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ABSTRACT 
 
It is estimated that a pavement structure subjected to seasonal freezing has approximately 
50% of the maintenance-free life of a similarly designed and constructed pavement 
structure in a non-frost area.  Differential frost heaving during the winter and early spring, 
and loss of pavement strength during thawing, result in a variety of pavement distresses 
including cracking and rutting.  These distresses have received considerable attention in 
the literature.  In contrast, “tenting” has received only minimal attention. 
 
Tenting consists of localized heaving in the immediate vicinity of transverse pavement 
cracks.  It typically produces a highly irregular riding surface, particularly toward the end 
of the winter season, and can lead to rapid premature deterioration of the pavement 
surface.  There have been unofficial estimates of as much as 10 cm (4 in.) of rise over a 
horizontal distance of approximately 3.3 m (10 ft).  In contrast to most frost related 
distresses, tenting is not unique to low volume roads; it occurs just as frequently on 
highways that have been designed for high volumes of traffic and to withstand freezing 
and thaw weakening.  Furthermore, it is frequently exhibited by pavements that are in 
otherwise good condition. 
 
Because the distribution of salinity (from road salt) within the base course is suspected to 
be a primary contributor toward tenting, about a dozen transverse cracks in New 
Hampshire were monitored throughout several winter/spring seasons.  Sensors were 
installed to monitor salt concentration, moisture content, subsurface temperature, and 
freezing point depression at one crack, and more limited instrumentation was installed at 
several other cracks.  Pavement elevation surveys were conducted throughout the freeze-
season to monitor tent formation.  At the end of the winter, arrays of base course samples 
were collected immediately beneath and adjacent to several of the cracks for subsequent 
laboratory analysis.   
 
Most frost related distresses can be attributed to the underlying subgrade, or to 
contamination of the gravel base with subgrade material.  However, based upon observed 
correlations between frost/thaw penetration and tenting progression, tenting on NH 
highways was determined to be a near-surface phenomenon.  Furthermore, it was 
determined to be caused by a complex combination of factors, with the underlying cause 
being intrusion of road salt-sand mix into the base course.  Available water (meltwater 
and precipitation serving as a transport medium), cracked asphalt (providing a point of 
entry for water into the pavement system), salt-sand mix (used for winter road 
maintenance), freeze-thaw cycling of the base course (due to both temperature 
fluctuations and saline-induced freezing point depression), and the phase diagram of 
NaCl (salt coming out of solution as freezing occurs, thereby increasing salt concentration 
adjacent to the freezing front, increasing the freezing point depression even further) all 
appear to be necessary components for tenting to occur. 
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A 1998 ASCE Cold Regions Specialty Conference paper (Kestler et al. 1998) outlines the 
test program, discusses results from field testing, and theorizes the causes and mechanics 
of tenting.  The following report, prepared for the NHDOT, both incorporates and 
expands upon the conference paper, and provides a sequel to the 1995 winter tenting 
report provided for NHDOT (Kestler and Berg 1995). 
 
 
INTRODUCTION 
 
Localized heaving in the immediate vicinity of transverse pavement cracks has been 
termed tenting, or lipping (Figure 1).  This phenomenon has been observed on numerous 
roads throughout New Hampshire, however, it is not unique to this state.  Although 
tenting may occur to a lesser degree throughout the year, it typically produces a highly 
irregular riding surface toward the end of the winter season.  Tenting is typically more 
severe in the passing lane and along the shoulders than in the driving lane.  Although 
maximum tenting measured during the NHDOT research program was in slight excess of 
3 cm (1 in.), there have been unofficial reports of as much as 10 cm (4 in.) of vertical rise 
over a horizontal distance of approximately 3.3 m (10 ft).  Of perhaps greatest 
significance is that tenting is frequently exhibited by pavements that are in otherwise 
good condition, i.e., pavements that exhibit neither extensive rutting nor fatigue cracking.  
Additionally, tenting does not necessarily occur each year.  It is often particularly severe 
one year, and negligible the following year.   
 
