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Experiments were conducted to investigate the destruction of the
ice-substrate bonds by chemical undercutting. The undercutting
experiments determined the undercut area, as a function of time,
of three deicers at three temperatures on highway core samples
and laboratory-produced specimens. Tests were conducted at
temperatures of 25"F (-4"C), 15"F (-9"C), and 5oF (-15"C)
using all the substrates in the as-received, but cleaned, condition.
The three deicers-NaCl, CaCl2, and ethylene glycol-were used
for all temperature-substrate combinations. The substrates in-
cluded portland cement concrete, dense-graded asphalt, open-
graded asphalt, rubber-modified asphalt core samples, and
laboratory-produced specimens made of portland cement con-
crete and dense-graded asphalt. Undercutting action was also
investigated on smooth highway core samples and smooth
laboratory-produced specimens at selected temperatures. Linear
regression models with good predictive power were developed to
predict the undercutting behavior of deicer material for given
combinations of pavement type, surface condition, and temper-
ature as a function of time. Using these regression models, the
following conclusions were drawn: (a) at 25"F, sodium chloride
produces larger undercut areas than does calcium chloride when
applied to as-received core samples of dense-graded and open-
graded asphalt; (b) however , at 25"F, calcium chloride produces
more undercutting action than does sodium chloride when applied
to as-received core samples of portland cement concrete and
rubber-modified asphalt; (c) at 15"F and 5oF, calcium chloride
produces more undercutting than does sodium chloride for all
four as-received pavement core samples; and (d) at 25"F and
l5oF, the as-received laboratory-produced specimens tended to
be undercut more extensively than the corresponding core sam-
ples at these temperatures.

Deicing salts, primarily sodium chloride, have been applied
to highways for control of snow and ice since early in this
century. Before 1941, little straight salt was applied to the
roadways; most was mixed with sand or other abrasives to
freeze-proof stockpiles and to treat locally hazardous highway
locations such as curves, hills, and intersections. Experiments
were begun in New England in 1941 using NaCl alone as an
ice preventive (1). The total amount of NaCl applied across
the country remained relatively low until the mid-1950s when
usage surged dramatically to around 1 million tons annually,
partially in response to the public demand for better all-weather
roadway conditions. This demand eventually led to the adop-
tion of a bare pavement policy by the highway departments
in the snow-belt states (2).

Currently, the economic well-being, livelihood, and stra-
tegic defense of the United States depend to a large extent
on the year-round mobility of trucks, buses, and passenger
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cars on the nation's highway network. Winter conditions of
ice and snow still cause serious disruptions in the economies
of nearly all states. The great dependence on highway trans-
portation for the movement of goods, services, and people
has resulted in the demand for more rapid and effective clear-
ance of ice and snow from the highways. As a result, there
has been an increased use ofchemicals and abrasives by high-
way agencies to assist in providing a clear roadway. The cur-
rent usage of salt is approaching a rate of 10 million tons per
year (3).

Sodium chloride has become the chemical of choice because
it is effective at subfreezing temperatures (eutectic of -6oF),
is substantially less expensive than other deicing materials,
and is readily available. At temperatures near the freezing
point of water, sodium chloride is an effective agent for the
control of ice and light snow by processes that include melting,
penetration through layers of ice or snow, and disbondment
of ice or packed snow from pavement surfaces. However,
concern has steadily been voiced over the last 12 years about
the effects of heavy salt use on the roadside environment,
water supplies, vehicles, and highway structures.

Removal of ice (and compacted snow) from highway sur-
faces has been accomplished in part by mechanical means
(scraping) and in part by use of deicing chemicals or, in many
locations, by a combination of these techniques. Neither the
combination of these methods nor their singular use is com-
pletely satisfactory. Some chemical methods have potential
side effects such as corrosion of vehicle and highway struc-
tures, and contamination of the roadside environment and
water supplies, while mechanical methods do not provide
complete ice removal.

