joint width for the unrestrained 
and restrained slabs were 0.41 in and 0.58 in, respectively. It was observed that small particles of 
sand and stone fragments were present in all joints that had poor sealant conditions, however, 
Joints 6 and 7 were visibly full of incompressible materials. Due to the large joint widths and poor 
sealant condition at most joints, it was hypothesized that excessive horizontal slab movement 
occurred either as a function of drying shrinkage or in response to thermal changes. The excessive 
slab movement was observed to result in poor joint condition, with approximately 50% of the 
joints displaying spalling. It is also interesting to note that the transverse joints in the adjacent lane 
were at times shifted, or even on a slant as seen at Joint 6, as depicted in Figure C.2.

4.1.2 Drying Shrinkage

To evaluate the temporal and spatial variation in drying shrinkage, the average mechanical 
strain was plotted over a 16-year period in the longitudinal direction at midslab for the restrained 
and unrestrained slabs. These plots can be found in Figure C.3 and Figure C.4, respectively.
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Figure C.3. Mechanical strain for restrained slabs at midslab

Figure C.4. Mechanical strain for unrestrained slabs at midslab

The mechanical strain at midpanel for the restrained slabs is shown in Figure C.3. The drying 
shrinkage was 110 and 195 με at the top Slabs 4B and 4C, respectively, and 70, 90 and 135 με at 
the bottom Slabs 4A, 4B and 4C, respectively. This is significant variability between slabs. It is 
not completely unexpected as there was a significant amount of variability in the w/c ratio for the 
concrete used for paving. The microwave oven test was performed in accordance with AASHTO 
T 318 [61] on concrete samples taken at three different locations and about 60 ft apart while the 
instrumented slabs were being paved. The measured w/c ratios were 0.42, 0.44 and 0.47. This is a 
significant amount of variability, to the point that there was a visible difference between the “wet” 
loads and the “dry” loads of concrete dumped on the grade, prior to the passing of the paver. This 
can explain the significant variability in the drying shrinkage encountered between Slab 4C and 
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Slabs 4A and 4B. This was also reflected in the ultimate drying shrinkage measured in the lab in 
accordance with ASTM C157 for samples of concrete taken paving as these values ranged between 
630 to 930 με. Of course, only a small fraction of the ultimate drying shrinkage is realized in the 
field. The lab measurements are representative of drying shrinkage that develops when the 
concrete is maintained at a relative humidity of 50% while the average ambient relative humidity 
for this region was 69% between 2012 and 2015. In addition, unrestrained shrinkage is measured 
in laboratory, whereas the concrete slabs are restrained by tie bars (in the restrained slab) and 
friction between the slab and base or surrounding slabs. Some of this restrained shrinkage is lost 
through creep while other portions contribute to tensile stress build up in the slabs.

The drying shrinkage was approximately 130 με at the top and 80 με at the bottom of Slabs 
3A and 3B, respectively. This is slightly higher than that exhibited in Slab 4A but slightly less than 
that of Slab 4B. It is interesting to note that the slabs with reduced restraint conditions exhibited 
drying shrinkage much more quickly with most developing within the first year after construction 
while the restrained slabs continued to exhibit drying shrinkage over the first 12 years since the 
time of construction. It should be noted that even though drying shrinkage continued to develop 
over the 12 years for the restrained slabs, the majority of it developed within the first year after 
construction.

There was a 20 to 36% difference in the drying shrinkage when comparing the top and the 
bottom of the restrained slabs and 47% for the unrestrained slabs. This supports the relative 
humidity findings presented earlier from previous studies with the relative humidity at the bottom 
of the slab nearing 100% and that at the top of the slab being much less. As extreme heat events 
become more frequent with climate change, there is the potential for the relative humidity of the 
concrete to drop even lower at the surface and thereby increasing the drying shrinkage.

A consequence of the high drying shrinkage is an increase in the joint widths. As can be in 
the distress survey summary provided in Figure C.2, the joints have widened extensively since 
construction. The joints were originally sawed to a width of 0.375 in and now the joints in the 
restrained slabs are up to 0.63 in wide with the joints in the unrestrained slabs being slightly less 
that that. This most likely contributed to the extensive joint sealant damage. It should be noted 
that that the joints have not been resealed since the pavement was originally constructed in 2004.

Drying shrinkage was evaluated at 15-minute intervals to investigate seasonal variation in 
drying shrinkage throughout the 16-year analysis period, as shown in Figure C.5 for Slab 4C. 
Throughout the year, drying shrinkage was found to vary approximately 86 με and 47 με for the 
top and bottom of the slab, respectively. The peak drying shrinkage occurred in the winter months 
during the first 4 years after paving, while peak drying shrinkage began developing in the summer 
months after this period. This apparent increase in calculated drying shrinkage appears to have 
occurred because sealant failure enabled incompressibles to enter the joint during the winter 
months while the joints were open, which in turn prevented the slab from adequately expanding 
with increases in temperature during the summer months. When slabs are prevented from freely 
expanding due to joint lock up, the portion of total strain caused by drying shrinkage can be 
overestimated. An assumed thermal expansion is subtracted from the total strain so that the drying 
shrinkage can be estimated. When this assumed expansion is greater than what actually occurs 
because the expansion of the slab is restrained by the incompressibles in the joint, the calculated 
drying shrinkage is over estimated.
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Figure C.5. Drying shrinkage at midslab of Slab 4C at 15-minute intervals

This apparent increase in drying shrinkage developed in Slab 3A during the summer of 2010, 
as shown in Figure C.6. This indicates sealant failure and, subsequently, incompressibles entered 
Joint 2 on the right side of Slab 3A. The distress survey showed that the sealant in Joints 1 and 2 
had less damage compared to the sealant in Joints 7 and 8 adjacent to Slab 4C. This helps to explain 
why the apparent increase in drying shrinkage initiated in Slab 3A three years after Slab 4C. There 
was also spalling present along Joints 1 and 2 but that most likely can be attributed to poor load 
transfer in the unrestrained (no dowels) slab and not failure of the joint sealant. The faulting 
observed at Joints 1 through 4 is another indication that that the load transfer at these joints has 
been reduced and could be contributing to the spalling observed. Slabs 4B and 4C were compared 
to evaluate the increase in apparent drying shrinkage between slabs that have similar conditions of 
the sealant in adjacent joints. As shown in Figure C.7, Slab 4B exhibits an increase in apparent 
drying shrinkage of the same magnitude as observed in Slab 4C. Moreover, this increase initiates 
in 2007 for both Slabs 4B and 4C, indicating the same phenomenon is occurring. Joint 7 separates 
Slab 4B and 4C. This joint has significant sealant damage, providing evidence that the increase in 
apparent drying shrinkage is caused by the intrusion of incompressibles into the joint enabled by 
the joint sealant damage. As can be seen, with this type of analysis, the effectiveness of joint 
sealant on pavement performance can be established.

55



Figure C.7. Drying shrinkage at midslab of Slab 4B at 15-minute intervals
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4.1.2 Effect of Temperature

It was hypothesized that the response of the pavement structure to temperature changes is a 
function of moisture and slab restraints. To evaluate this, the process developed by Burnham and 
Koubaa (2001) was used to quantify the change in strain of the slab per unit change in temperature, 
which is referred to as the structural coefficient of thermal expansion (SCTE) [50]. First, yearly 
total strain data from 2012 to 2015 was grouped by month so that the temporal changes in SCTE 
could be evaluated. The monthly total strain was plotted against the corresponding temperature for 
each 15-minute interval. The slope of the line of best fit was considered the SCTE value. In some 
cases, the relationship between temperature and strain was bilinear, with increases in temperature 
past an inflection point yielding no increase in strain. These cases were identified as having joint 
lockup, and the slope of the best fit line for temperatures lower than the inflection point was used 
as the SCTE. Example plots of monthly SCTE with both no joint lockup and joint lockup are 
shown in Figure C.8. The SCTE for is 6.16 με/°F and no joint lockup occurs in Figure C.8a. The 
SCTE is 6.05 με/°F and joint lockup occurs at approximately 90°F in Figure C.8b.
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Figure C.8. Example SCTE plots for case where (a) no joint lockup occurs, and (b) joint lockup 
occurs

To determine the SCTE throughout the pavement, strain data was used from 6 different slabs, 
of which three were restrained slabs and three were unrestrained. In each slab, two sensors were 
used, one located 1 in from the top and one 1 in from the bottom of the pavement. The unrestrained 
slabs had three sensors located at the lane/shoulder corner and 3 sensors along the corner at the 
centerline. The restrained slabs had four sensors located at the lane/shoulder corner and two 
sensors along the corner at the center. All sensors included are oriented in the longitudinal direction 
to evaluate transverse joint movement. The monthly average SCTE was determined from 2012 to 
2015, and the results are summarized in Table C.2 and Table C.3.
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Table C .2. Cell 3 unrestrained SCTE (με/°F)

Month-Year 3A- 
CS-T

3A- 
CS-B

3B- 
CC-T

3B- 
CS-B

3C- 
CC-T

3C- 
CC-B

Top 
Avg.

Top 
STDev

Bottom 
Avg.

Bottom 
STDev

January-2012 - - - - - - - - - -
February-2012 - - - - - - - - - -

March-2012 6.32 6.66 5.88 6.58 6.06 6.01 6.09 0.22 6.42 0.35
April-2012 6.57 6.67 6.04 6.52 6.33 6.22 6.32 0.27 6.47 0.23
May-2012 6.47 6.28 6.09 6.43 6.25 5.86 6.27 0.19 6.19 0.29
June-2012 6.42 6.40 6.31 6.19 6.18 6.04 6.30 0.12 6.21 0.18
July-2012 6.41 6.18 - 6.23 6.23 6.03 6.32 0.13 6.15 0.10

August-2012 6.51 6.75 6.48 6.71 6.50 6.50 6.50 0.02 6.65 0.13
September-2012 6.57 6.35 6.28 6.31 6.40 6.28 6.42 0.15 6.31 0.03

October-2012 6.73 6.68 6.21 6.47 6.46 6.46 6.47 0.26 6.54 0.12
November-2012 6.47 6.68 5.99 6.53 6.18 6.40 6.21 0.24 6.53 0.14
December-2012 6.32 6.59 5.78 6.46 6.03 6.42 6.04 0.27 6.49 0.09

January-2013 6.51 6.27 6.37 6.13 6.22 6.11 6.36 0.14 6.17 0.09
February-2013 6.27 6.63 5.93 6.49 5.95 6.35 6.05 0.19 6.49 0.14

March-2013 6.16 6.46 5.77 6.38 5.96 6.30 5.97 0.19 6.38 0.08
April-2013 6.24 6.13 5.77 6.09 6.06 6.06 6.03 0.24 6.09 0.04
May-2013 6.47 5.87 6.21 5.78 6.22 5.78 6.30 0.15 5.81 0.05
June-2013 6.37 5.92 - 5.82 6.33 5.87 6.35 0.03 5.87 0.05
July-2013 6.33 6.15 - 6.05 6.23 6.12 6.28 0.07 6.11 0.05

August-2013 6.35 6.76 6.06 6.49 6.40 6.47 6.27 0.18 6.57 0.16
September-2013 6.52 6.37 6.35 6.30 6.39 6.39 6.42 0.08 6.35 0.05

October-2013 6.40 6.48 - 6.37 6.16 6.41 6.28 0.17 6.42 0.05
November-2013 - - - - - - - - - -
December-2013 - - - - - - - - - -

January-2014 6.38 6.61 6.16 6.31 6.06 6.44 6.20 0.16 6.45 0.15
February-2014 6.23 6.52 5.83 6.36 6.01 6.28 6.02 0.20 6.39 0.12

March-2014 6.08 6.34 5.71 6.28 5.87 6.08 5.89 0.19 6.23 0.13
April-2014 6.12 6.26 5.68 6.14 5.99 6.08 5.93 0.23 6.16 0.09
May-2014 6.21 5.87 5.81 5.63 6.12 5.69 6.04 0.21 5.73 0.12
June-2014 6.34 5.94 5.73 5.81 6.19 5.98 6.08 0.32 5.91 0.09
July-2014 6.44 6.14 6.52 5.90 6.18 5.93 6.38 0.18 5.99 0.13

August-2014 6.39 6.60 - 6.12 6.04 6.49 6.21 0.25 6.40 0.25
September-2014 - - - - - - - - - -

October-2014 - - - - - - - - - -
November-2014 6.37 6.30 - 6.17 6.16 6.21 6.27 0.15 6.23 0.07
December-2014 6.44 6.43 - 6.02 6.23 6.32 6.34 0.15 6.26 0.21

January-2015 6.42 6.00 - 5.64 6.21 5.97 6.32 0.15 5.87 0.20
February-2015 6.21 6.20 - 5.82 6.12 5.89 6.17 0.06 5.97 0.20

March-2015 6.09 6.54 - 6.39 6.12 6.17 6.10 0.03 6.37 0.19
April-2015 6.21 6.01 - 6.06 - 5.72 6.21 - 5.93 0.18
May-2015 6.44 5.93 - 5.82 - 5.73 6.44 - 5.83 0.10
June-2015 6.48 6.28 - 5.63 - 2.10 6.48 - 5.96 0.46
July-2015 6.18 - - 5.65 - 1.48 6.18 - 5.65 -

August-2015 6.35 5.98 - 5.25 - 1.15 6.35 - 5.62 0.52
September-2015 6.30 6.10 - 5.88 - 6.28 6.30 - 6.09 0.20

October-2015 6.45 6.40 - 6.24 - 6.12 6.45 - 6.25 0.14
November-2015 6.48 6.52 - 6.30 - 6.30 6.48 - 6.37 0.13
December-2015 - - - - - - - - - -

Bold indicates joint closure occurred. Italics indicates no joint closure occurred.
“*” indicates full joint lock up and the value is unrepresentative of the joint movement.
“-” cell indicates that there was insufficient data to establish a SCTE value and are not included 
in averages.
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Table C.3. Cell 4 restrained SCTE (με/°F)

Month-Year 4A- 
CC-T

4A- 
CC-B

4B- 
CS-T

4B- 
CS-B

4C- 
CS-T

4C- 
CS-B

Top 
Avg.

Top 
STDev

Bottom 
Avg.

Bottom 
STDev

January-2012 6.09 6.73 6.05 6.57 6.26 6.69 6.13 0.11 6.66 0.08
February-2012 6.16 6.74 6.04 6.60 6.14 6.69 6.11 0.07 6.68 0.07

March-2012 5.91 6.31 5.90 6.03 5.93 5.86 5.91 0.01 6.07 0.23
April-2012 6.20 6.59 6.29 6.28 6.11 5.99 6.20 0.09 6.29 0.30
May-2012 6.00 5.93 6.06 5.34 5.98 4.48 6.01 0.04 5.25 0.73
June-2012 5.86 6.18 6.05 5.45 5.76 4.80 5.89 0.15 5.47 0.69
July-2012 5.73 6.26 5.90 5.29 5.74 4.49 5.79 0.09 5.35 0.89

August-2012 6.29 6.62 6.17 6.11 6.05 6.08 6.17 0.12 6.27 0.30
September-2012 - - - - - - - - - -

October-2012 - - - - - - - - - -
November-2012 6.25 6.79 6.17 6.72 6.11 6.77 6.18 0.07 6.76 0.03
December-2012 - - - - - - - - - -

January-2013 - - - - - - - - - -
February-2013 5.94 6.68 6.58 5.94 6.05 6.79 6.19 0.34 6.47 0.46

March-2013 5.92 6.67 5.81 6.54 5.79 6.64 5.84 0.07 6.62 0.07
April-2013 5.90 6.29 5.88 5.90 5.93 5.98 5.90 0.02 6.06 0.21
May-2013 5.93 6.09 6.19 5.66 6.04 5.67 6.06 0.13 5.81 0.25
June-2013 6.02 5.66 6.03 4.83 5.74 2.86 5.93 0.16 5.25 0.59
July-2013 5.86 6.63 5.86 5.27 5.75 2.18 5.82 0.06 5.95 0.96

August-2013 6.29 6.30 6.31 4.82 6.29 3.70 6.30 0.01 5.56 1.05
September-2013 - - - - - - - - - -

October-2013 6.05 6.72 6.19 6.37 - 6.34 6.12 0.10 6.47 0.21
November-2013 6.11 6.62 6.17 6.43 6.16 6.55 6.15 0.03 6.53 0.10
December-2013 6.23 6.66 6.14 6.48 6.22 6.49 6.20 0.05 6.54 0.10

January-2014 6.09 6.49 5.92 6.51 6.04 6.68 6.02 0.09 6.56 0.11
February-2014 5.77 6.51 5.82 6.47 5.89 6.76 5.83 0.06 6.58 0.15

March-2014 5.70 6.54 5.77 6.25 5.64 6.62 5.70 0.06 6.47 0.20
April-2014 5.86 6.39 5.81 5.94 5.70 6.01 5.79 0.08 6.11 0.24
May-2014 5.56 5.72 5.56 5.43 4.65 4.80 5.26 0.52 5.32 0.47
June-2014 5.96 4.63 5.91 2.71 4.88 1.87 5.58 0.61 4.63 -
July-2014 5.96 6.19 5.86 5.66 4.53 2.04 5.45 0.80 5.93 0.37

August-2014 5.99 5.84 6.05 5.39 4.55 2.90 5.53 0.85 5.61 0.32
September-2014 - - - - - - - - - -

October-2014 6.27 7.01 6.19 6.60 - 6.50 6.23 0.06 6.70 0.27
November-2014 6.00 6.52 6.10 6.32 - 6.43 6.05 0.07 6.42 0.10
December-2014 6.23 6.69 6.18 6.55 - 6.60 6.20 0.03 6.61 0.07

January-2015 5.82 6.34 5.84 6.38 - 6.24 5.83 0.02 6.32 0.07
February-2015 5.64 6.55 5.91 6.62 - 6.69 5.78 0.19 6.62 0.07