Following a winter of severe tenting, the New Hampshire Department of Transportation 
(NHDOT) employed the efforts of the US Army Cold Regions Research and Engineering 
Laboratory (CRREL) in Hanover, NH in 1993 to investigate the causes and mechanics of 
the phenomenon.  Monitoring was conducted in two phases.  The sites selected for 
observation during Phase I were known to have exhibited substantial tenting in preceding 
years.  Because results from Phase I were not fully conclusive (Kestler and Berg 1995), a 
more comprehensive Phase II investigation was launched.  Phase II included more 
frequent pavement surface elevation surveys, subsurface instrumentation (not included in 
Phase I), and a focus on salinity from road salt.  The following report describes Phase I 
and II test programs and observations, then provides a discussion of probable mechanisms 
and recommendations for future work.  Although it was concluded that salinity from 
sand-salt mixes (used for winter highway maintenance) is the primary cause of the 
phenomenon, preliminary thoughts throughout both phases are discussed and the thought 
process outlined through development.   
 
 
PROBLEM AND ITS OCCURRENCE 
 
Other than thermal cracking, most frost related distresses can be directly or indirectly 
attributed to the subgrade or to dirty base course material.  However, this was not the case 
for tenting as was observed in NH.  Correlations between occurrence of tenting and frost 
penetration indicate that tenting is a near-surface phenomenon (related to the road salt-
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sand mix getting into the base course material).  In contrast to conventional frost heaving 
that occurs when frost reaches the frost susceptible subgrade, tenting occurs while the 
frost is contained within the upper reaches of the pavement structure when frost doesn’t 
even get near frost susceptible material, whether that be the subgrade or base course with 
fines that might have migrated up.  It should, however, be noted that one study in central 
Canada did correlate tenting to the subgrade.  Undoubtedly, it is a complex phenomenon, 
and can have many contributing factors.  
 
Tenting has also been observed more frequently in longitudinal slope sections where salt-
rich surface water flow is intercepted by transverse cracks than on level road sections.  
Longitudinal cracks also intercept surface water, but the drainage area is appreciably 
smaller, and this is reflected in the reduced occurrence and magnitude of tenting observed 
along longitudinal cracks.   
 
Regarding geographical occurrence, informal telephone discussions were conducted with 
representatives from several State Departments of Transportation.  Survey results will be 
discussed later in this report. 
 
 
PHASE I  
 
Sites and Field Test Procedure 
 
In an attempt to identify the causes and mechanics of tenting, cracks at two locations were 
initially selected for observation and testing: the Hanover-bound lane of Route 120 in 
Lebanon, NH (Site 1), and the north-bound passing lane of Interstate 93 (I-93) 
immediately north of exit 29 in Thornton, NH (Site 2) (Figure 2).  The proposed plan was 
to excavate a test pit and collect soil samples immediately beneath the crack in the hot 
mix asphalt (HMA) and in the material immediately adjacent to the crack at each of the 
two test sites.  Samples were scheduled to be collected in the fall, pavement elevation 
surveys conducted throughout the winter, and a second test pit excavated with samples 
collected at each test site near the end of the winter, when tenting is typically at its 
maximum.  
 
During the fall of 1993, 1.3 x 1.3 x .8 m deep (4 x 4 x 2-1/2 ft deep) test pits were 
excavated at one of two adjacent cracks selected for testing and monitoring at both 
locations.  Nuclear density and sand cone tests were conducted in each of the test pits to 
determine in-place density.  Subsequent laboratory tests conducted on the samples 
included moisture contents, sieve and hydrometer analyses, and conductivity tests to 
determine salt content.  
 
Pavement surface elevation surveys were periodically conducted at Site 1 throughout the 
1993-1994 and 1994-1995 winter to monitor the magnitude of the tenting phenomenon.  
Minor tenting was observed.  However, an asphalt overlay was placed over the test site 
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during the summer of 1995, and further monitoring of surface elevations was 
discontinued.   
 
Pavement elevation surveys were also conducted at Site 2 during the 1993-1994 winter.  
The magnitude of tenting was minimal, nevertheless a second test pit was excavated in 
March 1994, in-situ tests were conducted, and base course samples were collected for 
laboratory analysis.   
 