Past work aimed at the development of methods for re-
moval of ice from pavement surfaces has been rather narrow
in scope (4). There is a small amount of basic data on the
adhesive properties of ice, the mechanisms of adhesion, and
the effects of different substrates on their adhesion. Proper
application of existing technical information and the devel-
opment of needed basic knowledge covering ice adhesion should
provide a sound basis for the development of new, practical
measures for ice removal. A much better understanding of
the physical and chemical phenomenon observed at the ice-
pavement interface is required before bond destruction can
be achieved in an economical manner.

In late 1987, the Strategic Highway Research Program
(SHRP) of the National Research Council funded a study
entitled "Ice-Pavement Bond Disbonding-Fundamental
Study." The overall objective of this research was to conduct
a fundamental study of the ice-pavement bond structure and
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the mechanics of its formation, to provide a sound basis for
the development of techniques and deicers for destroying or
disrupting the ice-pavement bond once it has formed. Embed-
ded within this overall objective were several specific objec-
tives including one to characterize the physical and chemical
processes that cause deterioration in the bond formed be-
tween ice and asphalt or portland cement concretes. Many of
the study activities focused on investigations of techniques for
the destruction of the bond between ice and highway pave-
ment materials.

One such activity involved conducting laboratory tests to
investigate the destruction of ice-substrate bonds by chemical
undercutting. The highway pavement materials used during
this activity consisted of laboratory-produced substrates and
core samples taken from several in-service highway pave-

ments. The results of these chemical undercutting tests are
described.

GENERAL DESCRIPTION OF UNDERCUTTING
TESTS

The destruction of the ice-pavement bond by chemical un-
dercutting is a physically complex process that is dependent
on a number of variables, including the following: type of
pavement material, pavement porosities and irregularities,
heat transfer rates, brine concentration and associated density
gradients, and chemical species diffusion rates. The experi-
mental procedures used during the undercutting tests were
designed to minimize and control as many of these variables
as possible in order to generate reproducible data.

The main objective of the chemical undercutting experi-
ments was to determine the influence of temperature and
substrate condition on the time-dependent undercut area pro-
duced by three deicers at the ice-substrate interface. The three
deicers used were ethylene glycol, aqueous sodium chloride
(26.3 percent by weight saturated solution at 0"C), and aqueous
calcium chloride (37.3 percent by weight saturated solution
at 0'C). Six substrates were used in the tests and consisted of
core samples taken from four types of highway pavements
and two types of laboratory-produced specimens of highway
pavement materials. Measurements of the undercutting action
of the three deicers were made at three test temperatures of
25"F (-4'C), 15'F (-9'C), and 5oF (-15'C).

Substrate Configurations and Undercutting Test
Specimen Preparation

The substrates used in the undercutting tests included port-
land cement concrete, dense-graded asphalt, open-graded as-

phalt, rubber-modified asphalt core samples, and laboratory-
produced specimens made of portland cement concrete and
dense-graded asphalt. The portland cement concrete and dense-

graded asphalt core samples were 4 in. (10.2 cm) in diameter
and were obtained from the Connecticut Department of
Transportation (DOT). The open-graded asphalt core sam-
ples were 6 in. (15.2 cm) in diameter and were obtained from
the New York DOT. The rubber-modified asphalt (Plusride)
core samples were 4 in. in diameter and were obtained from
the Montana Department of Highways and from CAL-
TRANS. All core samples were taken from in-service roads.
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The laboratory-produced, dense-graded asphalt specimens
were 4 in. in diameter and were supplied by Michigan Tech-
nological University through SHRP. These specimens were
made in a Marshall test mold using AC20 asphalt and aggre-
gate obtained from the SHRP asphalt-aggregate library in
Austin, Texas.

The laboratory-produced portland cement concrete speci-
mens had approximate dimensions of 6.5 x 8.5 x i in. deep
(16.5 x 21,.6 x 2.5 cm deep) and were made by researchers
at the South Dakota School of Mines and Technology. These
specimens were made in accordance with the mix design used

by the South Dakota DOT for highway (nonbridge deck)
pavement construction. The core samples were of varying
lengths when received. Each core sample was cut to about a

2-in. (5.l-cm) length with a diamond saw in a plane parallel
to the exposed, wearing surface. This process produced core
samples with one end consisting of the as-received surface
and the other end with a relatively smooth, not previously
exposed surface. One end of the laboratory-produced dense-
graded asphalt specimens was ground smooth, with a final
grinding using 400-grit powder. The other end of the speci-
mens was left in the as-compacted state. Three of the labo-
ratory-produced portland cement concrete specimens were
ground smooth, with a final grinding using 600-grit powder.