March-2015 5.85 6.43 5.85 6.33 - 6.48 5.85 0.00 6.42 0.08
April-2015 5.92 6.07 5.99 5.53 - 5.02 5.96 0.05 5.54 0.53
May-2015 5.79 6.09 5.95 4.93 4.65 2.02 5.46 0.71 5.51 0.82
June-2015 6.17 5.93 6.15 4.46 4.51 1.38 5.61 0.95 5.20 1.04
July-2015 4.76 5.41 4.69 1.86 3.42 2.04 4.72 0.05 5.41 -

August-2015 5.65 5.84 5.97 1.74 2.75 1.37 5.81 0.23 5.84 -
September-2015 5.87 6.72 5.74 5.50 5.09 2.14 5.57 0.42 6.11 0.86

October-2015 6.20 6.67 6.04 5.99 5.91 5.70 6.05 0.15 6.12 0.50
November-2015 6.19 6.68 6.25 6.30 6.16 6.20 6.20 0.05 6.39 0.25
December-2015 - - - - - - - - - -

Bold indicates joint closure occurred. Italics indicates no joint closure occurred.
“*” indicates full joint lock up and the value is unrepresentative of the joint movement.
“-” cell indicates that there was insufficient data to establish a SCTE value and are not included 
in averages.
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The average SCTE was 6.22 and 6.21 με/°F for the top and bottom of the unrestrained slabs, 
respectively. The average SCTE was 5.89 and 6.13 με/°F for the top and bottom of the restrained 
slabs, respectively. These values are greater than the 28-day CTE of 5.71 με/°F measured in the 
laboratory on specimens cast during paving. The difference between CTE determined through 
laboratory testing and SCTE is, in part, attributed to the difference in moisture content. As 
previously described, the CTE will be higher than the CTE for saturated concrete (CTEsat) as the 
internal relative humidity increases over 50%. The CTE has been shown to increase to 
approximately 2 times the CTEsat when the relative humidity is around 70% and then declines to 
approximately 1.6 times CTEsat at a relatively humidity of 85% until eventually approaching 
CTEsat once again. Laboratory specimens are tested in a saturated condition, whereas the relative 
humidity measured in the slab for the first 3 years after paving ranged from approximately 60 to 
80%. This explains why the SCTE is greater than the CTE. It would be anticipated that the SCTE 
would be even higher (as much as 2 to 1.6 times higher than the CTE) for these relative humidity 
conditions present in the field. Another difference between the laboratory CTE and the SCTE is 
that the CTE is measured in an unrestrained condition. The restraint conditions (friction between 
the bottom of the slab and the base, tie bars, etc.) in the slab will reduce the SCTE as compared to 
the unrestrained CTE and contribute to the development of stress. These restraint conditions are 
the reason the SCTE in the field is not 2 to 1.6 times higher than the CTE in the lab, when the 
relative humidity in the field was between 60 to 80%.

Under estimation of the CTE leads to unaccounted expansion and contraction of the slab with 
temperature changes. Excessive joint opening can cause joint sealant damage and reduction of 
aggregate interlock. The maximum SCTE occurred in the winter and fall months with the SCTE 
becoming as high as 7.01 με/°F. The increased SCTE in colder months contributes to the joint 
sealant damage, spalling, and faulting in the unrestrained slabs (no dowel bars) seen in the distress 
survey. The larger CTE will also increase the magnitude of the curling that develops within the 
pavement and hence the curling related stress.

Climate factors were further investigated to determine how SCTE varies temporally. As 
previously described, concrete CTE is affected significantly by the internal relative humidity in 
the concrete, which suggests that changes in ambient relative humidity or rainfall could cause 
SCTE variation. First, seasonal variation in SCTE were compared to measured ambient relative 
humidity, shown in Figure C.9 and Figure C.10. Second, average monthly SCTE was compared 
to cumulative monthly rainfall and number of rain events per month to assess the relationship 
between precipitation patterns and SCTE measurements, shown in Figure C.11 and Figure C.12. 
Precipitation data was collected from the National Oceanic and Atmosphere Administration’s 
(NOAA) Local Climatological Data (LCD) [62].
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Figure C.10. Restrained (Cell 4) SCTE vs ambient relative humidity
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Figure C.12. Restrained (Cell 4) SCTE from 2012 to 2015
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The SCTE is observed to have a positive correlation with the RH, as seen in Figure C.9 and 
Figure C.10. As the RH increases, the SCTE does as well and vice versa. This fluctuation is most 
prominent on the pavement surface and less so at the bottom of the slab where the internal RH of 
the concrete is less affected by the ambient relative humidity.

There was no correlation observed between SCTE for the top of the slab and frequency or 
amount of rain. However, a negative correlation was observed between rain and SCTE at the 
bottom of slabs. It is theorized that the slab surface can sufficiently dry after rain events, whereas 
the bottom of the slab remains saturated and therefore a decrease in SCTE is observed.

A statistical analysis was performed to quantify the significance of various pavement and 
climate features on SCTE. First, 95% confidence intervals were determined for SCTE and are 
shown in Table C.4. The lab measured CTE of 5.71με/°F falls outside all the confidence intervals, 
which indicates that the true SCTE value is larger than the lab measured CTE value.

Table C.4. 95% SCTE Confidence Interval

Cell Location 95% Confidence 
Interval (με/°F)

3 Top (6.18, 6.27)
Bottom (6.16, 6.26)

4 Top (5.82, 5.96)
Bottom (6.02, 6.25)

Next, the effect of climate and pavement features on SCTE were evaluated. Analysis of 
Variance (ANOVA) testing was performed on the monthly SCTE, while considering the following 
factors: restraint condition, spatial location, month, amount of rain, and frequency of rain events. 
The null hypothesis stated that the average SCTE for all levels of a given factor were equal, and 
the alternative hypothesis was that average SCTE differed. Results from the ANOVA testing are 
shown in Table C.5. The significance level, α, used for all statistical analysis was 0.05 (5%). 
Months that experienced full joint lock up were removed from the analysis since the SCTE during 
these months is unrepresentative of the actual SCTE value.

Table C.5. ANOVA for SCTE

Treatment 
Factors

Degrees of 
Freedom

Adjusted Sum 
of Squares

Adjusted Mean 
Square F-Value P-Value

Location 1 1.07 1.07 8.53 0.004
Restraint 1 5.46 5.46 43.68 0.000
Month 11 7.02 0.64 5.10 0.000

Rainfall (in) 7 3.31 0.47 3.78 0.001
Freq. of Rainfall 11 3.78 0.34 2.75 0.002

Results from the ANOVA test show that all treatment factors had a p-value less than the 
significance level of 0.05, indicating that the average SCTE varied as a function of each factor.
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However, a post hoc test was performed to identify how SCTE varied within each factor. First, 
two-sample t-tests were performed to test the difference of means for the spatial location and 
restraint condition. The two-sample t-tests resulted in a p-values of 0.002, 0.002 and 0.000 when 
testing for vertical (top and bottom of the slab) and horizontal (slab corner along the centerline vs 
corner adjacent to the lane/shoulder joint) spatial location and restraint conditions, respectively. 
Since all p-values for the two-sample t-tests were below the significance level of 0.05, it was 
concluded that spatial location and restraint conditions were statistically significant factors that 
affect the SCTE.

The SCTE tends to be higher at the bottom of the slab during the summer months and then 
lower during the colder months. Both the difference in the internal relative humidity of the concrete 
between the bottom and the top of the slab and the time the upper and lower portion of the joint 
lock up most likely contribute to this trend. As the temperature of the slab increases, joint lock-up 
will tend to occur at the bottom of the slab first since the crack is narrower than at the bottom as 
compared to the top of the slab where the 0.375 in joint sealant reservoir is present. This additional 
restraint results in a reduction of the SCTE.

Tukey pairwise comparison testing was performed to identify the effect of the following 
factors on SCTE: month, amount of monthly rainfall, and frequency of rainfall. In this analysis, 
levels of a given factor were grouped, and levels in different groups were statistically different 
whereas levels within a group cannot be considered statistically significant. First, SCTE was 
evaluated as a function of month, and it was seen that August through March had a statistically 
higher SCTE than April through July. This was most likely due to higher rainfall in the spring and 
summer months that lowered the SCTE. To assess the effect of rainfall, Tukey pairwise 
comparison testing was performed for amount of rainfall in a month. Months with 0 in, 1 in, 2 in, 
and 3 in of total rainfall had a statistically higher SCTE when compared to months with 4 in, 5 in, 
and 7 in of total rainfall. The only month with 6 in of rainfall was in July of 2013 and was 
considered an outlier due to an insufficient number of observations. These results indicate that 
increased rainfall resulted in a decreased in the SCTE. The final Tukey pairwise comparison test 
was performed to find groupings for the rainfall frequency. However, there were no groupings that 
clearly showed that the frequency of rain events had a statistically significant influence on the 
SCTE. In conclusion, the influence of the location, restraint conditions, time of year, and amount 
of rainfall are statistically significant factors that affect the SCTE; however, the frequency of 
rainfall was not. This provides evidence that both the restraint conditions present in the slab as 
well as the relative humidity in the slab influence the SCTE.

4.1.3 Joint Opening and Closing on SR-22

Monthly change in joint width was estimated for the years 2012 through 2015 using each of 
the sensors at locations 7 through 10, Figure C.1. In this study, the joint opening and closing is 
estimated using strain gage data, which will be referred to as field estimated. The field estimated 
monthly change in joint width is determined based on the change in maximum and minimum strain 
the slab experienced during a month. The change in strain was converted to a change in length, 
using Equation 3. It was assumed that that the change in slab length (restraint conditions) is 
uniform throughout the length of the slab but varied transversely across the slab and with depth.

∆Lfield est. = (εmin - εmax) ∗ L ∗ 1000 ⁄in eq. 3
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Where,
∆Lfield est. = field estimated monthly change in joint width, mil 
εmin = minimum strain experienced in a given month10-6 
εmax = maximum strain experienced in the same month, 10-6 
L = slab length (transverse joint spacing), 180 in

The predicted change in joint width is determined based on the change in the temperature 
recorded at the time the minimum and maximum strains occurred. This change in temperature was 
then multiplied by the laboratory measured CTE to determine an equivalent change in strain, which 
is then converted to a change in slab length, using Equation 4.

∆Lpredicted = (Tmax-Tmin)∗α∗L∗1000mil⁄in eq.4

Where,
∆Lpredicted = predicted monthly change in joint width, mil
Tmax = corresponding slab temperature at minimum strain in the slab, °F 
Tmin = corresponding slab temperature at maximum strain in the slab, °F 
α = laboratory coefficient of thermal expansion, 5.71x10-6/°F
L = slab length (transverse joint spacing), 180 in

The maximum and minimum strains were established in a slightly different manner for the 
summer months that experience joint lock-up compared to the colder months that do not. Figure 
C.8a is an example plot of strain data for a month when joint lock-up does not occur. It is seen that 
expansion occurs as the temperatures increase. For this scenario, the minimum and maximum 
strains and temperatures used in the analysis are located at the two extreme ends of the plot. 
However, when joint lock-up occurs, strains will remain constant with increases in temperature 
after the joint locks up. This is depicted on the right side of the graph in Figure C.8b. When this 
occurs, two linear lines are fit to the bilinear data set. The slope of the line that fits the strains for 
temperatures less than the lock-up temperature represents the true rate of deformation due to 
changes in temperature. Therefore, for this scenario, the strain and temperature at this point defines 
the maximum temperature and minimum strain (maximum expansion) to be used in Equations 3 
and 4. The time joint lock-up occurs is established by the point of intersection of these two linear 
lines.

4.1.4 Field Estimated Monthly Change in Joint Width

The field estimated monthly change in joint was established using equation 3 for each sensor 
and presented in Table C.6. The average of the monthly changes in joint width at the top of the 
slab is 40 mils at the corner (Locations 7 and 9) and 37 mils at midslab (Locations 8 and 10), while 
the bottom of the slab is 24 mils at the corner and 21 mils at midslab, respectively. In addition, the 
variability throughout the year is also similar. The top of the slab for the corner and midslab sensors 
had a standard deviation of 12 and 13 mils, respectively, while the bottom of the slab has a standard 
deviation of 9 and 10 mils, respectively. It should be noted that differences in these values reflect 
not only differences in restraint conditions but also special differences in temperatures.

It is expected that the bottom of the slab experiences smaller changes in joint width than the 
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top of the slab because the top of the slab experiences larger temperature swings. However, it is 
noticed that spring and summer months actually have a reduction in the change in joint width even 
though these are the months with the largest temperature swings. This is because joint lock-up 
occurs during these times and additional increases in temperature will not correlate to additional 
joint closure.

The average change in joint width estimated based on sensor location (i.e., average of all 
sensors at the top of the pavement and in the corner, average of all sensors at the bottom of the 
pavement and at midslab, etc.) are graphically depicted in Figure C.13 and Error! Reference 
source not found.. First, the change in joint width at the corner and 3 in from the surface is 
between the changes estimated at the top and bottom but more similar to the bottom, as shown in 
Figure C.13. The average difference between the top of the slab and 3 in down is 10 mils versus 6 
mils when comparing 3 in down and at bottom of the slab.
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Table C.6. Field estimated joint opening and closing 
(mils)

Month-Year
4A- 
CC­

T
4A- 

CC-M
4A- 

CC-B
4A- 

MP-T
4A- 

MP-B
4B- 

CS-T
4B- 

CS-M
4B- 

CS-B
4B- 

MP-T
4B- 

MP-B
January-2012 51 31 24 41 22 41 33 24 42 25
February-2012 43 34 26 42 24 42 35 26 43 26
March-2012 58 52 42 48 40 51 43 42 43 40
April-2012 53 47 37 44 31 49 40 35 40 31
May-2012 42 35 26 36 20 38 29 22 30 16
June-2012 34 31 22 33 17 33 28 20 29 12
July-2012 31 22 12 23 8 24 18 12 18 6

August-2012 40 26 15 29 10 31 22 10 23 6
September-2012 - - - - - - - - - -

October-2012 - - - - - - - - - -
November-2012 47 35 27 39 24 41 33 25 39 25
December-2012 - - - - - - - - - -

January-2013 - - - - - - - - - -
February-2013 48 34 24 47 22 47 37 25 48 25
March-2013 53 31 28 43 24 44 40 26 43 25
April-2013 52 35 40 49 33 46 40 39 44 32
May-2013 45 33 31 40 20 43 34 24 32 17
June-2013 32 21 18 29 11 31 22 15 24 9
July-2013 38 17 13 23 6 26 20 10 19 7

August-2013 42 24 22 33 10 31 24 14 25 8
September-2013 - - - - - - - - - -

October-2013 58 42 43 55 37 56 47 38 52 37
November-2013 54 36 39 50 35 51 43 37 50 36
December-2013 39 30 28 39 25 39 33 27 38 27

January-2014 20 18 17 53 31 53 43 29 57 34
February-2014 50 40 17 53 25 53 41 27 57 28
March-2014 59 36 30 56 30 47 40 33 55 32
April-2014 46 33 33 36 28 38 27 28 34 28
May-2014 33 28 32 28 20 33 25 19 27 14
June-2014 24 19 20 21 9 24 15 * 17 8
July-2014 28 24 17 25 9 25 18 10 19 8

August-2014 31 23 21 26 14 25 19 11 20 7
September-2014 - - - - - - - - - -

October-2014 40 33 24 38 20 38 29 21 36 21
November-2014 49 41 33 49 31 49 42 32 49 32
December-2014 31 28 25 32 21 30 26 23 31 22

January-2015 42 20 18 49 27 45 36 17 49 29
February-2015 58 17 13 61 32 59 46 29 64 36
March-2015 59 34 25 62 27 58 45 30 63 33
April-2015 35 34 32 36 22 35 25 19 33 22
May-2015 31 26 20 32 17 30 21 16 24 14
June-2015 23 17 13 22 9 22 15 8 16 8
July-2015 20 10 10 17 8 19 10 * 14 8

August-2015 19 19 13 27 8 26 17 * 19 7
September-2015 21 22 18 29 12 28 20 13 25 10

October-2015 50 43 34 48 28 47 37 29 41 29
November-2015 51 43 35 49 30 48 39 30 47 31
December-2015 - - - - - - - - - -

Average 41 30 25 39 21 39 31 23 36 21
Standard Dev. 12 9 9 12 9 11 10 9 14 11
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Figure C.13. Average field estimated monthly change in joint width at the slab corners

Figure C.14. Average field estimated monthly change in joint width at midslab

4.1.5 Predicted Change in Monthly Joint Width

The measured slab temperature was used to determine the change in joint width at each sensor 
for the duration of the analysis using Equation 4. The values are reported in Table C.7. There are 
similarities in the predicted values for the corner and midslab sensors. The top of the pavement 
had an average predicted monthly change in joint width of 39 mils at the corner and 40 mils at 
midslab. The bottom of the slab had an average predicted monthly joint width change of 22 mils 
at the corner and 20 mils at midslab. It is intuitive that the bottom of the slab should have a smaller 
change in joint width opening since there are lower temperature swings at the bottom of the slab 
compared to the top of the slab. In addition, the variability in the data is approximately the same. 
The predicted change in joint width at top of the slab has a standard deviation of 12 mils in the 
corner and 13 mils for at midslab, while the bottom of the slab has a standard deviation of 8 mils 
at both the corner and midslab.