 
Phase I Observations 
 
General: Phase I observations are briefly summarized in the following section.  
Additional photos, discussion, and associated graphs and data are provided in a report by 
Kestler and Berg (1995) prepared for NHDOT. 
 
Elevation Surveys: Vertical displacements for Site 2 during the 1993-1994 winter are 
shown in Figure 3.  The magnitude of tenting was approximately 3 cm (1.2 in.).  Peaking 
at the crack was unquestionable.   
 
Vertical displacement immediately adjacent to the crack at Site 2 occurred during late fall 
and early winter when the pavement experienced multiple freeze-thaw cycles.  In contrast, 
additional displacement during the month of February, which had only one thaw, was 
uniform along the entire 9.8 m (30 ft) long survey line.  The additional uniform heave 
most likely resulted from conventional frost heaving as frost penetrated deeper into the 
pavement section.  This indicated a possible correlation between tenting and some factor, 
or combination of factors, such as freeze-thaw cycles or available water (a possible 
transport medium), or the salt transported by the water.  Unfortunately, surface elevation 
surveys were not conducted frequently enough, nor were near-surface pavement 
temperatures being monitored, thus conclusions could not be drawn.   
 
Test pit excavation: Transverse pavement cracks, test pit markings, and a pavement 
surface elevation survey grid at Site 1, but typical of all test sites, is shown in Figure 4a.  
Test pit excavation necessitated removal of the 11 and 23 cm (4 and 9 in.) thick HMA 
layers at Sites 1 and 2, respectively, with minimal disturbance to the surface of the 
underlying base course.  The surface of the base course at Site 1 immediately following 
HMA removal during the first pit excavation is shown in Figure 4b.  A well-defined 
ridge-line conforming to the path of the crack was exposed.  Observations resulting from 
the pit excavation follow discussion of frost susceptible soils:  
 
Casagrande (1938) found that frost susceptibility could be expressed as an empirical 
function of grain size.  This is still accepted today.  Generally, soils with 3 or more 
percent (by weight) finer than .02 mm are frost susceptible.  Gravel with 1-1/2 to 3% finer 
than .02 mm may be frost susceptible.  Uniform sandy soils can, however, have up to 
10% by weight finer than .02 mm without being frost susceptible.  Figure 5 and Table 1 
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(TM 5-818-2/AFM 88-6, chap 4) show average rates of heave for gravels, sands, silts and 
clays and frost design soil classifications, respectively.   
 
Sieve and hydrometer analyses for base course samples close to the crack at Site 2 fell 
within the low to medium range for frost susceptibility.  While most samples from Site 1 
ranged from 3.3 to 4.9% finer than .02 mm, two samples exhibited very high percentages 
--11.2% and 17.9%.  These corresponded to extremely high percentages (30+/-%) passing 
the No 200 sieve.  These two samples were taken from the ridge-line of very fine material 
immediately beneath and filling the lower reaches of the crack within the HMA discussed 
above (Figure 4).  This material was appreciably more frost susceptible than the base 
course.  It is possible that this is the result of fines being washed into the crack from road 
salt-sand mix, plus degradation of the HMA at the crack.  Although ridge-line material 
might account for heave in the immediate vicinity of the crack, the quantity of material 
composing this ridge is relatively small.  It might be a contributor toward tenting, but 
cannot explain tenting in itself.   
 
No density or salinity trends were detected.  However, as discussed above, elevation 
surveys at one site, in combination with local environmental conditions (air and estimated 
surface temperatures (Berg draft)), indicated that tenting might be related to freeze-thaw 
cycling and road salt.  The salt is transported by available water from snow-melt or rain 
and surface/near-surface freeze-thaw cycles.  These cycles occur at varying temperatures 
and varying distances from the crack because of road salt induced freezing point 
depression.  Because information was insufficient from Phase I, an extended, more 
comprehensive Phase II study was recommended and launched. 
 