The handling, cleaning, and storage of all substrate surfaces
in this study were accomplished in accordance with protocols
developed under SHRP (5). These protocols were followed
to maúmize measurement reproducibility, The substrates were
cleaned just before ice was grown on the surfaces to minimize
any surface contamination that might have taken place during
storage. A special diagnostic method was used to characterize
the surface condition of the substrates after being subjected
to the cleaning procedures. The diagnostic technique, known
as the drop-diameter method, was developed under SHRP
(5) and provided contact angle measurements that were based

on the diameter of a drop of test liquid.
Three undercutting test sites were made on the 4-in.-di-

ameter core and laboratory-produced samples. Nine under-
cutting test sites were made on each of the portland cement
concrete slabs.

Ice of %e-in. (0.48-cm) thickness was formed on the sub-

strates in a prescribed manner. Before growing the ice, the
substrates were placed in a refrigerator maintained at 39'F
(4'C) and allowed to equilibrate to that temperature for at

least 16 hr. Deionized water was also placed in the same

refrigerator and allowed to equilibrate to that temperature.
The substrates were then transferred to an ice growing cham-

ber inside a walk-in cold room that was maintained at - 9'C.
The substrates rested on a thick aluminum plate inside the
ice growing chamber. The chilled (4'C) deionized water was

then added to the substrate surface whose edges had been

dammed with aluminum tape to a height of. Vq in. (0.64 cm)
above the substrate surface. Two 100-watt lamps were posi-

tioned above the specimens in the chamber and their power
was gradually reduced with a Variac@. This procedure al-

lowed the ice to grow slowly and from the substrate upward.
Tapered holes were produced in the ice during freezing by

use of Teflon@ plugs resting on the substrate surface. The
configuration of a plug is shown in Figure 1a. The plugs were

held in the correct relative position on the substrate with a

%-in.-thick aøylic sheet that was prebored to accept the pre-
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FIGURE I Configuration of undercutting test spec¡men
preparation: (a) teflon plug configuration, and (b) Sketch
of experimental configuration.

determined number of plugs. A sketch of this arrangement is
shown in Figure lb.

After the ice had frozen, the TefloncD plugs were removed
from the ice. The substrate-ice samples were then removed
from the ice growing chamber and placed in plastic bags where
they remained until the walk-in cold room and the samples
equilibrated to the undercutting test temperature.

A small quantity (0,3 to 0.4 mg) of the disodium salt of
fluorescein was placed in each cavity before placement of
liquid deicer in the cavity. The weight of dye lelative to deicer
weight was approximately 1 part dye to 1,000 parts deicer.
The dye accordingly contributed slightly (less than 0.1 per-
cent) to total ice melting capacities. Photographs were then
taken with the aid of a UV light source at eight predetelmined
time points over a 1-hr period during the undelcutting action.
The 35-mm negatives used in the photographic process ex-
hibited good contrast between the undercutting areas and the
substrate material. The undercutting patterns observed on the
highly textured surfaces, such as on the open-graded asphalt
cores and laboratory-produced portland cement concrete
specimens, were irregular in shape and followed the surface
voids around the exposed surface aggregate. The undercutting
patterns on the smoother substrates tended to be circular in
shape.

Undercutting tests with the three deicers were performed
at each of the three temperatures on each of the six substrates
in the as-received, but cleaned, condition. Undel'cutting tests
with the three deicers were also performed on the smooth
highway core samples and laboratory-produced specimens at
25'F and 5oF. Three replicate tests were performed for each
unique combination of substrate, deicer, and temperature at
a given time point.
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Data Reduction

The data reduction technique used with the undercutting re-
sults followed an approach used successfully in other under-
cutting experiments (ó). The 35-mm color slides of the un-
dercutting action were projected onto a screen. The individual
undercut areas were then traced onto a vellum paper sheet.
An area determination was made by use of a planimeter. A
digital clock with a liquid crystal display and a standardized
area grid were included in the field of view of the substrate
to provide a photographic record of the time lapsed during
the tests and a standard reference area for use in determining
the undercut area.