Like the field estimated change in monthly joint width, the slab experienced a smaller change 
in joint width in the spring and summer months due to joint lock-up. Joint lock-up typically 
occurred when the slab temperature was between 75 and 90°F, depending on the time of year and 
location within the slab.
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Table C.7. Predicted monthly change in joint width (mils)

Month-Year 4A- 
CC-T

4A- 
CC-M

4A- 
CC-B

4A- 
MP-T

4A- 
MP-B

4B- 
CS-T

4B- 
CS-M

4B- 
CS-B

4B- 
MP-T

4B- 
MP-B

January-2012 50 32 30 44 20 40 30 20 44 21
February-2012 42 34 24 44 22 41 32 22 44 23
March-2012 56 52 44 48 38 51 42 39 43 39
April-2012 55 45 32 45 28 45 37 31 42 30
May-2012 39 34 24 38 20 37 28 22 32 17
June-2012 30 29 20 37 19 31 27 20 35 12
July-2012 32 22 10 29 8 23 18 12 23 8

August-2012 36 21 13 33 10 28 20 8 29 8
September-2012 - - - - - - - - - -

October-2012 - - - - - - - - - -
November-2012 40 31 22 41 20 38 30 21 41 21
December-2012 - - - - - - - - - -

January-2013 - - - - - - - - - -
February-2013 48 27 23 51 21 47 35 21 50 22
March-2013 52 36 23 49 21 46 34 22 49 22
April-2013 50 42 36 53 30 48 40 38 48 29
May-2013 43 36 28 43 21 39 32 23 35 16
June-2013 30 21 17 32 13 28 18 15 28 11
July-2013 35 19 11 25 7 25 19 10 23 9

August-2013 43 25 20 35 11 29 21 14 27 9
September-2013 - - - - - - - - - -

October-2013 54 46 35 58 33 54 45 34 58 34
November-2013 50 42 33 50 31 47 40 31 50 32
December-2013 36 31 24 38 23 36 30 23 38 24

January-2014 19 18 14 57 28 52 40 28 57 30
February-2014 51 42 14 56 24 52 40 25 56 25
March-2014 62 37 26 63 29 46 39 31 62 31
April-2014 46 32 30 38 27 37 27 28 36 28
May-2014 35 29 31 30 20 34 27 19 30 14
June-2014 24 18 22 23 11 23 15 * 20 11
July-2014 29 22 15 25 9 26 18 10 22 8

August-2014 31 21 20 29 17 24 18 11 23 8
September-2014 - - - - - - - - - -

October-2014 38 29 19 41 17 37 27 18 41 18
November-2014 47 39 29 52 27 47 38 28 52 29
December-2014 30 26 21 32 19 29 25 19 31 20

January-2015 45 18 16 47 25 44 36 15 46 26
February-2015 59 17 11 64 29 58 44 28 64 31
March-2015 61 33 22 67 24 60 46 30 66 32
April-2015 35 32 32 38 21 34 26 19 36 21
May-2015 30 23 19 33 18 26 21 19 26 16
June-2015 22 17 12 25 10 21 16 9 19 10
July-2015 21 13 11 24 11 22 13 * 21 12

August-2015 17 17 11 28 11 23 17 * 21 9
September-2015 22 18 14 30 11 27 21 11 27 9

October-2015 46 38 27 50 25 46 37 26 43 26
November-2015 47 39 28 51 27 47 38 27 51 28
December-2015 - - - - - - - - - -

Average 40 29 22 41 20 38 29 22 39 20
Stan. Dev. 12 10 8 12 8 11 10 8 13 9

Bold indicates joint closure occurred. Italics indicates no joint closure occurred.
“*” indicates full joint lock up and the value is unrepresentative of the joint movement.
“-” cell indicates that there was insufficient data to establish a SCTE value and are not included 
in averages.
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Figure C.15. Average predicted monthly change in joint width at the slab corners

Figure C.16. Average predicted monthly change in joint width at midslab

4.1.6 Field Estimated versus Predicted Monthly Change in Joint Width

Graphical comparisons of the field estimated versus predicted average monthly change in joint 
width at the slab corner is shown in Figure C.17 through Figure C.19 for the top, 3 in from the 
surface, and bottom of the slab, respectively. It is thought that the friction between the bottom of 
the slab and top of the base layer reduces the overall slab movement. For a slab on a stabilized 
base, the frictional coefficient is assumed to be 0.65. However, it is clearly shown in Figure C.17 
through Figure C.19 that there are no large reductions in the field estimated monthly change in 
joint width compared to the predicted value. In fact, Figure C.19 indicates that the field estimated 
value can be actually larger than what is predicted. This mostly occurs because the in-situ CTE of 
the slab is slightly larger than the laboratory measured CTE of the concrete. The laboratory 
measured CTE was 5.71 με/°F compared to an in-situ structural CTE, previously determined, of 
5.89 με/°F and 6.13 με/°F for the top and bottom of the slab, respectively [63]. The predicted 
monthly change in joint width is determined using the laboratory measured CTE. The laboratory 
CTE is lower than the in-situ structural CTE, due in-part to the difference in the moisture 
conditions of the laboratory specimen in comparison to the in-situ conditions [63]. Therefore, there 
is a small difference in the predicted monthly change in joint width when using the laboratory 
measured CTE versus the in-situ CTE. The average difference between the field estimated monthly 
average change in joint width and the value predicted using the temperature data was 1.1, 0.9, and
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2.2 mils for the top, 3 in down, and bottom sensors located in the slab corners, respectively. In 
addition, the standard deviation for the difference in field estimated and the predicted change in 
joint opening at the slab corner is 2.0, 2.4, and 2.3 mils for the top, 3 in down, and bottom of the 
slab. Again, these differences are most likely due to the difference between the laboratory 
measured and in-situ CTE. This indicates that the frictional coefficient of 0.65 historically used in 
predicting the change in joint width for pavements on a stabilized base underestimates the actual 
value as there was not a 65% difference between the field estimated and predicted values.

Figure C.17. Field estimated vs predicted average monthly change in joint width at the top of the 
slab in the corners

Figure C.18. Field estimated vs predicted average monthly change in joint width 3 in down in 
the corners

Figure C.19. Field estimated vs predicted average monthly change in joint width at the bottom 
of the slab in the corner
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4.1.7 Back Calculated Frictional Coefficient: Thermal Changes

The design equation used to predict the change in slab length, which is equivalent to change 
in joint width, is provide in Equation 5 [64]. The frictional coefficient in Equation 5 accounts for 
restraint in slab deformation due to friction between the base and the underlying layer.

∆Ldesign = CL(∆Tα + εDS) eq. 5
Where,
∆Ldesign = design change in slab length, in
C = friction coefficient (0.65 for stabilized; 0.8 for granular base; 1 for slab on subgrade)
L = initial slab length, in
ΔT = temperature change, °F
α = laboratory measured concrete coefficient of thermal expansion, 10-6/°F
εDS = laboratory measured ultimate drying shrinkage of the concrete, 10-6

Ideally, the ∆Ldesign from Equation 5 should equal the change in slab length estimated using 
the field data, ∆Lfield est., from Equation 3, or

∆Ldesign = ∆Lfield est. eq. 6

Since the field estimated and predicted change in joint width for this study are determined on 
a monthly basis and the data used was collected after pavement was over 12 years old, it can be 
assumed that drying shrinkage will have a minimal effect on the predicted change in joint width 
for a given month. Thus, the drying shrinkage that develops can be assumed to be zero for Equation 
5. Based on this, the frictional coefficient is simply the ratio of the field estimated change in joint 
width to predicted value, shown in Equation 7.

(εmax - εmin) ∗L∗ 1000mil⁄in 

(Tmax-Tmin)∗α∗L∗1000mil⁄in
eq.7

In this case, the frictional coefficient that is being determined can only be applied to the 
thermal change in slab length, not to the drying shrinkage. The backcalculated frictional coefficient 
for each month and sensor location is shown in Table C.8. Backcalculated frictional coefficients: 
thermal C-value, with monthly average frictional coefficients graphically depicted in Figure C.20 
and Figure C.21. The average backcalculated frictional coefficients and standard deviations are 
reported at the bottom of Table C.5. These values are more representative of a slab on subgrade 
design, where the frictional coefficient is assumed to be 1, and not a stabilized base, which is 0.65.

Month-Year 4A- 
CC-T

4A- 
CC-M

4A- 
CC-B

4A- 
MP-T

4A- 
MP-B

4B- 
CS-T

4B- 
CS-M

4B- 
CS-B

4B- 
MP-T

4B- 
MP-B

January-2012 1.03 0.95 0.80 0.93 1.08 1.02 1.08 1.16 0.96 1.15
February-2012 1.03 1.00 1.09 0.94 1.12 1.03 1.08 1.16 0.98 1.14
March-2012 1.04 1.00 0.95 0.99 1.07 1.00 1.02 1.09 1.00 1.04
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Table C.8. Backcalculated frictional coefficients: thermal C-value

April-2012 0.98 1.04 1.17 0.98 1.08 1.10 1.08 1.15 0.96 1.04
May-2012 1.09 1.05 1.11 0.93 0.99 1.04 1.06 1.00 0.94 0.94
June-2012 1.11 1.04 1.11 0.88 0.92 1.07 1.04 1.01 0.82 1.00
July-2012 0.97 1.02 1.18 0.79 0.96 1.02 1.00 0.96 0.77 0.73

August-2012 1.11 1.23 1.18 0.88 0.93 1.11 1.15 1.21 0.80 0.84
September-2012 - - - - - - - - - -

October-2012 - - - - - - - - - -
November-2012 1.17 1.14 1.23 0.96 1.15 1.08 1.12 1.22 0.96 1.17
December-2012 - - - - - - - - - -

January-2013 - - - - - - - - - -
February-2013 1.00 1.24 1.05 0.93 1.08 1.01 1.06 1.15 0.95 1.13
March-2013 1.02 0.87 1.18 0.88 1.12 0.95 1.18 1.17 0.88 1.14
April-2013 1.04 0.84 1.11 0.92 1.10 0.98 1.00 1.02 0.92 1.09
May-2013 1.06 0.92 1.12 0.92 1.00 1.09 1.05 1.08 0.92 1.05
June-2013 1.07 0.98 1.08 0.89 0.80 1.11 1.23 0.96 0.87 0.81
July-2013 1.08 0.91 1.24 0.95 0.96 1.04 1.05 1.02 0.84 0.77

August-2013 0.96 0.98 1.10 0.93 0.92 1.08 1.14 0.99 0.92 0.99
September-2013 - - - - - - - - - -

October-2013 1.06 0.91 1.21 0.94 1.11 1.03 1.04 1.13 0.89 1.09
November-2013 1.09 0.87 1.20 1.00 1.12 1.08 1.07 1.16 0.99 1.13
December-2013 1.09 0.94 1.16 1.00 1.10 1.09 1.10 1.14 0.99 1.13

January-2014 1.03 0.97 1.19 0.93 1.11 1.03 1.05 1.01 1.00 1.12
February-2014 0.98 0.94 1.16 0.93 1.05 1.00 1.04 1.10 1.02 1.11
March-2014 0.95 0.96 1.17 0.90 1.02 1.01 1.01 1.07 0.89 1.05
April-2014 1.00 1.01 1.13 0.96 1.03 1.03 0.98 1.01 0.94 0.98
May-2014 0.95 1.00 1.03 0.95 1.03 0.97 0.94 0.98 0.88 1.06
June-2014 0.99 1.05 0.90 0.92 0.80 1.04 1.00 * 0.87 0.74
July-2014 0.96 1.10 1.14 0.99 0.94 0.98 0.97 1.05 0.88 1.02

August-2014 1.00 1.12 1.07 0.88 0.81 1.07 1.04 1.02 0.89 0.91
September-2014 - - - - - - - - - -

October-2014 1.05 1.15 1.28 0.92 1.16 1.02 1.06 1.20 0.88 1.16
November-2014 1.04 1.05 1.17 0.95 1.12 1.04 1.10 1.15 0.95 1.13
December-2014 1.05 1.05 1.20 1.01 1.11 1.04 1.04 1.18 0.99 1.13

January-2015 0.93 1.13 1.12 1.05 1.08 1.02 1.02 1.16 1.07 1.12
February-2015 0.98 1.02 1.18 0.96 1.09 1.03 1.05 1.01 1.01 1.17

March-2015 0.96 1.05 1.17 0.92 1.12 0.96 0.97 0.99 0.95 1.03
April-2015 0.99 1.05 1.02 0.95 1.05 1.02 0.98 1.03 0.92 1.04
May-2015 1.03 1.11 1.06 0.95 0.94 1.12 1.00 0.82 0.93 0.88
June-2015 1.02 1.04 1.07 0.91 0.90 1.04 0.95 0.87 0.83 0.81
July-2015 0.93 0.80 0.99 0.70 0.75 0.85 0.79 * 0.67 0.62

August-2015 1.11 1.12 1.12 0.97 0.68 1.13 1.03 * 0.93 0.82
September-2015 0.96 1.23 1.29 0.95 1.11 1.04 0.95 1.10 0.91 1.17

October-2015 1.07 1.12 1.24 0.96 1.10 1.01 1.01 1.12 0.96 1.11
November-2015 1.09 1.10 1.22 0.96 1.11 1.03 1.04 1.12 0.94 1.13
December-2015 - - - - - - - - - -

Average 1.03 1.03 1.13 0.93 1.02 1.03 1.04 1.07 0.92 1.02
Stan. Dev. 0.06 0.10 0.10 0.06 0.12 0.05 0.07 0.09 0.07 0.15

Bold indicates joint closure occurred. Italics indicates no joint closure occurred.
“*” indicates full joint lock up and the value is unrepresentative of the joint movement.
“-” cell indicates that there was insufficient data to establish a SCTE value and are not included 
in averages.
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These findings indicate that the change in joint width due to changes in temperature is 
much larger than what is accounted for in the design process. This potentially can have adverse 
consequences on the performance of the joint sealant. Excessively large joint openings in the 
winter that are unaccounted for can result in strains in the sealant that exceed the allowable strain 
threshold resulting in adhesive or cohesive failures.

Figure C.20 and Figure C.21 show that the largest frictional coefficient is observed in the fall 
and winter months when joint closure does not occur and the in-situ structural CTE is largest [63], 
while the smaller frictional coefficients are observed in the spring and summer months when joint 
closure occurs. This is especially true for the midslab backcalculated frictional coefficients. The 
reduction in the frictional coefficient in the spring and summer months is likely because the field 
estimated and predicted joint closings are small (i.e., less than 10 mils) compared to months when 
joint closure does not occur. Since the backcalculated frictional coefficient is the ratio of the 
predicted to field estimated change in joint width, small differences between the predicted and 
field estimated value cause large changes in the frictional coefficient. For example, sensor 4A-CC- 
T had a field estimated and predicted change in joint width of 51 and 50 mils, respectively, in 
January of 2012. In December of 2014, the field estimated and predicted change in joint width was 
31 and 30 mils, respectively. The difference between the field estimated and predicted change in 
joint width is only 1 mil. However, the field estimated change in joint width in January of 2012 is 
larger than that in December of 2014. Therefore, when the predicted change in joint width is 
normalized by the field estimated value, there will be a larger change in the frictional coefficient 
for December 2014 because the denominator is smaller. This is more noticeable for the months 
with joint lock-up since the field estimated change in joint width is smaller in those months 
compared to the fall and winter months when joint lock-up does not occur.

Figure C.20. Average monthly frictional coefficients (thermal) backcalculated for corner strains 
(2012 through 2015)

75



Figure C.21. Average monthly frictional coefficients (thermal) backcalculated for midslab 
strains (2012 through 2015)

To establish a representative frictional coefficient, the spatial variability must first be 
investigated. Figure C.11 and Figure C.12 show some seasonal variation in the frictional 
coefficients so only the values in the colder months (November, December, January, and February) 
are considered since this is when the joint width will be the widest. First, a paired t-test showed, 
with a 95% level of confidence, that there is not a statistically significant difference between top 
and bottom of the slab regardless of the sensor location (7, 8, 9, 10). The p-value for each location 
was 0.000, 0.000, 0.038, and 0.000, respectively. Results indicate that there is a statistical 
difference between the top and bottom of the slab at all four locations. Since joint sealants are 
placed at the top of the slab, the focus will be on data collected from the top sensors. A paired t­
tests also showed, with a 95% level of confidence (p-value = 0.349), that there is not a statistically 
significant difference in frictional coefficients established near the transverse joint and adjacent to 
the centerline longitudinal joint (Location 7) and adjacent to the curb and gutter (Location 9). 
However, there is a statistically significant difference at a 95% confidence level (p-value = 0.000), 
between the frictional coefficient established using the midslab panel sensors compared to the 
corner sensors. A summary of the frictional coefficients for these subgroups is provided in Table 
C.9. Again, this is only for the months of November, December, January and February. A slightly 
conservative approach would be to establish the frictional coefficient by increasing the average of 
the top sensors at midpanel and in the corners by one standard deviation and then taking an average 
of the two locations. This would be approximately 1.05.
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Table C.9. Winter thermal frictional coefficients

Midpanel Corner
Top Bottom Top Bottom

High 1.07 1.17 1.17 1.23
Low 0.93 1.05 0.93 0.80
Avg 0.98 1.12 1.04 1.13

Stan. Dev. 0.04 0.03 0.05 0.09

From previous research on this pavement section, the strain data was used to establish the 
average in-situ CTE and drying shrinkage are 5.89 με/°F and 153 με, respectively [63]. The 
laboratory measured CTE was 5.71 με/°F and the average drying shrinkage measured in the 
laboratory is 620 με. It is noticed that the in-situ CTE is relatively close in magnitude to the in-situ 
value, and, in fact, the ratio of the in-situ to lab measured CTE is 1.03. This is only a 1.9% 
difference between the ratio for the frictional coefficient, 1.05, and the ratio of the CTE. In 
addition, only about 25% of the drying shrinkage was realized in the pavement. The reduction in 
drying shrinkage was determined to be primarily influenced by pavement restraint conditions and 
an increase in the moisture content of the pavement versus the laboratory test specimens [63]. This 
indicates two separate frictional coefficients should be used in Equation 1, one for thermal 
expansion and one for drying shrinkage. Thus, Equation 1 becomes.