 
PHASE II 
 
General 
 
Transverse crack sites selected for Phase II monitoring are shown in Figure 2.  
Monitoring sites include two transverse cracks on the westbound lane of Route 112 in 
North Woodstock, NH (Site 3), and several transverse cracks on Interstate 89 (I-89) near 
the Sutton/Warner town line, NH (Sites 4a-c).  Sites 4a and b (including a few cracks 
each) are located on the south-bound passing lane, and site 4c is located on the 
northbound passing lane.  
 
In 1996, Sites 3 and 4 were instrumented with thermistors to monitor subsurface 
temperatures.  Additionally, site 4c was instrumented with Vitel hydra soil moisture 
sensors (Vitel 1994, Kestler et al. 1999, Kestler et al. 1997, and Kestler et al. draft) to 
monitor subsurface moisture, salinity, temperature, and freezing point depression.  A brief 
construction report and corresponding plan and profile of Vitel hydra soil moisture 
sensors are provided in Appendix A.  Appendix B provides additional information on the 
Vitel hydra soil moisture sensor as well as sketches/photos of the soil moisture sensor.  A 
Campbell datalogger recorded both thermistor and Vitel data a few times daily.  Test pits 
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were excavated at sites 3 and 4c at the end of the 1996-1997 freeze season, and pavement 
elevation surveys were conducted approximately every other week.  
 
 
Discussion of Phase II 
 
Surface manifestation:  Site 4 pavement elevations through the 1996-1997 winter are 
shown in Figure 6.  Maximum vertical displacement was 1.5 cm (0.6 in).  While the 
magnitude of heave is lower than values observed in the past, data show nearly an order 
of magnitude more displacement immediately adjacent to the crack than at distances over 
2 m (6.6 ft) away.  This clearly indicates heave activity by some winter-related 
phenomenon.  Appendix C provides figures showing progression of tenting at each of the 
site 4 cracks (labeled as 4c northbound, 4c[2] northbound, 4b [a series of cracks on the 
southbound lane], 4a[1] southbound, and 4a[2] southbound) throughout the 1995-1996 
and 1996-1997 winters.  Note that the cracks on the southbound lane of I-89 had been 
sealed with a crack sealer.  The magnitude of tenting was slightly less than open cracks.  
However, it is assumed that some salt still remained in the base course in the vicinity of 
the crack from before the cracks were sealed, and also that additional salt infiltrated into 
the cracks where the crack was not perfectly sealed.   
 
Salinity:  Salinities of base course samples collected during the 1997 springtime test pit 
excavation provided information about salt concentration that was believed would enable 
correlations between salinity-induced freezing point depression and vertical displacement 
over time.  Salt concentration was significantly less at substantial vertical and horizontal 
distances from the HMA crack, as would be expected for contaminant flow.  However, 
concentration was not a simple function of distance from the crack.  Results from 
laboratory testing indicated seemingly random fluctuations in salt content with increasing 
distance from the crack (Appendix D).  This pattern, or rather lack of, was an indicator of 
the complex history of freezing and thawing of the salt contaminated base course material 
at varying temperatures and varying vertical and horizontal distances from the HMA 
crack.  Additionally, salt application rate varied thereby causing an additional fluctuation.  
Laboratory testing in which temperature and application rate of salt are controlled would 
be necessary to separate variables and detect salinity patterns. 
 