All measured undercut areas were adjusted to account for
the surface area, at time zero, that the Teflon plug was in
contact with the substrate. This area was subtracted from all
measured undercut areas obtained from the 35-mm photo-
graphic records. The resulting differences were then normal-
ized by dividing them by the appropriate weight of the deicer.
These final results are herein referred to as adjusted undercut
areas. The replicate results were averaged before construction
of the plots.

RESULTS

Plots of the average adjusted undercut area versus time were
developed for each of the three deicer and six substrate com-
binations. Of these 18 plots, a selection is shown in Figures
2-9. Each figure shows the results for as-received and smooth
surfaces for the three temperatures.

The tests conducted with each deicer involved primarily an
evaluation of the effects of different types of substrates and
their physical surface characteristics (particularly surface
roughness) on the undercutting characteristics. All substrate
surfaces were cleaned before testing by standardized proce-
dures, Thus, the chemical properties of the substrate surfaces
in all cases, including the core samples, do not reflect the
chemical contamination that accompanies highway uses. The
undercutting results should, however, reflect the chemical
properties of the substrate material (i.e., asphalt or portland
cement concrete). Potential differences might exist between
core samples and laboratory-produced substrates of the same
type of material. The core samples were exposed to long-term
weathering and use effects; the laboratory-produced speci-
mens were not exposed to these environmental impacts.

Estimating Undercut Areas as a Function of Time

Linear regression analyses were performed on the data to
investigate the relationship between the adjusted undercut
area (in square centimeter per gram ofdeicer in solution) and
time (in minutes). These analyses were performed separately
for each deicer, substrate material, sample type, surface con-
dition, and temperature combination. Thus, a total of 90 anal-
yses are reported. All three replicate results at each of nine
time points were used in these analyses. In a first step, the
adjusted undercut area was regressed against timer/2, time,
and time2. The residuals from each model were examined for
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normality and, as a result, the square root of the adjusted
undercut area was used. This approach considerably improved
the normality of the model residuals.

The square root of the adjusted undercut area was therefore
regressed against timet/2, time, and timez for each of the 90
combinations of deicer, substrate type, sample type, and tem-
perature. The regression model is given by the following:

(adjusted undercut area)tn
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FIGURE 2 A{iusted undercut area versus time: NaCl on core samples of dense-
graded asphalt.

0

o 25dê9F
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+ 15degF o 5degF

FIGURE 3 Adjusted undercut area versus time: NaCl on core samples of open-
graded asphalt.

where z,l, B and C denote the regression coefficients. The
model was forced through the origin, that is, the intercept
was set to zero because at time zero, the undercut area was
also zero.

The regression analyses were performed in a stepwise fash-
ion. After considering all three variables, timer¿, time, and
time2, if any of the coefficients á, B, or Cwas not statistically
significant at the 10 percent significance level, then the model
\ryas rerun without the corresponding variables.

Table 1 presents the final regression results, sorted by de-
icer, substrate material, sample type, surface condition, and- /*¡i¡s¿rtz + I *time + C*time2 (1)
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temperature. All models were statistically significant at the
10 percent level or better. For each model, Table 1 presents
the number of test results on which each regression is based;
the average values of the square root of the adjusted undercut
area over time; the regression coefficients A, B, and C; and
two measures of model fit. A missing entry for a regression
coefficient indicates that the corresponding variable did not
significantly contribute to the model at the 10 percent signif-
icance level. This procedure is equivalent to setting that coef-
ficient to zero.
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The last two columns are two measures of the fit of the
model to the data. The root mean square error (RMSE), in
the same units as the dependent variable, the square root of
the adjusted undercut area, is dn estimate of the standard
deviation about the regression. It is a measure of the error
with which any observed value of the square root of the ad-
justed undercut area could be predicted, at a given time in-
terval after deicer application, using the estimated regression
equation. Thus the smaller the RMSE, the smaller the error
in the prediction.
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TABLE I LINEAR REGRESSION RESULTS FOR UNDERCUTTING MODELS