∆L=L(CThem∆Tα+CDSεDS) eq.8
Where,

CThem = friction factor for laboratory CTE
CDS = friction factor for laboratory ultimate drying shrinkage

For the pavement in this study, the CTherm would be 1.05 and CDS would be approximately 
0.25. It should be noted that these values are specific to this pavement but the fact that these values 
are substantially different from what is concurrently used when designing joint reservoirs indicates 
that a re-evaluation of the currently used values is warranted.

The currently used frictional coefficient (0.65 for a stabilized base) was used along with 
Equation 1 and the two newly developed frictional coefficients (1.05 for thermal deformation and 
0.25 for drying shrinkage) and Equation 8 were used to design a joint reservoir for the SR-22 
pavement. The CTE and drying shrinkage measured in the laboratory for the concrete used to pave 
SR-22 were also used. The slab length is 180 in and the change in temperature is 80°F. This 
assumes the temperature of the concrete at the time of sealing is 90°F with a minimum temperature 
of 10°F, which was determined from temperature data from the strain gage. These inputs were 
used to calculate the change in length of the slab. The change in length of the slab was then divided 
by the allowable strain of 0.20, which was determined from literature as the recommended value 
for an asphalt sealant. The required reservoir width for the current method with one frictional value 
is 0.77 in compared to 0.57 in for the new method with two frictional coefficients. This is a 30 
percent difference between these two methods.
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Table C.10. Example reservoir width calculations

New 
(Equation 8)

Current 
(Equation 1)

Ctherm 1.05
0.65

CDS 0.25
L, in 180

CTE, με/°F 5.71
ΔT, °F 80
εD.S., με 620
ΔL, in 0.11 0.16

Allowable Strain 0.20
Reservoir Width, in 0.57 0.77

5.0 Conclusion

Drying shrinkage and coefficient of thermal expansion (CTE) are two key parameters that 
affect the long-term performance of concrete pavements and the extent to which a pavement joint 
opens, and hence, sealant performance. The purpose of this research was to identify variations in 
drying shrinkage and CTE within the pavement structure and to compare laboratory determined 
values with in-situ measurements. This study employed strain data collected over the course of 16 
years from an in-service jointed plain concrete pavement (JPCP) to determine the temporal and 
spatial variation in drying shrinkage and CTE. Influencing factors, such as restraint conditions, 
moisture, location, and time of the year, drying shrinkage and thermal expansion were investigated, 
and the structural CTE (SCTE) was presented. The strain data was also used to determine the field 
estimated and predicted joint opening and closing for each month which is used to estimate the 
frictional coefficient used in joint reservoir design.

Drying shrinkage was found to be influenced by moisture content, w/c ratio, and restraint 
conditions. In-situ ultimate drying shrinkage was as low as 31% of the laboratory determined 
value, which could result in overestimation of the joint width. Large increases in drying shrinkage 
were identified in slabs where incompressibles were observed, which indicates that poor sealant 
could contribute to the buildup of incompressibles in the joint and joint lockup.

On average, SCTE was found to be greater than the laboratory measured CTE. Statistical 
results indicate the SCTE is influenced spatially, due to restraint conditions, and the internal 
relative humidity of the concrete. However, the SCTE is not influenced by the frequency of rain 
as it is hypothesized that the pavement can sufficiently dry out after rain events. These results 
indicate that the critical properties of drying shrinkage and CTE vary significantly throughout the 
slab as a function of climate and restraint conditions. The currently relied upon laboratory 
measurements are unable to capture this variation, which could lead to significant discrepancies 
between the field estimated and predicted joint opening.

The field estimated and predicted joint opening and closing are similar. This indicates that the 
frictional coefficient does not have a significant impact on reducing expansion and contraction of 
the slab when thermal changes occurred. The use of an inaccurate frictional coefficient in 
estimating the maximum joint opening will lead to an improper joint reservoir design and the 
potential for premature sealant failure. It is recommended that separate frictional coefficients, one 
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for thermal changes and one for drying shrinkage, should be used in the design of a joint reservoir 
for JPCPs. Results from the study indicated that the frictional coefficient for thermal changes in 
the slab is approximately 1.05 for this pavement, which is larger than 0.65 which is currently used 
for a slab on a stabilized base. In addition, it is suggested that the frictional coefficient for drying 
shrinkage should be between 0.21 and 0.30 for this pavement section. Finally, there is a 30% 
difference in joint reservoir width when using two and one frictional coefficient in sealant design.
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Appendix D. Laboratory Evaluation of Sealant Performance
1 .0 Introduction

Transverse joints are sawed to control the location of crack development due to temperature 
fluctuations when constructing a jointed plain concrete pavement (JPCP). Joints are typically 
sealed or filled to prevent pavement distresses, such as joint spalling and faulting. The critical 
factors that must be considered when designing the joint include the sealant type, the reservoir 
geometry, and the installation quality. The selection of joint sealant material and reservoir design 
can be optimized to enhance joint performance, assuming that the joint construction practices are 
sufficient. Although these practices are standardized, many state departments of transportation 
(DOTs) have reported premature adhesive and cohesive joint sealant failure. The work discussed 
previously has established possible correlations between joint distresses and premature sealant 
failure. Additionally, previous work has shown that the field-measured change in joint width due 
to changes in temperature is much larger than what is accounted for in the design process. 
Excessively large joint openings in the winter that are unaccounted for can result in strains in the 
sealant that exceed the allowable strain threshold resulting in the observed premature failures. 
Therefore, there is a need to review the typical transverse joint designs and assess their 
performance with respect to more accurate field conditions. The standard PennDOT transverse 
joint designs for asphalt and silicone sealants have been assessed with respect to freeze-thaw 
durability, resiliency (joint opening and closing with temperature changes and vertical 
displacements from vehicle loads), and extensibility.

2 .0 Laboratory Study

The purpose of the laboratory study discussed in this section is to assess and quantify the 
performance of standard PennDOT joint designs and sealant materials under typical field 
conditions for Pennsylvania. The performance of the joint is related to its ability to withstand 
freezing conditions, joint movement from temperature fluctuations, and repeated load applications. 
Therefore, freeze-thaw durability, resiliency to thermal and vehicular load fatigue, and 
extensibility before and after conditioning were assessed for varying joint reservoir designs and 
sealant materials.

2.1 Joint Designs and Sealants

Two sealant types were used for this study, silicone and asphalt, since they are the most 
commonly used sealant materials in Pennsylvania. The silicone sealant material used is the Sikasil 
728 Non-Sag Silicone Sealant. According to the manufacturer, this material has been tested 
according to ASTM D-412 and has a measured tensile strength of 175 psi [65]. Additionally, the 
material tensile strength was measured to be 35 psi at 100% elongation and the percent elongation 
at break is approximately 1000% per ASTM D-412. The asphalt sealant used for this study is Dura- 
Fill 3405 LM (K) made by P&T Products. According to the manufacturer, this sealant meets all 
requirements of ASTM-D6690 [66].

Three joint sealant designs were considered for this study, depicted in ). These large strains at 
the surface of the sealant lead to the development of cohesive failures. As the cohesive failures 
propagate at the surface of the sealant, the stress in the bulk sealant material is dissipated at the 
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surface, but it is believed that there is an increase in stress that develops at the interface between 
the sealant and the concrete. This higher stress at the concrete interface leads to the development 
of adhesive failure, which propagates down the length of the joint, causing the sealant to peel away 
from the concrete wall. This phenomenon was seen for many of the asphalt filled and asphalt 
reservoir specimens, where first cohesive failures developed, then adhesive failures followed. It 
was seen for several of the asphalt filled and asphalt reservoir specimens that the adhesive failure 
initiated along the surface of the sealant, which was expected based on the calculated strains in 
Table D.4. Two designs were used for specimens sealed with asphalt, and one design was used for 
those sealed with silicone. The designs considered for the asphalt-sealed specimens follow 
concrete pavement joint Detail D in PennDOT Publication 72M [67], which is the typical reservoir 
design used by PennDOT, and the dimensions recommended by the American Concrete Pavement 
Association (ACPA) for asphalt-filled joints [4]. Although PennDOT does not typically construct 
asphalt-filled joints, there has been discussion of using this design in future pavement projects. 
These designs are referred to as asphalt-sealed and asphalt-filled, respectively. These joint designs 
are sawed into 3-in x 4-in x 6-in concrete specimens, which represents a section of a JPCP 
transverse joint. The joint reservoir design for the asphalt-sealed specimens consists of a 0.13-in 
initial cut, a 0.38-in reservoir width, and a 1.38-in reservoir depth. The top of the backer rod is 
placed 0.88 in below the surface of the concrete. The depth of the asphalt sealant for this design is 
0.75 in, providing a shape factor (W:D) of 1:2. Although this shape factor is different than what is 
commonly recommended (1:1) [4] [68], this design is typically used by PennDOT and is 
considered adequate for this study. The reservoir design for the asphalt-filled joints consists of a 
single 0.25-in wide cut down the height of the specimen. A 1.5-in spacer is placed at the bottom 
of the asphalt-filled specimens to control the depth of the sealant. The depth of the asphalt sealant 
is 2.38 in and is recessed 0.13 in from the surface of the concrete, providing a shape factor of 
1:9.5.

The joint reservoir design used for specimens sealed with silicone follow concrete pavement 
joint Type P described in PennDOT Publication 72M [67], which is commonly used by 
PennDOT for silicone-sealed joints. The width and depth of the reservoir were 0.38 in and 1.38 
in, respectively, and a 0.13-in wide initial cut is made down the height of the specimen. While 
this design is slightly modified from the typical Type P drawing, the modifications were made 
for ease of fabrication and have no impact on the sealant shape factor. The top of the backer rod 
is placed 0.5 in below the surface of the concrete, and the silicone is recessed 0.13 in below the 
surface of the concrete. The width of the silicone sealant for this design is 0.38 in, providing a 
shape factor of 1:1.

Figure D.1. Schematic of (a) asphalt reservoir design “AR” (b) asphalt filled design “AF” (c) 
silicone reservoir design “SR”
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2.2 Specimen Fabrication

2.2.1 Mixture Design

Each concrete specimen is cast and cured in the laboratory according to ASTM C19 [69]. The 
mixture design developed for these specimens is representative of a typical slipform paving 
mixture, shown in Table D.1. The target 28-day compressive strength at the time of testing is equal 
to 5,500 psi, the target air content is 6% +/- 1%, and the target slump is 3 in +/- 0.5 in. Concrete 
mixing procedures as well as slump and air content tests were followed in accordance with ASTM 
standards [70, 69, 71]. The specimens were de-molded after 24 hours and placed into a wet curing 
room in accordance with ASTM C192 [69]. The compressive strength of this mixture was 
measured following ASTM C39 [72]. The average 28-day compressive strength for this mixture 
design was measured to be approximately 5,700 psi.

Table D.1. Concrete mixture design

Material Weight (lb/cy) Volume Fraction
Coarse limestone aggregate 1918 0.42

Fine aggregate 1078 0.24
Cement 630 0.12
Water 265 0.16

Air - 0.06

Custom forms were fabricated to mold 3-in x 4-in x 6-in specimens, as shown in Figure D.2. 
The forms consist of 0.125-in thick plastic spacers that extend 1 in into the bottom of the specimen, 
which is meant to simulate a portion of an initial saw cut and is used as a reference point for the 
sawing procedure. Additionally, each specimen mold consists of 4 binding posts, two on each face 
of the specimen, which are used to install the specimen into a fatigue test frame. These posts are 
located 2 in above the bottom of the specimen and 2 in inward from the outer edge, shown in 
Figure D.3. Two of the cast specimens can be seen in Figure D.4.
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Figure D.2. Specimen form

Figure D.3. Individual specimen mold
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Figure D.4. Cast specimen (a) side view and (b) front view

2.2.2 Planing the Surface

A flat surface is needed for measuring the permeability of the sealant, described later. The top 
surface of each specimen is ground flat with a 100-grit grinding wheel on a Clausing CSG3A818 
Surface Grinding Table. Figure D.5 shows examples of unground and ground specimens. Each 
pass of the grinding wheel removes approximately 0.01 in of material from the surface of the 
sample, and enough passes are made until a smooth, even surface is achieved.

Figure D.5. Top view of (a.1) unground and (a.2) ground specimens, and front view of (b.1) 
unground and (b.2) ground specimens
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Figure D.6. Clausing CSG3A818 surface grinding table

2.2.3 Sawing the Reservoir

The reservoirs were cut using a wet saw after each of the specimen surfaces were ground 
flat. An aluminum cutting jig was fabricated to hold the specimen during the sawing procedure. 
The specimen is attached to the jig by the two binding posts on one of the edge faces of the 
concrete. A 0.13-in saw blade was used with 0.13-in wide spacers to allow fine adjustments to be 
made to the jig, while cutting the asphalt and silicone reservoir joints. The blade depth was set to 
1.38 in from the top of concrete to meet the required reservoir depth for these specimens. Two cuts 
were made for the two outer edges of the reservoir. The third cut required that the specimen was 
flipped upside down to expose the initial saw cut notch at the bottom of the specimen. The 
specimen was then re-installed upside down into the jig with one spacer and cut with the 0.13-in 
wide blade. This cut required the blade depth to be set through the entire height of the specimen. 
The reservoir for the asphalt filled specimens required a 0.25-in blade for cutting. The specimen 
and jig were lined up in similar fashion to the process previously described, but only one cut is 
necessary through the height of the specimen.
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Figure D.7. Saw cutting setup with jig

2.2.4 Sealing

The process of sealing the samples begins by arranging them side-by-side in groups of like­
designs. Spacers are placed at the bottom of the initial saw cut to maintain a proper reservoir width. 
Half-inch diameter backer rod is inserted into the asphalt reservoir and silicone reservoir 
specimens and is set to the appropriate depth. Wooden boards were used to block the ends of each 
specimen and contain the fresh sealant. These boards were attached 0.13 in below the surface of 
the concrete and clamps were used to secure the boards to the specimens. The width of each joint 
reservoir and the alignment of each specimen is checked prior to sealing. The general setup is 
shown in Figure D.8. All the asphalt reservoir and asphalt filled specimens were sealed in the field 
while the silicone reservoir specimens were sealed in the laboratory. The asphalt specimens were 
sealed onsite. The sealant was heated to its melting temperature and placed in each specimen joint 
by the sealing crew. The depth of the sealant from top of concrete could not be leveled with a tool 
due to the sealant temperature, however, much care was taken to ensure that the recess of the 
sealant was 0.13 in. The specimens were then left to cool for approximately 72 hours.
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Figure D.8. Sealing setup for (a) asphalt reservoir and (b) asphalt filled specimens, sealed in the 
field

For silicone specimens, a standard caulk gun is used to bead the room-temperature sealant 
into the joint openings, filling from the top of backer rod up to approximately 0.13 in beneath the 
surface of the concrete (see Figure D.9). A plastic leveling tool is used to level and recess the 
sealant 0.13 in below the concrete surface. These specimens are left to set for 24 hours. Due to the 
non-sag properties of the silicone sealant, it was seen in some cases that the sealant did not fully 
cover the top of the backer rod at the edges of the specimens. This can be observed in Figure D.10c.

Figure D.9. Sealed silicone reservoir specimens in laboratory
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An example of each specimen type is shown in Figure D.10. Each half of the joint for every 
specimen is arbitrarily labeled as side A or side B, which is used during installation into the fatigue 
load frame, described later. A plastic spacer is kept at the bottom of each specimen to maintain the 
correct reservoir shape during storage and transportation of each specimen. Additionally, hook- 
and-loop straps are used to hold each specimen securely.

Figure D.10. Examples of (a) asphalt reservoir “AR”, (b) asphalt filled “AF”, and (c) silicone 
reservoir “SR” specimens

3.0 Simulated Field Conditions

The general approach to quantifying joint performance is as follows. The extensibility of 
each joint design is measured to quantify the performance of a newly constructed joint. Initial 
performance testing is conducted on additional specimens to measure the bond quality between 
the sealant-concrete interface, the initial stiffness of the sealant, and the stored energy in the sealant 
during joint opening and closing. These specimens are then subjected to six freeze-thaw cycles 
and the performance of the joint is tested again. This process is meant to analyze the durability of 
the sealant in response to freeze-thaw conditions. Next, the resilience of each specimen is measured 
with an accelerated loading protocol. Each specimen is subjected to 850 thermal loading cycles 
and 5,000 vehicular loading cycles, simulating 7 years of fatigue exposure. Realistic loading 
conditions for activated and non-activated joints were identified using in-situ strain data from an 
instrumented JPCP. The performance of the joint is measured once again, and this process of 
fatigue and performance testing is conducted 6 times. In total, the specimens are subjected to 42 
years of simulated thermal and vehicle loading. Finally, the specimens are tested for extensibility. 
To quantify the change in performance of each design, extensibility testing is performed on both 
specimens that have been loaded to simulate the 42 years in service and specimens that were 
freshly sealed. This process is summarized in the flowchart below.
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Figure D.11. Research approach

3.1 Exposure

The durability of each sealant type is measured by exposing the specimens to cycles of 
freezing and thawing. Each specimen is saturated in a cure room prior to the first freeze. It is 
expected that the expansion and contraction of water particles will induce damage in the internal 
structure of the sealant as it freezes and thaws. This procedure is conducted using a large freezer 
chest, shown in Figure D.12, which has a minimum temperature of -10°F. The saturated specimens 
are placed into baskets at the bottom of the freezer chest. Two non-sealed specimens with 
embedded thermocouples are used to monitor the internal concrete temperature. These are 
connected to a Campbell Scientific datalogger and laptop for data collection, both of which are on 
a mobile cart outside the freezer chest. The saturated specimens are left in the freezer until the 
internal temperature of the concrete reaches 5°F. This temperature was selected based on in-situ 
data collected from an instrumented pavement section on SR-22 in Murrysville, PA. It represents 
the average daily low pavement temperature in the winter minus two standard deviations. It takes 
approximately 7 hours for the specimens to reach this internal temperature. The specimens are then 
removed from the freezer and are placed in a cure room, which is between 70 and 77°F as per 
ASTM C192 [69]. The specimens are left in the cure room until the internal temperature of the 
concrete stabilizes to 73°F, which takes approximately 2 hours. Therefore, one freeze-thaw cycle 
can be accomplished within one workday. It should be noted that throughout freezing and thawing, 
each specimen is bound with a hook-and-loop strap to prevent joint movement and damage during 
transfer. Preliminary testing indicated that for asphalt reservoir and asphalt filled specimens, no 
additional significant reduction in sealant stiffness was observed after 6 freeze-thaw cycles. 
Additionally, for silicone reservoir specimens, no additional significant reduction in stiffness is 
observed after 1 freeze-thaw cycle. Therefore, each test specimen was exposed to a total 6 freeze­
thaw cycles since no further damage is expected to accumulate from additional cycling.
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Figure D.12. Specimens in freezer at beginning of freeze cycle with the thermocouple-embedded 
specimens at the far left of the freezer

Figure D.13. Specimens in the cure room at the beginning of the thaw cycle with the 
thermocouple-embedded specimens against the back wall

3.2 Fatigue

The resilience of each joint design is measured by fatiguing the specimen horizontally to 
simulate joint opening and closing in the winter months, and vertically to simulate differential 
deflections from vehicle loading. Excessive joint movement, especially during the winter season, 
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is a large contributor to sealant deterioration and loss in joint performance. Therefore, a fatigue 
test was developed to simulate joint opening and closing in response to concrete thermal changes, 
and vehicle loading across the joint during the winter months.