 
DISCUSSION 
 
Freezing Process in the Presence of Road Salt 
 
The following is based on Shober’s work (1971).  Subsurface temperatures, frozen/non-
frozen ground conditions, and salinities from the NH field test sites conform to such 
rationale:  Figures 7a-d are a simplification of a figure provided by Shober:  Curves on 
the left side show subsurface temperature gradients as freezing and thawing occur.  
Progressive cross sections of the soil are provided on the right.  Figure 7a shows an initial 
freezing gradient (left) and corresponding state of ground (right).  Then assume a thaw 
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sets in.  The new freezing gradient and corresponding state of ground are shown in Figure 
7b.  Figure 7b (right) also shows a superimposed salinity concentration at time t, after the 
salt-laden surface water (carrying the salt-sand mix) enters into the crack in the pavement 
surface, and infiltrates into the thawed base course.  Now assume another freeze cycle.  
The progressive freezing gradient and state of ground are shown in Figure 7c.  Note, 
because of the presence of salt and the associated freezing point depression, the soil no 
longer freezes uniformly downward and perpendicular to the temperature gradient.  
Rather the freezing front proceeds in a non-linear fashion with different regions of base 
course freezing at different temperatures as shown by hashed shading.  Figure 7d shows 
temperature gradient and state of ground as freezing continues.  If freezing were to occur 
from the surface downward, as in the absence of a freezing point depressing agent, the 
source of water would be cut off from the crack, and the tenting process could not occur.  
However, in the presence of this ongoing water source , small ice lenses, which are 
responsible for heaving (or, in this case, tenting because it occurs only at the crack), 
accumulate at the freezing front. 
 
 
Salt Solution Phase Diagram 
 
To add yet additional complexity to the above process, consider the phase diagram for 
salt brine (Figure 8).  When salt solutions of less than 23.3% freeze, pure ice freezes out 
leaving saturated brine.  Consequently, the highest concentration salt solution (which 
occurs at the entrance to the crack) will not remain the highest, but rather be at a lower 
concentration than the saturated brine that remains as the salt solution freezes.  This 
becomes more complicated as the salt solution dissipates through unfrozen soil to areas of 
lower salt concentration while air and surface temperatures change.  Based upon both the 
phase diagram and the manner in which a salt contaminated base course freezes (as air 
temperatures fluctuates and freezing point depression governs freezing), it is not difficult 
to understand why salt content can fluctuate without any definitive pattern as was the case 
in samples tested following pit excavations (Appendix D). 
 
 
Summer Tenting 
 
The following theorizes why tenting does not always fully disappear during the summer: 
In the presence of fluctuating air temperatures and changing concentrations of road salt 
through repeated application for snow and ice control, the HMA to either side of the 
crack is lifted by ice pressure.  Sand from the road salt-sand mix continually enters the 
crack as thaw cycles occur.  This exacerbates the localized heaving problem if the salt-
sand mix for ice control has a high percentage of fines.  This also increases the amount of 
material, as well as the frost susceptibility of sand immediately beneath the HMA crack.   
 
1) This could explain the higher percentages of fines in the immediate vicinity of the 

crack during pit excavations.   
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2) It could also explain why tenting is generally worse in the passing lane and shoulder 
than in the travel lane.  Constant traffic may accelerate/hasten settling and 
conformance of the HMA slab to underlying base course before sand can make its 
way into any void between the HMA and base course at the crack.   

3) Finally, it could explain why tenting does not always completely disappear during the 
summer.   

 
 
More on Tenting 
 
Taking these theories yet a step further, an independent, similar study is also being 
conducted in Quebec, Canada, where some highways exhibit as much as 70 mm (3 in.) 
tenting by the end of a typical winter.  Dore et el. (1997) hypothesized that:  
 
1) Salt concentration gradient and the resulting freezing point depression gradient can 

take the place of thermal gradient (Konrad and Morgenstern 1980) required for ice 
segregation (i.e., frost heaving) to occur in salt free frost susceptible soils (in full 
conformance with above theories), and  

2) Salt concentration gradient can also contribute to increasing frost susceptibility of non 
frost susceptible granular materials.   

 
Dore and others (Dore et al. 1997) isothermally cooled 76 mm (3 in.) diameter cylindrical 
samples of both salt free material and material comprising layers of increasing salinity 
control.  Salt free control samples showed no heaving, yet samples with saline gradients 
exhibited maximum heave rates of 6 mm (0.24 in.) per day.  This proved that salt 
concentration gradient and the resulting freezing point depression gradient can take the 
place of thermal gradient required for ice segregation to occur in salt free soils.  
 
While Phase II observations do not specifically address the above hypotheses, i.e., 
controlled laboratory conditions would have been necessary, observations unquestionably 
support them.  It is believed that the Dore et al. hypotheses and lab test results combined 
with additional theories on the salt-sand mix entering the crack during localized thawing 
(also caused by the salt having lowered the freezing point depression) developed during 
NHDOT/CRREL Phase I and II could provide the explanation of the complex 
mechanisms responsible for tenting.  
 