Deicer Material: NaCL

(continued on next page)
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TABLE 1 LINEAR REGRESSION RESULTS FOR UNDERCUTTING MODELS (continued)

Deicer Material:

The last column in Table 1 presents the R2 value for each
regression model. This figure, in percent, is the proportion
of the variation in the data that is explained by the model.
That is, the higher the R2 value (maximum is 100 percent),
the better the model fits the data. Of the 90 regression models,
82 have an R2 value above 75 percent, that is, they have good
predictive power.

Using the results of these regression analyses, the under-
cutting action of a deicer on a pavement can be predicted
under given conditions (i.e., temperature, pavement type,
and surface condition) as a function of time. For example,
Figure 10 shows the observed and predicted adjusted undercut
areas for the three deicers on as-received, cleaned core sam-
ples of portland cement concrete at25oF. The equations used
for the three deicers are (from Table 1):

NaCl: Area : (1.690 Timer/2 - 0.112 Time)'z (2)

CaClr: Area : (1.369 Timev2 - 0.0010 Time2)2 (3)

Ethylene Glycol: Area

: (0.611 Timeu2 + 0.074 Time - 0.0010 Time'z)'z (4)

The equations from Table 1 were used to compute estimated
adjusted undercut areas for all comparisons made in the fol-
lowing sections.

Effects of Substrate Surface Texture (As-Received

Versus Smooth) on Undercutting Results

Comparisons were made of the undercutting results obtained
for as-received and smooth substrate pairs of the same ma-
terial. These comparisons were made for 25'F and 5oF results
only because tests were not run on smooth surfaces at 15oF.

Ratios of undercutting results for as-received to smooth sub-
strate surfaces were formed at 20 and 60 min for a given
substrate-deicer-temperature combination using the coeffi-
cients in Table 1. The results at 25"F and 5oF are presented
in Table 2, for the six substrates and three deicers.

Table 2 indicates that the extent of undercutting at 25'F
was considerably less on as-received substrates than on smooth
substrates in a majority [75 percent of the cases (27 out of 36

ratios) are below 11, with ratios ranging from 0.4 to 2.4. At
5oF, no clear-cut conclusions can be drawn from comparisons
of undercutting results for as-received and smooth substrate
surfaces. For one-third of the results, the ratio is below 1

For the remainder of the cases, the ratios vary widely, ranging
from 1.0 to 8.5. The inconsistencies of the ratios are caused,
in large part, by the fact that the undercut areas are quite
small at 5oF and are subject to more error in measurement
than at 25"F. In addition, the small undercutting patterns at
5oF are approximately of the same dimensions as the surface
irregularities (surface voids or aspelities) of some of the as-

received samples. The undercutting patterns at 5oF may thus
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FIGURE l0 Observed and predicted adjusted undercut areas for three deicers on
cleaned, as-received portland cement concrete core samples at 25oF.

TABLE 2 RATIOS OF UNDERCUTTING RESULTS FOR AS.RECEIVED 1'O
SMOOTH SUBSTRATE SURFACES AT 20 AND ó0 min AFTER APPLICATION

a) Ratios of as-received

Noto: undorcut aroas woro ost¡mated us¡ng lh6 fegress¡on models from Table 1.

reflect behavior over one or two surface irregularities rather
than behavior over an average population of irregularities.
At 25'F, however, the larger undercutting patterns should
more closely reflect the average surface condition.

Effects of Substrate Material on Undercutting Results

The determination of the effects of substrate material on un-
dercutting characteristics of the three deicers is best made by
examining the undercutting results at fixed times after appli-
cation. These results, for both pavement core samples and

laboratory-produced specimens, are presented in Table 3 (Parts
a through e) for each of the substrate, deicer, and temperature
combinations at20 and 60 min after deicer application. These
results were obtained using the regression coefficients pre-
sented in Table 1. From the estimated undercut areas presented
in Table 3, the following observations can be made:

o Of the three deicers investigated, ethylene glycol pro-
duced the smallest estimated undercut area on both labora-
tory-produced specimens and pavement core samples at 20
and 60 min after application. This result is true both for smooth
and as-received substrates at 25oF.