3.2.1 Thermal loads (Joint opening/closing)

The configuration used to simulate thermal loading is referred to as the tensile displacement 
laboratory setup, shown in Figure D.14. This small-scale laboratory setup consists of a 5.5-kip 
hydraulic actuator, which is used in displacement control to open and close the specimens to 
simulate thermal loading. The hook-and-loop straps are removed from the test specimen, and 
aluminum plates are attached to both sides of the specimen to install it in the load frame. Side A 
of the specimen is attached to the base plate and side B is attached to the top plate. The actuator 
displaces side B by a pre-determined amount in a haversine wave at a rate of 1 Hz. The specimen 
is subjected to 850 cycles of joint opening and closing. This number of cycles was selected based 
on the number of winter days in which a joint will open and close over a 7-year period (121 winter 
days per year for 7 years). Fifteen years is the typical amount of time between pavement 
rehabilitation projects. Therefore, after one fatigue test, the amount of damage accumulated 
halfway to the first rehab can be quantified. After 150 cycles, 20 cycles of load and displacement 
data are collected. This repeats throughout the thermal fatigue test, resulting in 5 groups of data 
per specimen per test.

As described in Appendix C, concrete pavement temperatures measured using 
thermocouples installed in SR-22 during January, February, November, and December of 2014 
were used to calculate the theoretical transverse joint movement. The temperatures used were 
compared to ambient temperatures in 2014 from the National Oceanic and Atmospheric 
Administration (NOAA) and were found to be representative of typical temperatures for the region 
[73]. Based on the data collected from SR-22, a temperature range of between 20°F to 50°F was 
determined to accurately represent the expected pavement temperatures in the winter months in 
Pittsburgh, PA. The sealant temperature of each specimen was 20°F prior to being installed in the 
load frame. The sealant temperature at the end of the thermal load test is approximately 50°F. The 
sealant temperature is monitored throughout the test using a FLIR E50 infrared camera, shown in 
Figure D.15.
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Figure D.15. Joint opening/closing fatigue (a) infrared photo and (b) corresponding specimen

3.2.2 Joint opening

In-situ temperature data from SR-22 was not only used to establish the test temperature of 
the specimen but also to estimate typical joint movement during the winter months in Pittsburgh, 
PA. During January, February, November, and December of 2014, the average daily low 
temperature minus one standard deviation was found to be 25°F. The average daily high 
temperature plus one standard deviation was found to be 50°F. These temperatures can be 
correlated to joint movement using Equation 8 described in Appendix C. The concrete coefficient 
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of thermal expansion (CTE) and drying shrinkage were assumed to be 5.5x10-6 με/°F and 520 με, 
respectively, based on laboratory measured values as described in Appendix C. The slab length 
and pavement temperature at time of sealing were 15 ft and 85°F, respectively. Using these values, 
the theoretical joint movement corresponding to 25°F and 50°F pavement temperatures is +78 and 
+53 mils, respectively. These inputs are summarized in Table D.2.

Table D.2. Non-activated joint movement parameters

Joint Reservoir Design Parameter Value

Concrete CTE 5.5*10-6 με/°F

Concrete drying shrinkage 520 με

Avg. slab temp. @ time of seal 85°F

Slab length 15 ft

Initial joint width Reservoir = 0.38 in; Filled = 0.25 in

Pavement Thermal Condition* Joint Movement

Avg. low winter temp. – 1 std dev. = 25°F Initial joint width + 78 mils

Avg. high winter temp. + 1 std dev. = 50°F Initial joint width + 53 mils

*Established from SR-22 thermocouple data in Pittsburgh, PA (Jan., Feb., Nov., Dec. 
2014)

Each joint design was subjected to joint opening/closing fatigue simulating the expected 
fluctuations in pavement temperature throughout a typical winter. This was performed by 
displacing side B of the specimen upward by +67 mils from the original (i.e., unopened) position. 
This specimen is held at this location for 1 minute so the force can stabilize. The specimen is then 
cycled between +78 and +53 mils of displacement from the original position for 850 cycles. The 
load cell then moves side B of the specimen back to the origin at a displacement of +67 mils and 
maintained at this position for 2 minutes as the force stabilizes. The data acquisition system records 
load and displacement during each test at a frequency of 100 Hz. The specimen is then removed 
from the tensile displacement setup, the hook-and-loop strap is used to secure the specimen, and 
the condition of the specimen is evaluated, as described below. This procedure is conducted 5 
times, for a total of 6 to simulate 42 years of thermal loading in the shakedown testing, It was 
found that no damage accumulation had occurred for any of the specimens. This suggests that 
under typical conditions using standard PennDOT transverse joint designs and materials, joint 
failure should not occur. However, premature joint failure is still reported to occur.

The joint opening/closing fatigue loading protocol was re-evaluated to simulate a more 
critical range of conditions. January and February are typically colder than November and 
December based on the in-situ temperature data, which corresponds to a greater joint movement. 
The average daily pavement temperature for January and February in 2014 minus two standard 
deviations was found to be 10°F, which can be considered an extreme temperature event. The 
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theoretical joint opening for this extreme cold condition is +93 mils using the joint reservoir design 
parameters in Table D.2. It was also assumed that every third or fourth joint activates early on in 
Pennsylvania. With this assumption, the pavement effective slab length could be anywhere from 
15 ft to up to 60 ft. If the assumed effective slab length is 30 ft, the expected joint opening would 
be +186 mils.

This anticipated joint opening was compared to a joint sealing survey to ensure that the 
values are realistic. PennDOT conducted a joint sealing survey from September 2021 to August 
2022, which documented the average joint opening for 7 different pavement sections with 15-ft 
transverse joint spacings on Pennsylvania highways [9]. A summary of the survey is provided in 
Table D.3. It can be seen that the average joint width ranged between 0.38 to 0.45 in with the 
maximum joint width ranging between 0.71 and 0.51 in. These widths correspond to joint openings 
of +136 and +333 mils, respectively, assuming a design reservoir width of 0.375 in. The estimated 
+186 mils of joint movement is within the documented range of joint widths in the field, so this 
amount of movement is being observed in the field based on the survey data.
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Table D.3. PennDOT joint sealing survey results for JPCP with 15-ft joint spacing [9]

Project
Pavement 

Construction 
Year

Type of 
Sealant

Age of 
Pavement 

(Years)

Age of 
Sealant 
(Years)

Ave. 
Jt. 

Width 
(in)

Max. 
Jt. 

Width 
(in)

Min. 
Jt. 

Width 
(in)

Max. Jt. 
Opening 

(in)

Min. Jt. 
Opening 

(in)

Missing 
Seals 
(%)

Adhesion 
/Cohesion 

Failure (ft)

Cracking 
/Elasticity 

(ft)

Missing 
Sealant 

(ft)

Total 
Sealant 

Distressed 
(ft)

A02N 2003 Type IV 18 2 0.50 0.63 0.43 0.25 0.06 0 14 4.5 0.25 18.75
A02S 2006 Type IV 15 2 0.42 0.51 0.35 0.14 -0.02 3 144 0 11 155

A05 2015 Type II 6 4 0.38 0.55 0.28 0.18 -0.10 14 261 0 59 320

A08A 2002 Type II 20 1 0.59 0.71 0.47 0.33 0.10 0 0.83 0 0.08 0.91

A10 2014 Silicone 8 8 0.54 0.59 0.43 0.21 0.06 2 84 0 8.5 92.5

A12A 2016 Type II 5 5 0.50 0.51 0.47 0.14 0.10 5 318 0 22 340

A12B 2018 Type IV 3 3 0.48 0.55 0.43 0.18 0.06 3 376 0 11 387



These revised joint openings were then incorporated into the testing regime previously 
described in the following manner. The specimen is 20°F when it is placed into the load frame. 
The joint is opened to +119 mils. After the force stabilizes, a haversine wave with a minimum 
displacement of +53 mils and a maximum displacement of +186 mils is applied at a frequency of 
1 Hz. A total of 850 cycles are applied. The specimen is then set back to its original position and 
is removed from the load frame. The specimen condition is assessed (permeability and stiffness), 
and then the complete procedure (fatiguing and conditions assessment) is conducted five more 
times, for a total of six.

3.2.3 Vehicle loads (vertical differential deflections)

To simulate a realistic lifecycle of a JPCP joint, the effects of vehicle loading must also be 
considered. Shear displacement loading conditions were incorporated into the test setup. This 
small-scale laboratory setup is meant to simulate a vehicle travelling over the transverse joint 
causing differential deflections between the approach and leave slabs. The shear displacement 
laboratory setup, shown in Figure D.16, also incorporates a 5.5-kip actuator in displacement 
control. Side A of the specimen is attached to the bottom arm and a spacer is placed under side B 
to prevent shear stress on the sealant during installation into the load frame. Side B of the specimen 
is attached to the top arm, which is connected to the load cell of the actuator.

The target test temperature for each specimen is again 20°F. Once the specimen is installed 
in the load frame, side B displaces by +/- 10 mils in a haversine wave for 5000 cycles at a rate of 
5 Hz. This range of displacement was chosen based on the maximum allowable relative deflection 
for doweled concrete pavements [74]. The number of load applications for this fatigue test is 
intended to simulate 7 years of vehicular loading, so the damage from vehicle load fatigue 
accumulated up to the first rehab can be quantified. Although the first rehab should be after at least 
15 years in service, a differential deflection of +/- 10 mils represents an extreme condition after 
joint performance declines below an acceptable level. After 480 cycles at 5 Hz, the system slows 
to 1 Hz and 20 cycles of load and displacement data are collected at a frequency of 100 Hz. The 
decrease in loading rate was required to reduce the noise in the data. This process repeats 
throughout the vehicle fatigue test, resulting in 10 groups of data per specimen per test. The sealant 
temperature is monitored throughout the test with the infrared camera. The specimen is then 
removed from the shear displacement setup, the hook-and-loop strap is used to secure the 
specimen, and the specimen condition is evaluated. This procedure is also conducted five 
additional times, for a total of six.
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Figure D.16. Shear displacement setup

3.3 Condition Evaluation

It is critical to quantify changes in joint performance and damage accumulation in response 
to freeze-thaw exposure and fatigue conditions. The condition of each specimen is evaluated using 
two methods. The first method assesses joint resistance to water infiltration, which is used to 
quantify the bond quality between the sealant and the concrete face and within the bulk sealant 
material through a permeability test. The second method quantifies the degradation of the sealant 
material by assessing the reduction of the stiffness of the sealant and the energy stored in the 
sealant as it opens and closes. Both methods are conducted before freeze-thaw conditioning, after 
freeze-thaw conditioning, and then after each round of thermal and vehicular fatigue testing.

3.3.1 Sealant stiffness

Monitoring the change in elastic modulus and shear modulus of the sealant is used to 
quantify degradation of the sealant performance. Sealant stiffness is also quantified using the 
tensile displacement laboratory setup. Twenty cycles are applied to each specimen in a haversine 
wave at 1 Hz while the specimen is at room temperature, in the same manner as was described for 
the joint opening fatigue loading. The change in lateral and shear stresses and strains are 
determined from the captured load and displacement data to assess the change in stiffnesses for 
each specimen.
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3.3.2 Energy

Another parameter that can be used to quantify the sealant performance is the change in 
energy dissipation during joint movement. As a joint opens and closes, the energy required to move 
the joint is stored in the sealant and dissipates throughout the material. This concept has typically 
been explored in the area of asphalt binder performance. Past research has shown that as asphalt 
binder accumulates damage, the dissipated energy decreases [75]. This idea of dissipated energy 
can be extrapolated to joint sealants used in pavements and can be used to characterize the 
performance of different joint designs. To measure this, 20 cycles are applied to each specimen in 
a haversine wave at 1 Hz while the specimen is at room temperature, in the same manner as was 
described for the joint opening fatigue loading.

3.3.3 Permeability

Water and incompressibles can easily infiltrate a joint where adhesive or cohesive damage 
is present, which can lead to premature joint failure. A permeability test was developed to monitor 
the rate of water infiltration through the joint over a short period of time. The apparatus used in 
the permeability test consists of an aluminum harness, a 3D-printed funnel, brass spacers to 
maintain the joint reservoir at a 78-mil opening, and a rubber gasket. The test is conducted by 
opening the reservoir of each specimen by 78 mils (i.e., the maximum opening in the winter months 
based on in-situ temperature data from SR-22) and filling the cavity above the sealant with water. 
The permeability test is used to assess the bond quality between the sealant material and the 
concrete substrate (adhesive failure), as well as any tearing that might develop within the sealant 
material (cohesive failure).

A test specimen is placed into the aluminum harness and spacers are used to open the joint 
by 78 mils. Plumber’s putty is placed on top of the sealant to seal the edges to prevent water from 
leaking out of the joint and to mitigate edge effects. The rubber gasket is placed on top of the putty 
and over the joint to seal the top of the specimen. A funnel with an attached graduated cylinder is 
then lined up with the gasket, and an aluminum top plate is placed over the assembly through 6 
threaded rods, attached and tightened with 6 hex nuts. The top plate is tightened uniformly at all 
six hex nuts to ensure equal force on all sides. After the harness is assembled, a syringe is used to 
inject approximately 1 fluid ounce of water into the funnel/graduated cylinder assembly. A 
stopwatch is used to track the timing of the water infiltration for 5 minutes, and the amount of 
water lost through the joint is documented.
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Figure D.17. Assembled permeability test apparatus with test specimen

Figure D.18. Disassembled permeability test apparatus

3.4 Extensibility

Quantifying the change in performance from the beginning to the end of the sealant life is 
critical in determining the impact of freeze-thaw exposure and fatigue conditions on the sealant. 
The change in extensibility at failure between newly sealed joints and sealants after 42 years of 
simulated in-service conditions was evaluated.
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3.4.1 New Seal

Three samples of each joint design are fabricated and are used to measure the extensibility 
prior to freeze-thaw and fatigue conditioning. The test temperature for each specimen is 30°F, 
which is the average pavement surface temperature in the winter months based on the data 
collected for SR-22. The temperature of the sealant is monitored using an infrared camera. The 
test begins by placing the specimen into the tensile displacement test frame and opening the joint 
to 4.0 in from its original position at a rate of 2.0 in per minute. This is an accelerated rate of the 
standard ASTM D5329 bond test [76], and has been shown effective in previous studies [77]. The 
sealant temperature, force, displacement, and the mode of failure are monitored throughout the 
test. Failure of each specimen is based on visual inspection and the peak tensile force during the 
test. The temperature at failure and mode of failure (adhesive or cohesive) are documented. No 
additional testing is conducted on these specimens once extensibility testing is completed.

3.4.2 Conditioned

Extensibility testing is also conducted on test specimens that have been conditioned. After 
each specimen has undergone freeze-thaw exposure, thermal and vehicular fatiguing, and the 
condition of the joint has been evaluated, the final extensibility of each specimen is determined. 
The test procedure is the same as that for newly sealed specimens. The findings from the new 
sealants are compared to those from the sealants exposed to freeze-thaw and fatigued to quantify 
the change in sealant performance after 42 simulated years in service.

4.0 Results

The following section describes the results of exposing each joint design to freeze-thaw 
conditions, joint opening/closing and vehicular fatigue loading, and the change in ultimate 
extensibility in response to conditioning.

4.1 Freeze-Thaw Exposure

Two replicates of each joint design were subjected to several rounds of freeze-thaw (F-T) 
conditioning. This consisted of applying five F-T cycles. Any damage accumulated during the F­
T cycling was assessed by then applying 20 cycles of thermal and vehicular fatigue loading at 
room temperature to determine any change in stiffness. This condition of the seal was also 
evaluated by measuring permeability. This process was repeated three times, for a total of 15 
freeze-thaw cycles. Preliminary testing indicated that there was no significant reduction in stiffness 
and the seal was not compromised (based on visual inspection and permeability testing) after six 
freeze-thaw cycles for the asphalt reservoir and asphalt filled specimens. There was also no 
significant reduction in stiffness beyond the first freeze-thaw cycle for silicone reservoir specimens 
and the seal was not compromised (based on visual inspection and permeability testing). Therefore, 
it was determined that each specimen will be subjected to six freeze-thaw cycles where the sealant 
stiffness stabilized prior to fatiguing the sealant. It should be noted that the amount of freeze-thaw 
exposure analyzed in this study was limited by the equipment used and the time it took to complete 
one cycle. In future work, the effect of more extensive freeze-thaw exposure on each joint design 
should be analyzed to better understand the impact on sealant deterioration.
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4.2 Condition Evaluation

The following section describes the results of the methods used to evaluate the condition 
of the sealant of specimens after being exposed to joint opening/closing and vehicular fatigue 
loading. Each round of fatigue exposure is referred to as a new damage event. The properties 
discussed in this section include sealant stiffness, energy dissipation throughout the sealant 
material during joint movement, and joint permeability.