 
Survey of Other DOTs and Geographical Occurrence of Tenting 
 
Conversations with representatives from State, Federal, and private agencies and 
organizations in northern United States, Canada, and northern Europe indicate tenting 
occurs in some seasonal frost areas, yet seemingly not in others.  A telephone survey was 
conducted of state DOTs to determine which states experience, or do not experience, 
winter pavement tenting, and what these states have in common; e.g., type of road salt 
(Sodium Chloride, Potassium Chloride, etc.), typical road salt application rates, typical 
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gradation of sand in road salt-sand mix, specified base course gradation, etc.  The specific 
questions and responses are provided in Appendix E.  Most northern states responded that 
they did not have problems with tenting.  However, Quebec and Minnesota report they 
have, at times and particular locations, observed severe tenting.  Tenting in Minnesota has 
been so severe that they are considering follow-up research.  Tenting has also been 
observed in Vermont, Maine, Wisconsin, and West Virginia.  Unfortunately, information 
necessary to determine what factor tenting states (and provinces) had in common with 
each other, and not with non-tenting states, was not available, so we cannot look toward 
this information as an aid in recommending preventive measures.  One important piece of 
information that was simply not available from State DOTs without further testing is the 
grain size distribution of hydrometer size particles for the road salt-sand mix.  Nor is 
information on grain size distribution as a result of wear of particles available.  As 
discussed earlier, percent of particles smaller than .02 mm (detectable only by hydrometer 
testing) is correlated to frost susceptibility.  However, specifications for road sand never 
refer to particle sizes that require hydrometer testing.   
 
It is believed that tenting has also been observed in states that responded negatively to the 
survey, but the particular survey recipient was unaware of tenting.  It should be noted that 
informal conversations with USDA Forest Service representatives indicate that 
significant tenting has been observed in localized areas of Michigan, but not in others.  It 
is believed that this can be attributed to the higher salt use in regions that have observed 
tenting.  Other unofficial observations have been reported in Montana and Massachusetts.  
Many states that experience tenting simply attribute it to water getting into the cracks.   
 
 
SUMMARY 
 
To identify the causes and mechanics of winter tenting, Phase I test pits were excavated 
and samples collected at two sites where transverse pavement cracks had exhibited 
tenting in past years.  A ridge-line of very fine, highly frost susceptible material was 
exposed during pit excavation at both sites atop the base course, conforming to the path 
of each crack.  This fine material, plus Phase I pavement elevation surveys hinted that 
near-surface freeze-thaw cycles and available water (including free water or water in 
unfrozen soil serving as a transport medium of salt) might be correlated to tenting.   
 
A more comprehensive Phase II test program was launched that included bi-weekly 
pavement surface elevation surveys and subsurface instrumentation to monitor subsurface 
temperature, moisture, salinity and freezing point depression.  Additionally, large arrays 
of base course samples were collected from pit excavations and tested for salinity.  
Elevation surveys showed nearly an order of magnitude greater vertical displacement in 
the immediate vicinity of the crack than just 2 m (6.6 ft) to either side.   
 
Observations from the two phase test program on a dozen pavement cracks throughout 
New Hampshire along with ongoing laboratory testing by Dore et al. in Quebec enabled 
theories on the causes and mechanism behind tenting to be strengthened.  In contrast to 
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most frost related distresses that can be directly or indirectly attributed to subgrade 
concerns, it was concluded that tenting observed in NH is a near-surface phenomenon.  
Once the frost reaches an appreciable depth as determined by thermistors and other 
temperature sensors, water migration from a water table or lower moist material is sealed 
off, and the crack in the HMA provides the only point of entry for water into the 
pavement system.  Tenting is believed to be the result of salt-contaminated base course 
undergoing freezing in a non-uniform manner as this plentiful localized water source 
continues to provide water. 
 