I
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to smooth results at 25 deo F
Rat¡o at 20 m¡n. Rat¡o at 60 mín.

tiuD$fale
Matorial

Sample

Tvoo NaCl CâCl2
Ethylene
Glycol NaCl CaCl2

Ethfene
Glvcol

)sns€-crad€d Asphalt
)pon-Grad€d Asphalt
ìubb€r-Mod¡t¡ed Asphalt
rortland Cgment Concrste

Core o.5
0.4
1.2
o.7

o.7
1.O

0.6
1.4

u.o
0.6
0.9
0.8

1.2
0.9
0.9
o.7

o.7
0.5
1.1

o.7

0.E
0.6
0.9
0.8

,€nse-qfaoeo Aspnafi
tortland Cemont Concreto

tåb f.8
0.5

0.8
0.7

1.7
0.7

u,t
1.1

0.4
0.7

2.4
0.8

b) Ratios of as-received to smooth results at S deg F
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TABLE 3 ESTIMATED UNDERCUT AREAS (cm'?PER I g OF DEICER IN
SOLUTION) AT 20 AND 60 min AFTER APPLICATION

a) Smooth and Cleaned at 25 deq F
Undercut Area at 20 min. Undercut Area at 60 min.

l;UDStrate
Mator¡ål NaCl CaCl2

Ethylene
Glvcol NaCl CaCl2

Ethylene
GlvcolTYPo

lsnse-Gradod Asphalt
)p€n-Gra(þd Asphalt
lubber-Modif ied Asphalt
tortland Coment Goncrete

oore 4(,
42
20
40

39
17
39
23

ttt
l0
t0
17

b¡,

49
36
54

50
50
64
70

31

29
31

34
)€nse-Grad€d Asphalt
)ortland Cement Goncrete

Lab 28
56

42
45

I
20

84
67

1:z5

59
1 2
37

Cleaned F

o However, as the substrate temperature decreases, the
previous conclusion holds true in most cases at 20 min but
not at 60 min after application.

Comparisons involving the smooth substrates (Table 3, Parts
a and b) should reflect the differences caused by different

chemlcal properties of the substrate materials (i.e., dense-
graded asphalt and portland cement concrete). These com-
parisons reflect the following:

o No consistent relationship exists between the undercut-
ting results obtained on dense-graded asphalt and those ob-

b) Smooth and Cleaned at5deoF
Undercut Area at 20 min. Undercut Area at 60 m¡n.

Substrate
Maler¡al

Sample

Typo NaCl Cac.lz
Ethylene
Glvcol NaCl CaCl?

Ethylene
Glycol

Jens€-ciraooo Aspnatt
)pon-Graded Asphalt
lubber-Modilied Asphalt
torlland Coment Concrete

Corg 5
4

l1
7

I
7

12
5

5
4
5
1

6
5
I
6

16

7
18

6

12

I
I
9

Jens€-(irao€o Aspnart
,ortland Cement Concrets

Lab 5
7

z
13

4
4

tt
9

3
18

12
4

c) As-received, Cleaned at 25 deo F
Und€rcut Aroa al20 min. Unclorcut Area at 60 m¡n,

Substrate
Material Tyo€ NaCl Cacl2

Ethylene
Glvcol NaCl CaCl2

Ethydeno

Glycol

)ense-Graded Asphalt
f,pen-Gradod Asphalt
ìubber-Mod¡f ied Asphalt
)ortland Cement Concrote