4.2.1 Sealant Stiffness

After each damage event, the specimens are evaluated at room temperature to determine 
the change in elastic and shear moduli. The elastic modulus is determined by applying 20 joint 
opening/closing cycles to the specimen at room temperature. The stresses corresponding to three 
different strain levels that are passed through during joint closure are used to calculate the stiffness 
of the sealant. Stresses are calculated by dividing the measured force by the calculated mid-width 
cross-sectional area of the sealant at a known joint opening using Equations 9 through 11, 
described below.

In response to joint opening, the sealant forms a parabolic arc shape along the top, and the 
existing parabolic arc along the top of the backer rod elongates. The thickness, t, of the sealant at 
mid-depth then decreases as the joint continues to open. This phenomenon is shown in Figure 
D.19. The thickness of the extended sealant corresponds to the original sealant depth minus the 
height of the parabolic arcs at the top and bottom of the sealant. The height of the top parabolic 
arc can be found using an equation previously established by Tons for the area of a parabola [39]. 
The height of the bottom parabolic arc must then be determined to establish the thickness of the 
sealant, which can be found using the following Equation 9 and is described in Figure D.20.

Figure D.19. Change in sealant shape with joint opening
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Figure D.20. Sealant geometry based on a constant volume

���� ∗ (�� + 0.5 ∗) - 0.5 ∗��∗2 = (�� + 0.5 ∗) ∗ ���� - 2 ∗ ∗���� - 2 ∗ ℎ∗ ���� ��^.9

Where:

Wmin = minimum joint width, in 
Dx = depth to top of backer rod, in 
B = backer rod diameter, in 
r = backer rod radius, in 
Wx = extended joint width, in 
H = top parabolic arc height, in 
t = extended sealant thickness, in 
h = bottom parabolic arc height, in

Once the bottom parabolic arc height is found, the thickness of the sealant at mid joint and cross­
sectional area of the sealant at this location can then be solved with the following equations.

�� = �� - - ℎ ��^. 10

^ = �� ∗ �� ��^.11

Where:

A = cross-sectional area at mid-depth, in2

L = total length of sealant, in

The joint openings at which the stresses and respective stiffnesses are found include +64 mils, 
+119 mils, and +174 mils. Figure D.21 through Figure D.23 show examples of the change in stress 
at these pre-determined displacements after each damage event for each joint design. A linear line 
is fit to the data set and the sealant stiffness is defined as the slope of this line. It is seen that the 
slope of each data set gradually decreases after each damage event, indicating the material is 
breaking down and/or there is a loss in adhesion between the sealant and the reservoir walls. For 
the asphalt filled and asphalt reservoir specimens, it can be seen that the stress drops below zero 
psi at lower joint openings. This is caused by creep due to the viscoelastic properties of the asphalt, 
causing the zero-stress state within the sealant to shift. It can also be seen from these plots that the 
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asphalt filled specimens experience the least amount of stress, while the silicone reservoir 
specimens experience the most stress for the same joint opening. Therefore, the stresses 
contributing to cohesive and adhesive failure are lower as well. It should be noted that the stresses 
are for specimens tested at 73oF. This stress is a function of the stiffness of the material and the 
stiffness of asphalt is much more sensitive to temperature than the silicone. Therefore the stresses 
generated when tested at colder temperatures will increase at a much higher rate for the asphalt as 
compared to the silicone.

Figure D.21. Typical stress vs joint opening for asphalt filled specimen
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Figure D.22. Typical stress vs joint opening for asphalt reservoir specimen

Figure D.23. Typical stress vs joint opening for silicone reservoir specimen. Note: change in y- 
axis scale

These stresses are divided by the mid-depth sealant strain. The mid-depth strain is 
calculated by dividing the elongation at a given joint opening (i.e., +64 mils, +119 mils, and +174 
mils) by the original joint width. The average elastic modulus after each damage event for each 
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joint design with the respective standard error for the three replicates is shown in Figure D.24 
through Figure D.26. It should be noted that the y-axis scale for the silicone reservoir specimens 
is different from that for the asphalt reservoir and asphalt filled specimens.

Figure D.24. Asphalt filled elastic modulus after each damage event
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Figure D.25. Asphalt reservoir elastic modulus after each damage event

Figure D.26. Silicone reservoir elastic modulus after each damage event. Note: change in y-axis 
scale
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The average elastic modulus gradually decreases with each damage event for each of the 
joint designs. This is believed to be the result of the challenge in completely filling the narrow cut. 
It is more difficult to uniformly fill the asphalt filled joint with sealant due to the narrow joint 
opening and large depth at which the sealant must fill when no backer rod is present. This 
contributes to the development of voids throughout the depth and/or uneven filling of the joint. 
The presence of these voids results in a lower apparent stiffnesses compared to asphalt reservoir 
joint designs that are completely filled. An example of imperfections caused by inconsistent filling 
is shown in Figure D.27. Similarly, it is seen that the stiffness of the silicone specimens is much 
greater than that for the asphalt filled and asphalt reservoir specimens. This represents stiffnesses 
measured at 73oF but it is anticipated that the stiffness of the asphalt will be much greater than the 
silicone during winter temperature conditions.

Figure D.27. Example of imperfections within asphalt sealant for filled specimen, voids circled 
in red

Figure D.28 shows the average change in elastic modulus from the first damage event for 
each joint design. This provides insight into the loss of stiffness for each design alternative as 
damage accumulates in the sealant and in the bond between the sealant and the reservoir. The 
asphalt filled specimens showed a consistent reduction in stiffness up to the fourth damage event 
(corresponding to 28 years in service) by 36%. The ultimate reduction in sealant stiffness after 
simulating 42 years in service was 42%.
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The asphalt reservoir specimens did not show a significant reduction in stiffness for the 
first 14 years of simulated joint opening/closing and vehicle loading. However, there was a steady 
reduction in stiffness up to 21% after simulating 28 years in service. This reduction in stiffness 
plateaued thereafter, with an ultimate reduction of 23%. The overall reduction in stiffness for the 
asphalt reservoir specimens was less than that for the asphalt filled specimens by 19%.

The silicone reservoir specimens experienced a consistent reduction in stiffness after each 
damage event by approximately 7%. Assuming that the joint movement and traffic levels are 
constant throughout this loading period, this equates to a reduction in stiffness by approximately 
0.74% every year. The overall reduction in stiffness after simulating 42 years of service was 31%, 
similar to the reduction for asphalt reservoir specimens. The silicone reservoir specimens were 
able to withstand much higher tensile stresses during joint movement yet developed the least 
amount of damage and had the lowest reduction in sealant stiffness. These results suggest that the 
silicone reservoir joint design has the best resiliency to joint movement in the winter months 
compared to the asphalt joint designs. These findings are consistent with the fact that the silicone 
reservoir specimens accumulated the least amount of cumulative damage and had the lowest 
measured permeability (excluding the specimen that developed full-depth adhesive failure) after 
simulating 42 years of service, as will be discussed further below.

Figure D.28. Average percent change in elastic modulus for asphalt filled “AF,” asphalt 
reservoir “AR,” and silicone reservoir “SR” specimens

The difference between the performance of the sealants and reservoir designs can be further 
investigated by assessing the strain development within the sealants during loading as sealant 
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reservoir design is based on the allowable strain criteria for each sealant type. The elongation at 
the top and bottom of each joint design alternative is different due to their unique geometries. The 
length of the top and bottom portions of the sealant when extended can be found using the equation 
for the parabolic arc length. This equation can be substituted with known parameters of the sealant 
geometry to develop the following equations (assuming a backer rod is present):

�� =0.5∗(��2+16∗2)0.5+����2 ∗����(4∗��+(����2+16∗��2)0.5) ��^. 12�� 8∗�� ����

�� =0.5∗(��2 +16∗(ℎ+0.5∗)2)0.5+ ����2 ∗ln(4∗(ℎ+0.5∗)+(����2+16∗(ℎ+0.5∗)2)0.5)
��^ �� 8∗(ℎ+0.5∗) ����

��^. 13

Where:

LPAt = top of sealant parabolic arc length, in

LPAb = bottom of sealant parabolic arc length, in

If no backer rod is present, then LPAb = LPAt. The strain at the top and bottom of the sealant 
can then be found using these equations and the geometry of each reservoir for each joint opening 
to determine the increased length and dividing by the original length. The original length at the top 
of the sealant is equal to the original joint width. The original length at the bottom of the sealant 
is either half the circumference of the backer rod (if present) or the original joint width if no backer 
rod is present. The strain at mid-depth is simply the change in joint opening divided by the original 
joint width. The strain at the top, center, and bottom of each joint design when opened to half of 
its expected winter joint movement (+119 mils) is shown in Table D.4. It is seen that the strains at 
the top and bottom of the asphalt filled specimens are significantly larger than those for the asphalt 
and silicone reservoir specimens. This is due to the narrow joint opening and large sealant depth, 
which causes the height of the parabolic arc at the top and bottom of the sealant to be significantly 
large. The strain at mid-depth is also slightly larger due to the narrow joint width. These large 
strains at the top and bottom of the sealant decrease closer to the center of the sealant. However, 
the majority of the sealant experiences much larger strains than the other joint design alternatives. 
This can help to explain why the asphalt filled specimens experience larger damage at the same 
joint openings as compared to the other two designs. The least amount of strain developed in the 
silicone sealed joint and this design also exhibited the least amount of damage with each event. 
These results emphasize the impact the effect of sawing the reservoir has on improving the
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performance of the sealant.

Table D.4. Nonuniform strain with throughout the sealant depth

Joint Design
Strain at Joint Opening of +119 mils (in/in)

Top Mid-depth Bottom Average

Asphalt Filled 
(AF) 3.95 0.48 3.95 2.22

Asphalt 
Reservoir (AR) 0.70 0.32 0.43 0.48

Silicone 0.48 0.32 0.27 0.36Reservoir (SR)

A similar analysis was conducted to determine the change in the shear modulus of each 
joint design after each damage event. The shear modulus is determined by applying 20 vehicular 
loading cycles to the specimen at room temperature (~73oF). The forces required to displace each 
specimen vertically +10 and -10 mils were divided by the sealant cross-sectional area at mid-joint 
to determine the shear stresses. The shear strains were calculated by dividing the known 
displacements of +10 and -10 mils by the width of each joint design. The shear modulus is then 
found by dividing the shear stress by the shear strain. The following plots show the average shear 
modulus after each damage event for each joint design. It should be noted that range of the y-axis 
scale for the silicone reservoir specimens is larger than that for the asphalt reservoir and asphalt 
filled specimens. The change in shear modulus between damage events was not found to be 
statistically significant for any of the joint designs. This is expected, as there was no visible 
degradation to the sealant during vehicle fatigue loading. Additionally, this suggests that the shear 
performance of the joint is not significantly impacted by damage accumulation to the sealant 
material caused by joint opening/closing.
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after each damage event1996Figure D.29. Asphalt filled shear

Figure D.30. Asphalt reservoir shear modulus after each damage event
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Figure D.31. Silicone reservoir shear modulus after each damage event. Note: change in y-axis 
scale

The information gathered from this condition evaluation can be used to assess the complex 
modulus of the material. The complex modulus is a measure of the material response to dynamic 
loading, which is a combination of the storage modulus (i.e., the elastic modulus) and the loss 
modulus (i.e., the viscous modulus). A greater loss modulus for sealants implies that the material 
is more pliable and better able to accommodate joint opening/closing. The loss modulus is found 
by multiplying the storage modulus by the tangent of the phase angle (δ) of the material, which is 
the time delay of the material response to deformation. Figure D.32 shows an example of how the 
phase angle is found using data collected during the condition evaluation loading. Within the 20 
applied haversine cycles, the peaks and valleys from cycles 2, 3, 18, and 19 are used to determine 
the average phase angle for that evaluation period. Cycles 1 and 20 are not used because there is 
implicit noise from the system during the starting and stopping periods.
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Figure D.32. Typical graph depicting phase angle for joint condition evaluation

The average phase angle for each specimen is found for each condition evaluation test, 
which is then converted from seconds to radians. The phase angle is then multiplied by the storage 
modulus calculated, as described above, to obtain the loss modulus. The magnitude of complex 
modulus is then found using the following equation.

∗ = √′2 + ′′2 ��^. 14

Where:

G* = complex modulus, psi

G’ = storage modulus, psi

G” = loss modulus, psi

Figure D.33 through Figure D.35 show the change in loss modulus for each joint design in 
response to joint opening/closing. It is seen that the loss modulus for the asphalt filled specimens 
is much lower than that for the asphalt reservoir and silicone reservoir specimens. The loss 
modulus for the silicone reservoir specimens is much larger than both asphalt joint designs, 
implying that the silicone material is less pliable and more viscous than the asphalt. These results 

113



suggest that silicone reservoir joint designs would be more resistant to joint movement, followed 
by the asphalt reservoir and asphalt filled joint designs. These findings are consistent with the 
previous results which showed that the silicone reservoir samples experience the largest stress 
during joint opening/closing while the asphalt filled specimens experience the least amount of 
stress for the same joint movement.

Figure D.33. Loss modulus for asphalt filled joints after each damage event. Note: different y- 
axis scale than asphalt reservoir and silicone reservoir.
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Figure D.34. Loss modulus for asphalt reservoir joints after each damage event

Figure D.35. Loss modulus for silicone reservoir joints after each damage event
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The average percent change in loss modulus corresponding to joint opening/closing for 
each of the joint designs is shown in Figure D.36. The change in loss modulus for the asphalt filled 
specimens after this tends to vary with time, but results in an overall reduction of 36% after 42 
years of service. The reduction in loss modulus for the asphalt reservoir specimens follows a 
similar trend as the elastic modulus, in which there is little reduction after simulating 14 years of 
joint movement (a reduction of 3%), but after this, the loss modulus consistently declines. The 
ultimate reduction in loss modulus for the asphalt reservoir specimens was 21% after simulating 
42 years of joint movement. The silicone reservoir specimens exhibit a consistent reduction in loss 
modulus after each damage event, resulting in a total reduction of 33% after 42 years of service. 
Assuming that the joint movement and traffic levels are constant throughout this time, this 
corresponds to a reduction in loss modulus of 0.78% every year. Each of the joint designs had an 
ultimate reduction in loss modulus of approximately 30%, however, the magnitude of the loss 
modulus for the silicone reservoir specimens was still significantly larger than that of either asphalt 
joint design. This signifies that the asphalt joint designs are less pliable than the silicone reservoir 
design throughout their service lives. This is consistent with fact that the asphalt joint designs 
accrued more adhesive and cohesive damage and had a larger increase in permeability compared 
to the silicone reservoir design. These findings suggest that silicone reservoir joint design is more 
resilient than the asphalt joint design same amount of fatigue exposure. Again, the poor 
performance of the asphalt filled specimens may be due to the difficulty in adequately sealing the 
joints, resulting in a poorer quality seal for this design option from initial construction.

Figure D.36. Average percent reduction in loss modulus for asphalt filled, asphalt reservoir, and 
silicone reservoir specimens
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Figure D.37 through Figure D.39 shows the average complex moduli for the joint 
opening/closing (tensile) and vehicle (shear) loading condition evaluations for each joint design. 
The error bars for the vehicle loading condition evaluation are not visible due to the small 
variability in the dataset. Similarly to the elastic and shear modulus results, there is a gradual 
decline for each of the complex moduli from joint opening/closing, while the complex shear 
modulus for the vehicle loading results vary. It is also seen that the magnitude of the complex 
modulus is greater for the joint opening/closing load condition than for the vehicle load evaluation, 
which is expected because the forces needed to open the joint are larger than those needed to apply 
the shear loading. The complex modulus in response to joint opening/closing is noticeably smaller 
for the asphalt filled specimens compared to the asphalt reservoir specimens. This again can be 
attributed to the lower stiffness for the asphalt filled specimens due to the inability to completely 
seal the narrow joint. It is seen that, overall, the silicone reservoir specimen has the largest complex 
modulus and complex shear modulus, followed by the asphalt reservoir specimens and then the 
asphalt filled specimens. These findings indicate that the composite stiffness (elastic + viscous) of 
the silicone joint is greater than the asphalt material, which is consistent with results discussed 
previously.

Figure D.37. Complex moduli for joint opening/closing (tensile) and vehicle (shear) load for 
asphalt filled specimens
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Figure D.38. Complex moduli for joint opening/closing (tensile) and vehicle (shear) load for 
asphalt reservoir specimens

Figure D.39. Complex moduli for joint opening/closing (tensile) and vehicle (shear) load for 
silicone reservoir specimens. Note: different y-axis scale than asphalt filled and asphalt 

reservoir.