When winter highway maintenance salt-sand mixes are applied to cracked pavements, 
frost penetration does not progress vertically and uniformly into the pavement system.  
Rather it progresses non-linearly and at varying lower temperatures than in nearby non-
salt-contaminated base material.  If material of a higher salt concentration is near the 
crack, material very close to the crack will remain unfrozen because of the freezing point 
depression, and the crack allows additional water to enter the system.  Thus, freezing and 
thawing of material near the crack is governed by salt content/gradient.  Aggravating the 
situation, fine grain material from the road salt-sand mix also gets washed into the open 
crack.  The base course immediately adjacent to the crack material undergoes freeze thaw 
cycling at temperatures different than the uncracked pavement.  At the same time, salt 
concentration in that vicinity continually changes as additional road salt is distributed for 
snow and ice control as well as from saturated brine coming out of solution right at the 
freezing front.  When freezing does occur, the frost susceptible sand that infiltrated into 
the crack heaves, then the system undergoes thaw consolidation.  Additional road sand 
can continue to enter through the HMA crack before traffic causes the HMA slab to settle 
and conform to the underlying base course.  This can explain the higher percentage of 
fines in the immediate vicinity of the crack during pit excavations, why tenting is 
generally worse in the passing lane and shoulder than in the travel lane, and why tenting 
does not always completely disappear during the summer months.  The heaving of an 
otherwise non-frost susceptible base course material can be further explained by the work 
done by Dore et al (Dore et al. 1997) which showed that salt concentration gradient and 
the resulting freezing point depression gradient can take the place of thermal gradient 
required for ice segregation to occur in salt free frost susceptible soils.  
 
 
RECOMMENDATIONS 
 
Conversations with representatives from State, Federal, and private agencies and 
organizations in northern United States, Canada, and northern Europe indicate tenting 
occurs in some seasonal frost areas, yet seemingly not in others.  A more comprehensive 
written survey should be distributed to better determine which locations experience, or do 
not experience, winter pavement tenting.  Questions should be similar to those of the 
informal telephone conversations, i.e., what factors states with tenting have in common; 
type of road salt (Sodium Chloride, Potassium Chloride, etc.), typical road salt 
concentrations, typical gradation of sand in road salt-sand mix (both original and some 
representative post trafficking gradations to account for wear), and specified base course 
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gradation, etc.  Additionally, hydrometer analyses should be conducted on samples of 
material used in each state to estimate frost susceptibility. 
 
Additional laboratory testing, which enables isolation of variables, should be conducted 
to determine salinity gradients, soil gradations, and combinations of the two that 
maximize and minimize salinity-gradient-driven heaving. 
 
For tenting pavements, mitigating measures include removal and replacement of salt-
contaminated base course or mixing/grading salt-contaminated base course, then re-
surfacing.  Alternately, crack sealing and overlays at least prevent additional salt water 
intrusion.  However, when pavements are overlaid, reflection cracking often occurs, and 
the cycle of intrusion of road salt into cracks continues.  
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a. Site 1 – transverse cracks and surface elevation grid (longer than typical 30 ft grid). 
 

Figure 4. Test site and excavation pit. 
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b. Site 1 – surface of base course during pit excavation. 
 

Figure 4. Test site and excavation pit. 
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Appendix A 
 

Installation of Vitel Hydra Moisture Sensors, I-89, Northbound Lane 
Construction Report, Plan, and Profile 
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Appendix B 
 

Vitel Hydra Soil Moisture Sensors (Radio Frequency Probes) 
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Description of the Vitel Hydra Soil Moisture Sensor: Excerpt from Kestler et al. (1997)  
 
 
THEORY 
 
The Vitel probe measures the dielectric constant of a soil which has been shown by a long 
line of researchers to be related to the soil’s volumetric water content (Roth et al. 1990, 
Schofield, et al. 1994, Kaya et al.1994, Topp et al. 1994).  Because the dielectric constant 
of water (80) is so much greater than that of soil particles (4) or air (1), the contribution of 
water dominates the overall dielectric constant of the soil-water-air mixture.  Because the 
soil’s contribution to the overall dielectric constant does not change (only the amount due 
to water changes as the moisture changes), soil moisture content can be readily 
determined.  A thorough discussion of dielectric properties of moist soils is provided in 
Campbell (1988). 
 