Core 22
15
21
28

27
18
23
33

10
6
I

14

66
45
32
40

37
25
69
51

25
18

28
2S

)ense-Graded Asphalt
torlland Cêmont Concr€tê

l¡b tt(,
25

¡t5
31

15
13

61

75
50
40

29
29

d) As-received, at 15
Und€rcut Area at 20 mln. Undorcut Aroa at 60 min,

uuD$ra¡e
Mat€rial Typo NaGl CaCl2

Ethylone
Glycol NaCl CaC12

Ethydene
Glycol

Jens€-graoeo Aspnalt
lp€n-Grad€d Asphalt
ìubber-Mod¡Í¡od Asphall
tortlend Comont Concrsts

core IU
6
I

12

tt
6

17
17

I
6
8
I

ìo
7

11

14

zz
19
23
50

zu

11
13
20

Jenso-rifaooo Aspnar
tortland Cement Concrete

Lrab tö
17

IU
25

T

10
zö
18

þU

28
zt
20

e) As-received, Cleaned atSdeoF
Und€rcut Ar€a at 20 m¡n. un(þfcut Afea at 60 min.

Substrate
Mater¡al Typo NaCl CaCl2

Eüy{ene
Glvcol NaCl CaC12

Elhy,lene

Glycol

Dense-Gra(þd Asphalt
Cp€n-Gra(þd Asphalt
Rubber-Mod¡f i€d Asphalt
Portland Cement Concrete

Core I
7
7
I

12
5
I

13

1
8
4
1

I
6
6
I

ìtt
6

13
20

tt
14

I
fi

Jenso{ifaoeo Aspnar¡
tortland Coment Concro¡e

tåb I
7

17
7

5
4

1 1

6
tõ
21

16

11

Note: Und€rq¡t aroas w6rs est¡matod us¡ng the rogross¡on models fiom Table 1.
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tained on portland cement concrete for either laboratory-
produced specimens oÌ pavement core samples.

o The smooth dense-graded, open-graded, and rubber-
modified asphalt core samples cannot be consistently ranked
on the undercutting action produced by either of the three
chemical deicers.

The results indicate that a complex interaction exists be-
tween chemical deicers and the chemical properties of the
smooth substrate surfaces.

At 25'F and 15oF, the two laboratory-produced specimens
in the as-received condition were generally undercut more
than the corresponding core samples at those temperatures
(Table 3, Parts c and d). This pattern holds true at 20 min
after deicer application; however, at 60 min, this pattern be-
comes more inconsistent.

Comparisons of the undercutting results for the four as-
received core samples should be indicative of undercutting to
be expected under field conditions without contamination.
The results in Table 3, Parts c, d, and e, indicate the following:

o At 25'F, when applied on dense-graded and open-graded
asphalt, sodium chloride produces larger undercut areas than
does calcium chloride.

. However, when applied on portland cement concrete and
rubber-modified asphalt at 25"F, calcium chloride produces
more undercutting action than does sodium chloride.

o At 15"F and 5oF, calcium chloride produces more under-
cutting than does sodium chloride for all four as-received
pavement core samples.

COMPARISON WITH LITERATURE
UNDERCUTTING RESULTS

The principal comparable study of undercutting reported in
the literature is that of Trost et aL (n.The experimental
approach taken by these authors is similar to that described
herein. That is, the ice penetration action of the chemical
deicer was not part of the chemical undercutting process as
it was in another undercutting study (8). In the study by Trost
et al., small, solid deicer particles (0.5 mm unit in dimension)
were placed at the bottom of a cylindrical cavity formed in a
larger cylinder of ice. The ice cylinder was prepared separately
and then frozen onto various substrates via a thin film of water
which was frozen to bond the ice cylinder to the substrates.
Substrates tested were glass, brick, portland cement concrete,
and asphalt. Solid forms of sodium chloride, calcium chloride,
sodium hydroxide, urea, and calcium-magnesium-acetate
(CMA) were used in the experiments. The quantities of deicer
used ranged from 50 to 500 mg and the test temperatures were
- 5'C (23"F) and - 10'C (14'F). These temperatures are close
to two of the three temperatures used in the present study.

Trost et al. observed no significant differences in the extent
or rate of undercutting with the different substrates, with the
exception that initiation of undercutting was slower on glass.

The undercutting results obtained in the present study with
aqueous solutions of sodium chloride and calcium chloride
were compared with those obtained by Trost et al. for the
solid form of these deicers. Before the comparisons could be
made, it was necessary to develop a basis for comparing the
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aqueous deicers with solid forms of the same deicer. In the
present study, adjusted undercut areas are reported in square
centimeters undercut by 1 g of deicer in solution. The melting
capacity of I g of deicer in solution is, of course, less than
that of 1 g of an essentially dry form of the deicer.