118



The average change in the complex modulus for each joint design is shown in Figure D.40. 
The asphalt filled specimens experience a large reduction in complex modulus (35%) after 
simulating 28 years of joint movement, corresponding to approximately a 1.43% reduction each 
year. After this, the reduction in the complex modulus is less significant, but still consistent 
throughout the rest of its service life. The ultimate reduction in the complex modulus for the asphalt 
filled specimens was 41%. The asphalt reservoir specimens experience little change in complex 
modulus up to the first 14 years of service (only 2%), but the complex modulus consistently 
decreases with fatigue exposure thereafter. The ultimate reduction in the complex modulus for the 
asphalt reservoir specimens was 23% after 42 simulated years of joint movement. The silicone 
reservoir specimens had a consistent reduction in complex modulus throughout the fatigue life and 
had a similar ultimate reduction of 33%. These findings suggest that the asphalt filled specimens 
have the most significant change in their response to joint opening/closing, especially within the 
first 14 years of use. The asphalt reservoir specimens have a negligible change in their dynamic 
loading response up to the first 14 years of use but then have a similar reduction in the complex 
modulus afterwards. These findings imply that each of the specimens become less stiff as they are 
fatigued, likely caused by the breakdown of the sealant and/or the bond between the sealant and 
the concrete face. Interestingly, the silicone reservoir specimens have a similar reduction in 
dynamic response but accumulate minimal visible damage and have a negligible change in 
permeability on average. This may suggest that the silicone sealant is developing internal structural 
damage, but it was not to the extent that adhesive or cohesive failures developed.

Figure D.40. Average percent reduction in complex modulus during joint opening/closing for 
asphalt filled, asphalt reservoir, and silicone reservoir specimens
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4.2.2 Energy

The amount of dissipated energy is correlated to the area within the hysteresis loop that 
develops when force is plotted against displacement [78]. As damage accumulates along the joint 
sealant, this area decreases, indicating that the energy dissipated throughout the sealant also 
decreases and the sealant is becoming less pliable. Additionally, the slope of this loop corresponds 
to the stiffness of the material. As this slope decreases, this signifies that the stiffness of the 
material is decreasing due to damage within the sealant and the loss of bond between the sealant 
and the reservoir wall. A reduction in stored energy and stiffness indicates that the sealant is more 
susceptible to damage when fatigued. Therefore, measuring the change in hysteresis loop area and 
slope for each joint design can provide insight into the loss in performance with damage 
accumulation.

Figure D.41 shows an example of typical hysteresis loops that develop from joint 
opening/closing during condition evaluation loading. The top portion of the loop indicates the 
sealant response as the joint opens, and the bottom portion of the loop represents the sealant 
response as the joint closes. The area of the loop is found using the convex hull of the dataset, 
which is indicated by the black line. The slope of the loop is fitted from the portion of the dataset 
that is collected as the joint closes, which is indicated by the yellow line. This slope is limited to 
the most linear portion of the loop, which is typically between +65 to +175 mils. The coefficient 
of determination (R2) between the fitted line and the measured data is also included. The dashed 
line indicates the extension of this fitted slope. The force required to cycle the joint between the 
minimum (+53 mils) and maximum (+186 mils) displacements, as well as the test temperature, are 
have been provided included in the graphic. Figure D.41a represents the sealant response to 
thermal loading after being subjected to one damage event, and Figure D.41b represents the 
response after the sixth damage event. It can be seen that the area within the hysteresis loop and 
the slope of the loop decrease significantly after being subjected to damage. This indicates that the 
sealant is becoming less pliable and that less energy is dissipated through the sealant during joint 
movement, implying a degradation of the sealant material and/or bond conditions.
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Figure D.41. Typical joint opening/closing hysteresis loop during a condition evaluation for an 
asphalt filled specimen after (a) first damage event and (b) sixth damage event
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Figure D.42 and Figure D.43 show the change in the average hysteresis area and slope for 
each joint design after each damage event. While this testing was being conducted, there was a 
period where the laboratory ambient conditions were warmer than normal. Specimens tested under 
these warmer conditions are indicated by the hatched bars in the graphics, while specimens tested 
under typical conditions are shown in a solid color. Nonetheless, the difference in laboratory 
temperatures was not found to impact the results of the condition evaluation testing.

There is a gradual reduction in the hysteresis loop area for each joint design as damage 
accumulates. The initial energy dissipation for the asphalt filled specimens was significantly larger 
than that of the asphalt reservoir and silicone reservoir specimens, meaning this joint design can 
dissipate the most energy during joint movement. The asphalt filled specimens had a large decrease 
in energy dissipation (35%) up to the fourth damage event, corresponding to 28 years in service. 
Assuming that the traffic and vehicle loading remains consistent throughout this time, this 
corresponds to a reduction in energy dissipation of 1.25% each year. The reduction in dissipated 
energy plateaus after this, giving an overall reduction of 38% after simulating 42 years of fatigue. 
The asphalt reservoir specimens had the second largest initial energy dissipation, which 
consistently decreased as damage accumulated. The energy dissipation for these specimens 
reduced by approximately 7% after each damage event for the first 35 simulated years of fatigue 
(or 0.71% per year). The ultimate reduction in energy dissipation was 27% after 42 simulated years 
of joint movement. The silicone reservoir specimens had the lowest initial energy dissipation. 
These specimens also had a consistent reduction in energy dissipation as they were fatigued, with 
an ultimate reduction of 37%. After simulating 42 years of joint opening/closing, the asphalt filled 
specimens still exhibited the most energy dissipation, followed by the asphalt reservoir and 
silicone reservoir specimens. This is consistent with the previous findings showing that the asphalt 
filled specimens exhibit the lowest stiffness and plasticity characteristics while the silicone 
reservoir specimens exhibit the highest stiffness and plasticity.

Similar trends were seen in the reduction of the hysteresis slope for each joint design. The 
asphalt filled specimens had a significant reduction (36%) in hysteresis slope up to the fourth 
damage event, or 28 years of joint movement fatigue. The change in slope then plateaued after this 
with an ultimate reduction of 40% by the end of the simulated 42 years of service. The asphalt 
reservoir and silicone reservoir specimens showed consistent reductions in hysteresis slope as they 
were fatigued, with ultimate reductions of 28% and 35%, respectively. These results consistently 
indicate that the reduction in dissipated energy is greatest for asphalt filled specimens, followed 
by silicone reservoir and then asphalt reservoir specimens. These findings also suggest that the 
silicone sealant is accruing internal structural damage and is losing the ability to dissipate energy 
through the bulk material, but the internal damage result in an adhesive or cohesive failure. This 
is consistent with the findings shown previously which indicated that asphalt filled and asphalt 
reservoir joint designs tend to accumulate more adhesive and cohesive damage than the silicone 
reservoir design.
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Figure D.42. Hysteresis loop area after each damage event. (laboratory temperature = 72-73°F 
for solid bars; laboratory temperature = 77-79°F for bars with hatching)

Figure D.43. Hysteresis loop slope after each damage event. (laboratory temperature = 72-73°F 
or solid bars; laboratory temperature = 77-79°F for bars with hatching)
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4.2.3 Permeability

The ability for a joint to resist water infiltration is expected to change as damage 
accumulates along the sealant. After each damage event, the cumulative length of adhesive and 
cohesive damage is measured using a ruler, and a permeability test is conducted on the specimen. 
The damage documented includes partial-depth and full-depth adhesive and cohesive failures.

The graphs in Figure D.44 through Figure D.46 show the average permeability and damage 
accumulation for each joint design with their respective standard errors. It was found that damage 
tended to accumulate during joint opening/closing fatigue rather than the vehicle loading 
fatigue. As seen in Figure D.44, the asphalt filled specimens acquired no damage after 14 
simulated years of fatigue exposure. However, approximately 0.58 in of partial-depth (PD) 
cohesive failure developed after simulating 21 years of joint opening/closing and vehicle loading. 
The amount of cohesive damage remained consistent until after simulating 35 years of fatigue, in 
which 0.17 in of partial-depth adhesive failure and 1.54 in of partial-depth cohesive failure had 
accumulated. The amount of adhesive and cohesive damage gradually increased with each damage 
event, totaling 0.92 in of partial-depth adhesive failure and 2.33 in of partial-depth cohesive failure 
after 42 simulated years of fatigue. These results are consistent with the findings of the extensibility 
test, discussed later, as the majority of specimens with and without conditioning failed in both 
adhesion and cohesion. The measured permeability of the asphalt filled specimens remained the 
same up to the fourth damage event (28 simulated years of joint opening/closing and vehicle 
loading), indicating that the joint was still able to resist water infiltration. The permeability of the 
joint did not change until significant cohesive failure had occurred. These findings suggest that 
asphalt filled joints are able to resist water infiltration until a critical amount of cohesive failure 
develops. Additionally, these findings suggest that asphalt filled joints tend to develop more 
cohesive failure than adhesive failure, which might be attributed to the difficulty in fully filling 
the narrow joint, resulting in voids/gaps within the sealant.

The damage accumulation and change in permeability for asphalt reservoir specimens is 
shown in Figure D.45. It is seen that the primary failure mode that develops after simulating 42 
years of fatiguing is partial-depth adhesive failure. There is no damage accumulation after 21 
simulated years of fatiguing, but afterward there is a steady increase in partial-depth adhesive 
failure. Additionally, for one specimen, 0.13 in of partial-depth cohesive failure developed after 
21 simulated years of fatiguing, but this failure did not progress thereafter. The cumulative damage 
measured after 28 years of simulated fatigue was 0.83 in, which then increased to 2.71 in after 
simulating another 7 years. The cumulative damage measured was 4.38 in after simulating 42 years 
of joint opening/closing and vehicle fatigue. These findings are consistent with the extensibility 
results for newly sealed and conditioned asphalt reservoir specimens, as each of these specimens 
failed in adhesion. The permeability of the asphalt reservoir specimens remained unchanged until 
42 years of fatiguing were simulated, after which the permeability increased to 0.02 fl oz/min. This 
increase in permeability corresponds to an increase in partial-depth adhesive failure from 3.25 in 
to 4.38 in. This may suggest that as more damage accumulated, water was able to infiltrate the 
gaps developed between the asphalt sealant and the reservoir wall. However, the conditioned 
specimens were still able to withstand joint openings more than three times the original joint width, 
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as described in the following section, indicating good performance.
Figure D.46 shows the damage accumulation and change in permeability for silicone 

reservoir specimens. It is seen that the amount of damage accumulated in the specimens is 
significantly lower than that for the asphalt filled and asphalt reservoir specimens, although one 
specimen did exhibit full-depth (FD) adhesive failure. This full-depth adhesive failure appears to 
have been caused by poor sealing in a localized area along the joint, shown in Figure D.47. This 
area was not sufficiently sealed due to the non-sag characteristics of the silicone sealant, leaving a 
gap through the depth of the sealant once the silicone had set. The average cumulative measured 
damage was only 0.25 in after simulating 42 years of joint opening/closing and vehicle loading. 
The results of the extensibility testing for silicone reservoir specimens indicated that two of the 
three fatigued specimens exhibited adhesive failure. These findings suggest that silicone reservoir 
specimens are better able to withstand cohesive stress but may be more susceptible to adhesive 
stress when compared to the asphalt reservoir and asphalt filled specimens. The size of the area 
where the sealant and the concrete are bonded is substantially less for the specimens sealed with 
silicone as compared to the others. The shape factor used for the silicone reservoir is 1 so the depth 
of the sealant is reduced compared to the other joints. The bond area of the asphalt reservoir is 
1.5x larger than the silicone and asphalt filled joints about 4x larger. Therefore, the resistance to 
debonding is less for the silicone sealed joint design making it more susceptible to an adhesive 
failure. The permeability for the silicone reservoir specimens did not change except for the one 
specimen that developed full-depth adhesive failure. The full-depth adhesive failure initiated after 
simulating 35 years of joint opening/closing and vehicle loading. This specimen was unable to 
retain water after only 0.25 in of full-depth adhesive failure had initiated. The permeability of this 
specimen was not included in the graph below after the fourth damage event. This indicates that 
even small amounts of full-depth failure can significantly impact the ability to resist infiltration of 
water, which can lead to pavement distresses such as faulting or spalling. However, considering 
the full-depth failure did not initiate until after simulating 35 years of fatigue loading, and the 
insignificant amount of partial-depth damage, it can be stated that the silicone reservoir specimens 
were better able to resist damage accumulation from joint opening/closing and vehicle loading 
than the asphalt reservoir and asphalt filled specimens.
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Figure D.44. Asphalt filled permeability and damage accumulation

Figure D.45. Asphalt reservoir permeability and damage accumulation
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Figure D.46. Silicone reservoir permeability and damage accumulation. Note: the permeability 
after Damage Event 4 does not include the specimen which developed full-depth adhesive failure
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Figure D.47. Example of imperfections within silicone sealant, gap circled in red

4.3 Extensibility

The following section describes and compares the results of the extensibility testing for 
specimens that were newly sealed and after conditioning. “Conditioning” refers to the application 
of six free-thaw cycles followed by six applications of the joint opening/closing and vehicle 
fatiguing regime to simulate 42 years in service. The target temperature for performing the 
extensibility testing was 30°F to replicate the cold temperatures that would be present when the 
joints would be wider in the field. The factors considered included adhesive and cohesive stress, 
maximum joint opening and mid-depth strain at failure and the failure mode. The results are 
summarized in Table D.5. A typical load vs displacement graph for each sealant type is shown in 
Figure D.. Failure is defined as the time when the peak force is recorded, which is synonymous 
with the time that adhesive/cohesive failure initiates.
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Figure D.48. Typical extensibility of newly sealed specimens

It can be seen in Table D.5 that the load required to open the joint to failure was greater for 
the asphalt as compared to the silicone, because the asphalt at the test temperature is significantly 
stiffer than the silicone and the amount of silicone sealant in the joint is substantial less than for 
the asphalt specimens. The load was higher for the asphalt filled joint compared to the asphalt 
reservoir because the depth of the asphalt in the joint was greater. This was documented not 
because there is any relevance in the force to open the joint and field performance but more so for 
informing future researchers wishing to perform similar studies.
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Table D.5. Summary of results from extensibility testing

Specimen ID Conditioning Maximum Load 
(lb)

Maximum Joint 
Opening (in)

Failure 
Mode

Temperature 
at Failure 

(°F)
AR12 No 164 1.79 Adhesive 34.9
AR3 No 172 1.54 Adhesive 32.4
AR6 No 136 2.19 Adhesive 29.8

AF14 No 306 0.08 Adhesive & 
Cohesive 31.1

AF15 No 356 0.07 Adhesive 28.6

AF16 No 316 0.05 Adhesive & 
Cohesive 29.1

SR21 No 80 0.56 Adhesive 29.8
SR23 No 71 0.49 Adhesive 33.3

SR25 No 92 0.79 Adhesive & 
Cohesive 32.7

AR8 Yes 1.137 1.14 Adhesive & 
Cohesive

36.1

AR11 Yes 133 1.38 Adhesive & 
Cohesive 31.5

AR13 Yes 97 0.90 Adhesive & 
Cohesive 32.2

AF10 Yes 377 0.06 Adhesive & 
Cohesive 29.5

AF7 Yes 278 0.06 Adhesive & 
Cohesive 31.8

AF9 Yes 327 0.924 Adhesive & 
Cohesive 38.8

SR22 Yes 33 0.37 Adhesive 30.6
SR24 Yes 41 0.42 Adhesive 29.8
SR26 Yes 50 0.42 Adhesive 30.6

Joint opening at failure

A summary of the average and standard deviation of the joint opening at failure along with 
the joint width at failure is provided in Table D.6. The joint width at failure was determined by 
adding the initial width of the reservoir (0.38 in for asphalt reservoir and silicone reservoir or 0.25 
in for asphalt filled) to the joint opening at failure. The difference in joint opening at failure for 
each of the joint designs is shown graphically in Figure D. with the average and standard deviation 
both provided. As can be seen, the asphalt reservoir specimens had the largest joint opening prior 
to failure, followed by the silicone reservoir and then the asphalt filled. The newly sealed asphalt 
reservoir specimens opened 1.67 in before failing, the newly sealed silicone reservoir specimens 
opened 0.61 in and the newly filled asphalt filled specimens only opened 0.23 in. The joint 
opening/closing throughout the year for the SR-22 Smart Pavement was established as part of this 
research effort (see Appendix C) and is provided in Figure D.50 below. As can be seen in this 
figure, the change in joint opening throughout the year varies between 70 to 40 mils. Based on 
these experimental results, these openings would be sufficiently large to fail the asphalt filled joint. 
It should be noted that these changes in joint opening are just the result of daily changes in 
temperature and do not include the additional opening that occurs in the field from long-term 
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drying shrinkage.
The joint widths of the specimens at failure (Table D.6) can be compared with the joint 

widths observed for pavements in Pennsylvania to determine the potential for failure in the field. 
It can be seen from the histogram in Table D.3 of Section 3.2.2 above that the joint width measured 
in the field was up to 0.54 in prior to resealing. The joint widths were also measured for the Smart 
Pavement on SR-22 after a little over 18 years in service. The joints widths were between 0.50 to 
0.63 in with an average of 0.58 in when measured in the fall with a pavement temperature around 
72oF. All of these joints will be about 4 mils wider in the winter. Table D.6 shows only the asphalt 
and silicone reservoir specimens failed at joint openings larger than this, while the asphalt filled 
joint failed at openings significantly narrower. It should be noted that these joint widths are 
excessively wide based on the original saw cut width of 0.375 in. This most likely occurs when 
sealants begin to fail, allowing incompressibles into the joints during the colder months. These 
sealant failures can occur early on in the pavement life if all joints do not activate prior to sealing, 
as this results in joints not activated being undersealed and activated joints being over-sealed. The 
undersealed joints are prone to sealant failure once all joints activate. Premature sealant failure can 
also occur as a result of poor construction practices during sealing. These incompressibles in the 
poorly sealed joint prevent closure during the summer months as the pavement temperatures 
increase. This sustained stress will dissipate through creep, thereby effectively increasing the joint 
width at which the zero-stress state occurs. The cyclic yearly occurrence of this process will result 
in larger joint widths than would be predicted using current joint width prediction equations. This 
explains why the predicted increase in joint opening during the winter would be about 0.1 in for a 
maximum joint width of 0.5 in for a pavement in Pennsylvania, but the joint widths noted in the 
field reviewed during summer months were commonly between 0.51 and 0.58 in (see Table D.3).