 
EQUIPMENT 
 
Probe 
 
Shown in Figure A-1, the moisture sensor / probe was originally developed by Dartmouth 
College and the US Army Cold Regions Research and Engineering Laboratory (CRREL), 
both located in Hanover, NH, in the 1980’s.  It was then further modified by, and is now 
commercially available from, Vitel, Inc. (Vitel, 1994) (Figure A-2).  In the ensuing 
discussion, the original probe is referred to as the CRREL-Dartmouth probe, and the 
commercially available probe as the Vitel probe or sensor.   
 
The original CRREL-Dartmouth probe and the Vitel probe function essentially 
identically.  The major difference is that the electronics required to make the 
measurements were located in a “black” box for the CRREL-Dartmouth probe and have 
been miniaturized and placed in the probe head for the Vitel probe.  High frequency (50 
MHz) complex dielectric constant measurements enable determination of both soil 
moisture and salinity.  Soil moisture is determined from the capacitive part of the soil’s 
electrical response and salinity from the conductive part.  The manufacturer’s literature 
indicates volumetric water content is accurate within +/- 2% (Vitel, 1994). 
 
As shown in Figure A-3, the probe consists of a multi-conductor cable, a probe head and 
probe sensing tines.  The effective volume of soil sensed is cylindrical, bound by the 
outer three tines, probe head, and open end of tines (approximately 3.2 cm [1.25 in.] 
diameter x 5.8 cm [2.25 in.] length).  A thermistor is located in the probe head to measure 
temperature.  The probe and cable should be protected from solvents, oils/grease and 
strong oxidizing or reducing agents.  The probe will operate from -10°C (14 °F) to +65°C 
(149 °F).  Below -10°C, the probe will provide unreliable values but will not be damaged 
until -40°C (-40°F).  Using the probe above +65°C (149 °F) can result in permanent 
damage. 
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... 
 
The probe requires a 7 to 30 volt DC supply voltage with a preferred range of 7-12 VDC.  
The probe draws 35 to 40 mA which is a fairly high current demand.  The probe outputs 
four voltages, V1, V2, V3, and V4 which are 0-5 VDC signals.  V1 to V3 are used to 
determine the water content and salinity of the soil and V4 is used to determine 
temperature.  
 
The cost of an individual Vitel probe with 10 ft of cable and a connector to mate with the 
Vitel Hydra logger is $295 (1997 price). 
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Figure B-2. Radio frequency (RF) probe. 
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Figure B-3. Radio frequency (RF) probe with hydra logger. 
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Appendix C 
 

Progression of Tenting on I-89,  
1995-1996 and 1996-1997 Winters 
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Appendix D 
 

Salinity as a (Seemingly Random) Function of Distance from Crack 
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Figure D-1. Salinity – Route 112, x axis = depth from surface, y axis = salinity. 
 
 

Figure D-2. Salinity – I-89 Salinity, x axis = depth from surface, y axis = salinity.
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Appendix E 
 

Results from Informal Survey of  
(Northern) State Departments of Transportation 
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Informal Telephone Survey Conducted of Northern State DOTs 
 
 
1. Any occurrence of winter tenting? 
 
2. Incidence of occurrence?  (i.e., observed during winter with many freeze-thaw cycles, 
on roads on which salt is more heavily used, only in the northern part of the state, during 
winters with a lot of snow, or on sloped sections of road more often than along flat 
sections, etc.)? 
 
3. Theories on causes? (skipped if inferred as part of response to last question). 
 
4. Salt use? (Approximate application rate – i.e., lbs. per mile, or truckloads per mile).  Or 
is another de-icing agent used instead of sodium chloride? 
 
5. Sand-salt mix -- proportions of each. 
 
6. Sand gradation for road sand-salt mix: What % is finer than .02 mm? 
 
7. Base course specifications: What % is finer than .02mm? 
 
8. Other comments. 
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Appendix E cont’d: 
Gradation specifications provided by several states in response to telephone survey. 
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