A substantial portion of the rationale proposed and devel-
oped by Trost et al. is that the maximum extent of under-
cutting is a direct function of ice melting capacity. Conse-
quently, it was decided to normalize the rest results on the
basis of ice melting capacities and to compare the resultant
data. A comparison of the results obtained for sodium chlo-
ride and calcium chloride with those of Trost et al. is presented
in Table 4, where the undercutting data for 60 min are nor-
malized on the basis of ice melting capacities. The deicer
weights tabulated for the present study were determined by
adjusting the aqueous deicer weights to equivalent weights of
the solid form of the deicers.

The comparisons presented in Table 4 indicate that the
Trost et al. study and the study reported herein yield similar
undercutting results when like deicer weights are considered.
The present study indicates, however, that the physical char-
acteristics of the substrates have a substantial impact on
undercutting.

CONCLUSIONS

Linear regression models were developed to predict the un-
dercutting behavior of each deicer for given combinations of
pavement type, surface condition, and temperature as a func-
tion of time. These models have, overall, good predicting
power, with R2 values langing from 52 to 99 percent. Of the
90 estimated regression models, 82 have an R2 value greater
than 75 percent. On the basis of these models, the exami-
nation of the undercutting data generated with pavement core

TABLE 4 COMPARISON OF UNDERCUTTING RESULTS
FOR TWO DEICERS FROM TWO LITERATURE SOURCES

Deicer Material: Sodium Chloride

Source of Data Temperature
(deq R

Deicer, Solid
Weiohl lmnl

undefcut Area
(cm2 per gram of

lc€ Meltino Caoac¡tv)

Presont Result!
Trost st al.

25
23

65
50

s.2aA.tb
5.9

rrêsent Resultf
frost êt al.

15
14

45
50

5.ga
6.2

b) Deicer Material: Calcium Chloride

ioufca of Data femp€rature
(des F)

Deicer, Solid
W€¡oht lmol

Undercut Area
(cm2 por gram ol

lce Meltino Caoacitvl

Pressnt Rssults
frost ot al.

25
23

110.5
100

6.64/¿.g b

3.6

Presont Results
frost et al.

15
14

95
100

6.5 b

5.9

a Average value for smooth laboratory substrates of d€nsa-graded
asphalt and portland cement ooncreto.

b Average value for as-received laboratory substrates of dsns€-graded
asphalt and portland cement concrete.
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samples and laboratory-produced substrates and three deicers
revealed some practical considerations.

A consistent temperature pattern was found during chem-
ical undercutting. For a given deicer and substrate, the un-
dercut area at a fixed time following application of the deicer
decreased with decreasing temperature.

At 25oF, sodium chloride is the deicer of choice on in-
service dense-graded and open-graded asphalt pavements.
However, calcium chloride is the deicer of choice on in-service
rubber-modified asphalt and portland cement concrete pave-
ments. At 15"F and 5oF, calcium chloride is the deicer of
choice on all in-service pavement types considered in this
study. These results would suggest that the rate of chemical
application should be varied by pavement type and temper-
ature to achieve a desired undercutting area at a selected time
interval after application of a chemical.

The laboratory-produced specimens of portland cement
concrete and dense-graded asphalt in the as-received and
cleaned condition were undercut more extensively at both
25'F and 15"F than the four pavement core samples in the as-

received and cleaned condition. These results would indicate
that care should be used when estimating undercutting char-
acteristics on in-service highways from undercutting data
obtained from tests performed with laboratory-produced
specimens.

In a majority of the cases investigated, the extent of chem-
ical undercutting by NaCl, CaClr, and ethylene glycol at 25'F
on as-received (textured) highway core samples and labora-
tory-produced substrates was considerably less than that on
smooth substrate surfaces of the same materials,

The undercutting results achieved for sodium chloride and
calcium chloride generally agreed with similar data reported
in the literature when like deicer weights were considered and
when the undercutting results were normalized on the basis

of ice melting capacities.
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