Table D.6. Joint characteristics at failure for extensibility test

Specimen Conditioning
Joint Opening at Failure (in) Joint Width at 

Failure (in)Average (in) Standard
Deviation (in)

AF No 0.23 0.21 0.48
AR No 1.67 0.17 2.04
SR No 0.61 0.13 0.99
AF Yes 0.35 0.41 0.60
AR Yes 1.14 0.20 1.51
SR Yes 0.40 0.02 0.78
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Figure D.49. Joint opening at failure

Figure D.50. Field estimated vs predicted average monthly change in joint width at the top of 
the slab in the corners

The extensibility test was also used to evaluate the degradation of the sealant from freeze­
thaw cycles and fatiguing. As shown in Figure D., the percent change in joint opening at failure 
between sealants with and without conditioning is 53%, 38%, and 34% for the asphalt filled, 
asphalt reservoir and silicone reservoir specimens, respectively. The joint widths at failure were 
0.60 in, 1.51 in, and 0.78 in for the asphalt filled, asphalt reservoir and silicone reservoir 
specimens, respectively. This indicates that the reduction in performance due to the simulated 42 
years of fatigue and the 6 freeze-thaw cycles would not be sufficiently large for the asphalt and 
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silicone reservoir specimens to fail even with the larger joint widths observed in the field.

Figure D.51. Percent difference in joint opening at failure between newly sealed and 
conditioned specimens.

Strain at failure

While evaluating the joint opening at failure allows comparisons to be made between the 
results of the experimental study and the joint openings observed in the field, reservoir design 
widths are established based on the allowable strain specific to each sealant type. Therefore, the 
strain at failure, or ultimate strain, is also assessed. When designing the reservoir, the width at 
which the reservoir is sawed is determined by multiplying the allowable strain for that particular 
sealant material by the calculated maximum joint opening. Therefore, the allowable strain for each 
sealant material can be compared to the ultimate strain at mid-depth of the sealant for the laboratory 
specimens. The mid-depth ultimate strain is calculated by dividing the joint opening at failure by 
the width of the saw cut of the reservoir. As previously stated, the allowable strain for an asphalt 
sealant is typically 0.25 and 0.5 for silicone. These values should be substantially less than the 
ultimate strain as the ultimate strain occurs at failure and allowable strain can occur repeatedly 
throughout the life of the sealant. The ultimate strain at mid-depth of the sealant is shown 
graphically in Figure D.. It is shown that the asphalt reservoir joint experiences a significant 
amount of strain both when it is freshly sealed and after conditioning (4.9 and 3.0 in/in, 
respectively) compared to the other design alternatives. Even after experiencing a simulated 42 
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years of joint opening/closing and vertical displacement caused by vehicle loads, the asphalt 
reservoir joint was extended over three times the initial width before failure. The asphalt filled 
joint can withstand only a fraction of this joint movement prior to failure. These designs failed at 
strains of 0.9 and 1.4 in/in for the specimens with and without conditioning, respectively. The 
strain at failure for silicone specimens falls between the asphalt sealant alternatives, that being 1.6 
and 1.1 in/in for specimens with and without conditioning, respectively. The effect on the reduction 
in performance of the silicone sealant from the 42 years of aging was significantly less than that 
for the asphalt sealant.

It should be noted that aging due to oxidation and weathering is not considered. Oxidation 
causes a change in the chemical composition of the asphalt that contributes to an increase in 
stiffness and a decrease in resilience [79]. This increase in stiffness translates into higher stress for 
equivalent strains, which reduces the ultimate strain at failure. Silicone sealants are resistant to the 
effects of oxidation but can degrade slowly thereby reducing the stiffness due to ultraviolet 
radiation [19].

The ultimate strain at failure is dictated by the strain within the sealant (cohesive stresses) 
and stress between the sealant and the concrete reservoir wall (adhesive stresses) at failure and the 
strength of these bonds. The stress is a function of the reservoir design, sealant stiffness, and joint 
opening. Both the adhesive and cohesive stresses at failure are discussed below.

Figure D.52. Mid-depth strain at failure
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Failure mode

The failure mode can be used to identify the stress type (adhesive or cohesive) dictating failure. 
The failure mode was documented at the conclusion of each extensibility test to determine if the 
failure initiated within the sealant (cohesive), between the sealant and the concrete (adhesion) or 
both. As was anticipated, the increase in joint width and use of a backer rod for the joints with the 
reservoirs decreased the tensile strains and corresponding stresses within the sealant when the joint 
was opened. This shifted the failure mode from primarily adhesion to both adhesion and cohesion. 
The specimens with a sawed reservoir failed in adhesion 67% of the time compared to only 17% 
of the time for the asphalt filled joints (see Table D.5). The asphalt reservoir joint only exhibited 
adhesive failures prior to fatiguing but then exhibited both adhesive and cohesive failures after 
conditioning. The silicone reservoir joints failed in adhesion in all specimens except for one joint 
without conditioning that failed in both cohesive and adhesion. It was noted previously that for 
some silicone reservoir specimens the sealant did not fully surround the backer rod during 
installation at the very end of the specimens. However, this phenomenon did not appear to 
influence the failures for the extensibility testing, as all the adhesive and cohesive failures initiated 
toward the central portion of the specimen away from the ends. The silicone sealant reservoir 
design with the 1:1 shape factor does result in a substantial smaller bond area between the sealant 
and concrete compared to the other joint designs (1.5x and 4x more area compared to the asphalt 
reservoir and asphalt filled joints, respectively). This translates to higher debonding stresses.

A substantial amount of cohesive failures were exhibited by the asphalt filled specimens. 
An example of the typical cohesive failures observed is shown in Figure D.53. This can be partly 
attributed to the difficulty in fully filling the narrow joint, which led to voids/gaps in the sealant 
that act as stress concentrations. As the joint was opened, these gaps grew wider, which allowed 
the stress within the sealant to dissipate. The average measured void area for the conditioned 
asphalt filled specimens was 3.25 in2 with a standard deviation of 0.20 in2. This means that 23% 
of the asphalt filled surface area consisted of voids/gaps by the end of the extensibility test. These 
severe cohesive failures are unique to the asphalt filled specimens, which is expected due to the 
challenge in sealing the narrow joint width. The strains for the asphalt filled specimens are largest 
for the same amount of joint movement, which causes cohesive failure to initiate sooner than the 
asphalt sealed and silicone sealed joints. By designing a wider initial joint width, these cohesive 
failures could be mitigated not only by reducing the strain within the sealant, but also by reducing 
the likelihood of a poorly filled joint. To further investigate the performance, the adhesive and 
cohesive stress at failure was analyzed and the results are presented below.
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Figure D.53. Typical cohesive failure for asphalt filled specimen

Stress at failure

The adhesive stress at failure was determined by dividing the peak load at failure by the 
cross-sectional area of the sealant at the interface of the concrete reservoir wall. The cross-sectional 
area at each interface for the asphalt reservoir, asphalt filled, and silicone reservoir designs were 
6.00 in2, 14.25 in2, and 3.75 in2, respectively. However, for one of the asphalt filled joints it was 
seen that the surface area of the sealant was much less than the target value (13.25 in2 compared 
to the 14.25 in2 design). This is shown in Figure D.54. This reduced surface area was likely caused 
by the inability to adequately fill the narrow joint. This difference in designed vs actual sealant 
surface area contributed to the variability within the data for the asphalt filled joints. This 
observation reiterates the point that the asphalt filled joints are difficult to fill consistently, which 
can lead to varying sealant performance and possibly premature failure.

Figure D.54. Example of a poorly filled joint

The adhesive stress at failure is shown in Figure D.55. Adhesive stress at failure, cross­
hatching indicates failure mode. The asphalt reservoir experienced the largest adhesive stress at 
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failure, followed closely by the asphalt filled and silicone reservoir specimens. It is also seen that 
the adhesive stress at failure for the asphalt filled specimens is approximately the same for both 
the newly sealed specimens and specimens that had been subjected to conditioning. This implies 
that the asphalt filled specimens that have been conditioned undergo the same stress at failure as 
the newly sealed specimens, but at a lower strain value. This is consistent with the previous results 
showing the loss in energy dissipation is greatest for the asphalt filled specimens, making it less 
pliable and more susceptible to damage.

As previously stated, the stress at failure is a function of the force normalized by the bonded 
area as well as the stiffness and bond strength of the material. Therefore, it would be anticipated 
that the adhesive stress at failure should be the same for both the asphalt reservoir and filled 
specimens since the stiffness and strength of the asphalt sealant is the same. However, the asphalt 
filled specimens exhibited lower adhesive stresses at failure. This can be attributed to the fact that 
both adhesive and cohesive failure occurred simultaneously in the asphalt filled specimens. It 
should also be noted that fully filling a 0.25-in wide joint with asphalt is significantly more 
challenging than filling a 0.375-in wide reservoir. Small voids/gaps in the sealant can lead to stress 
concentrations that would result in lower forces at failure. The higher stiffness of the asphalt at the 
lower test temperatures would result in higher adhesive stresses in the asphalt reservoir at the same 
joint opening as compared to the silicone reservoir specimens. The shape factor (width/depth) is 
also significantly higher (less material is required) for the silicone sealant, resulting in a 
substantially smaller bond area (6.00 in2 vs. 3.75 in2). This increases the stress in the silicone 
reservoir as compared with the asphalt reservoir at equivalent joint openings. Increasing the depth 
of the silicone sealant to that of the asphalt would reduce the stress considerably. The asphalt 
reservoir and silicone reservoir specimens exhibited a reduction in stress at failure after being 
exposed to 42 years of fatigue and freeze-thaw cycles. As shown previously, each specimen 
exhibited a reduction in stiffness as a result of the conditioning. The joint opening at failure was 
decreased and the load required to achieve the joint opening was lower. Both contribute to the 
reduction in stress at failure when the specimens are conditioned prior to the extensibility testing.
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Figure D.55. Adhesive stress at failure, cross-hatching indicates failure mode

The cohesive stress at failure was calculated by dividing the peak load by the cross­
sectional area of the sealant corresponding to the opening at failure. The thickness of the center of 
a joint sealant decreases as the joint opens, which also causes the cross-sectional area of the bulk 
sealant to decrease, as described previously. The cross-sectional area corresponding to the joint 
opening at failure was determined for each specimen and used to determine the cohesive stress at 
failure. The cohesive stresses at failure for newly sealed and conditioned specimens are shown in 
Figure D.56. It is seen that the silicone reservoir specimens experienced the largest cohesive stress 
at failure. Yet, as shown in Table D.5, only the silicone sealed specimen that exhibited the largest 
cohesive stress and joint opening (0.79 in) at failure exhibited a cohesive failure. The asphalt filled 
specimens exhibited both cohesive and adhesive failures 60% of the time. It would be anticipated 
that the asphalt filled and asphalt reservoir specimens would fail at the same cohesive stress but 
unlike the asphalt filled specimens, none of the asphalt reservoir specimens exhibited a cohesive 
failure. Again, this can be the result of the inability to completely fill the deep narrow cut of the 
filled joint.
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Figure D.56. Cohesive stress at failure, cross-hatching indicates failure mode

Due to the presence of a backer rod for the asphalt reservoir and silicone reservoir 
specimens, it was expected that the strains that developed during joint opening would be greatest 
at the top of the sealant (see Table D.4). These large strains at the surface of the sealant lead to the 
development of cohesive failures. As the cohesive failures propagate at the surface of the sealant, 
the stress in the bulk sealant material is dissipated at the surface, but it is believed that there is an 
increase in stress that develops at the interface between the sealant and the concrete. This higher 
stress at the concrete interface leads to the development of adhesive failure, which propagates 
down the length of the joint, causing the sealant to peel away from the concrete wall. This 
phenomenon was seen for many of the asphalt filled and asphalt reservoir specimens, where first 
cohesive failures developed, then adhesive failures followed. It was seen for several of the asphalt 
filled and asphalt reservoir specimens that the adhesive failure initiated along the surface of the 
sealant, which was expected based on the calculated strains in Table D.4. However, for the silicone 
reservoir specimens, no cohesive failures were observed. This means that no stress was able to 
dissipate prior to failure, and adhesive failures initiated at narrow joint openings. This is consistent 
with the results shown previously, in which the adhesive stress at failure was much lower than the 
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cohesive stress at failure for the silicone reservoir specimens. It is expected that this is due to an 
insufficient sealant depth for the silicone reservoir joints. If the depth of the sealant were larger, 
the adhesive stress would dissipate over a larger surface area, leading to better adhesive strength 
for the same joint opening.

5.0 Summary

This study was conducted to quantify the effectiveness of standard PennDOT transverse 
joint reservoir designs for JPCPs. The designs considered for this study included asphalt filled, 
asphalt reservoir, and silicone reservoir transverse joints. The performance of these designs was 
assessed with respect to freeze-thaw durability, resiliency (joint opening and closing with 
temperature changes and vertical displacements from vehicle loads), and extensibility. Small 
concrete specimens were fabricated, sawed, and sealed to represent a portion of a transverse joint.

Each joint design was subjected to joint opening/closing fatigue simulating expected 
fluctuations in pavement temperature throughout the winter in Pittsburgh, PA. The silicone 
reservoir specimens exhibited the greatest stiffness, followed by the asphalt reservoir and asphalt 
filled specimens. The difference in stiffness for the asphalt joint designs is attributed to the unique 
geometries and nonuniform strain distributions throughout the depth of the sealant during joint 
opening/closing. The modulus of the asphalt filled, asphalt reservoir, and silicone reservoir designs 
reduced by 42%, 23%, and 31%, respectively after simulating 42 years of vehicle loads and joint 
opening/closing.

Vehicle loading fatigue testing was conducted on each of the joint designs as well. 
Minimal damage accumulated for any of the joint designs during simulated vehicle loading. 
There was no identifiable trend in the change in shear modulus for each of the joint designs. This 
suggests that the shear performance of the joint is not significantly impacted by damage 
accumulation to the sealant material, and shear loading fatigue does not tend to induce damage on 
any of the joint designs.

The change in dynamic response with fatigue exposure was assessed through the loss and 
complex modulus corresponding to joint movement. The ultimate reduction in the plastic modulus 
for the asphalt filled, asphalt reservoir, and silicone reservoir specimens after fatiguing was 36%, 
21%, and 33%, respectively. The reduction in the complex modulus was 41%, 23%, and 41% for 
the asphalt filled, asphalt reservoir, and silicone reservoir specimens, respectively after fatiguing. 
The magnitude of the loss and complex modulus for the silicone reservoir specimens was 
significantly larger than those of the asphalt joint designs. These findings suggest that the silicone 
material is stiffer and but pliable as compared to the asphalt material. There was no identifiable 
trend in the complex shear modulus.

When subjected to joint opening/closing fatigue, the asphalt filled and asphalt reservoir 
designs tended to develop partial-depth adhesive and cohesive failures. The silicone reservoir 
design developed partial-depth adhesive, full-depth adhesive failure, and partial-depth cohesive 
failures. However, the cumulative length in damage was greater for the asphalt filled and asphalt 
reservoir designs compared to the silicone reservoir. The change in permeability was not 
significant for the asphalt filled specimens, while the asphalt reservoir specimens exhibited a slight 
increase in permeability between the fifth and sixth damage event. Most of the silicone reservoir 
specimens exhibited no change in permeability, except for one specimen that developed full-depth 
adhesive failure and was unable to retain water. This full-depth adhesive failure was caused by 
poor sealing in a localized area along the joint. This area was not sufficiently sealed due to the
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non-sag characteristics of the silicone sealant, leaving a gap through the depth of the sealant once 
the silicone had set. These findings suggest that the silicone reservoir specimens are the least 
susceptible to damage accumulation and are the most resilient to joint movement fatigue.

The change in energy dissipation through each sealant was also used to assess the change 
in performance of the joint. This was done by quantifying the reduction in the hysteresis loop area 
and slope for the force vs displacement plots for each design. The ultimate reduction after fatiguing 
in hysteresis loop area for the asphalt filled, asphalt reservoir, and silicone reservoir designs were 
38%, 27%, and 37%, respectively. Similarly, the ultimate reduction in hysteresis loop slope for 
these joint designs were 40%, 28%, and 35%, respectively. This suggests that, although the silicone 
reservoir joint design becomes less stiff and loses the ability to dissipate energy through the bulk 
material throughout its fatigue life, this damage is not sufficient enough to accumulate significant 
adhesive or cohesive failure. This is consistent with the findings shown previously which indicated 
that asphalt filled and asphalt reservoir joint designs tend to accumulate more adhesive and 
cohesive damage from fatiguing than the silicone reservoir design.

The difference in sealant extensibility was quantified by comparing specimens that had 
been exposed to freeze-thaw and fatigue cycles to newly sealed joints. The newly sealed asphalt 
reservoir specimens opened 2.04 in before failing, the newly sealed silicone reservoir specimens 
opened 0.99 in and the newly filled asphalt filled specimens only opened 0.48 in. The joint 
opening/closing throughout the year for the SR-22 Smart Pavement was determined in an earlier 
portion of this project (see Appendix C) and was found to be between 0.040 to 0.070 in. Based on 
these experimental results, these openings would be sufficiently large to fail the asphalt filled joint. 
The strain at failure for freshly sealed and conditioned specimens was also evaluated for each joint 
design, those being 4.9 and 3.0 in/in for asphalt reservoir specimens, 0.9 and 1.4 in/in for asphalt 
filled specimens, and 1.6 and 1.1 in/in for silicone reservoir specimens, respectively. The effect on 
the reduction in the opening at failure for the silicone sealant after 42 years simulated service life 
was significantly less than that for the asphalt sealant. The newly sealed and conditioned asphalt 
filled specimens exhibited both adhesive and cohesive failure modes. The asphalt reservoir 
specimens only exhibited adhesive failure for newly sealed specimens but exhibited both adhesive 
and cohesive failures for the conditions specimens. The newly sealed silicone reservoir specimens 
exhibited adhesive and cohesive failure, but after conditioning they primarily failed in adhesion.
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