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Abstract – The heat generated by underground cables has been
known to cause the soil around the cables to dry, increasing its
thermal resistivity and potentially causing the cables to overheat.
The ability of soil to maintain a constant resistivity while being
subjected to a heat source is known as its “thermal stability”. A
method using the Law of Times has often been recommended to
find soil stability. To test whether this method can accurately
predict soil thermal stability an experiment was performed that
tested the hypothesis inherent in the Law of Times that the
diameter of the heat source affects the drying time of the soil
surrounding it. This paper reports the results of that experiment
and includes the statistical analysis of the data. The experimental
evidence resulted in rejecting the Law of Times as an accurate
predictor of the drying time of soil around a buried cable.
Index Terms – Soil Thermal Stability, Soil Thermal Resistivity,
Cable Ampacity, Underground Cable Design, Law of Times

I. INTRODUCTION
An underground cable carrying current must dissipate
heat to the surrounding soil. The rate at which this heat can be
carried away is related to the thermal resistivity of the soil
surrounding the cable. The higher the soil’s thermal resistivity
the more slowly heat passes from the cable to its surroundings
and the higher the operating temperature of the cable will be.
There is a temperature limit for each cable type above which
the cable or its insulation will sustain damage.
In underground cable sizing calculations some value must
be used for the thermal resistivity of the surrounding soil. Once
this value is known the amount of current the cable can carry
before overheating may be determined. The value for thermal
resistivity ρ often given in cable ampacity tables such as those
in the National Electrical Code is 90 cm °C/W [1]. While
some engineers may simply use this assumed value in their
cable ampacity calculations, in practice soil ρ may vary
considerably making specific measurements necessary
especially where important or long underground cables are
installed. Another assumption often made is that soil thermal
resistivity remains constant. While this assumption may
simplify underground cable ampacity calculations it does not
hold true in many cases.
The most important factor causing the thermal resistivity of
soil to vary is its moisture content. As soil dries out its thermal

resistivity increases. The heat generated in a cable can cause
moisture to leave the vicinity of the cable, drying out the soil
surrounding the cable, thus raising its thermal resistance and
impeding the flow of heat away from the cable. This causes
the cable temperature to rise and may result in cable damage.
The ability of soil to maintain a constant moisture level, and
thus a constant thermal resistance, is known as soil thermal
stability [2].
II. THE LAW OF TIMES
Many sources suggest that if the time it takes to dry soil
around a heat source of a known diameter is measured, this
time can be used to determine the time it will take to dry soil
around a heat source of any other diameter [2][3][4][5].
Equation 1 is used by these sources for calculating this time to
dry. This equation is known as the “Law of Times” [6].
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Equation 1 says that if we know the time, t1, it takes soil to
dry using a heat source of diameter d1, we can predict t2, the
time it will take the soil to dry around a heat source of diameter
d2, assuming the same heat rate is used for both heat sources.
For example, if we heated a soil sample using a probe
with a diameter of 3.1mm, the standard heat probe suggested
for thermal resistivity testing [7], and determined the effective
drying time was 15 minutes, and wanted to predict the drying
time in this soil at this heat rate for a cable of 1 inch (25.4mm)
diameter, the expected drying time would be using Equation 1
[7] [8]:
2

15
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t2
 25.4 
t 2 = 1 , 007 minutes

So this method would claim that if it took 15 minutes to dry
the soil around a 3.1mm source, it would take 1,007 minutes
(16 hours) to dry the soil around a cable 1 inch in diameter
using the same heat input. The sources also suggest that if the
drying time calculated for the cable of interest is long enough,
that the soil can be considered thermally stable and the thermal
resistivity change due to drying of the soil will not be
important in the operation of the cable.

While this method may be simple to use, the question arises
as to the theory it is based upon and whether it can yield
accurate results. This paper will examine those questions.

[7][8]. The only difference between the two probes was their
diameter. One probe was 3.1mm in diameter and the second
was 6.7mm in diameter.

III. THEORY OF THE LAW OF TIMES

The soil samples used consisted of clean builder’s sand.
An amount of sand sufficient to split into ten identical samples
was collected and mixed with water to achieve a uniform
moisture content of 10%. The sand was then divided into ten
equal portions and placed into ten identical polyvinyl chloride
(PVC) cylinders to make ten samples of sand in as nearly equal
volumes and masses as possible. The cylinders were sealed in
plastic to prevent moisture loss and were not unsealed until the
day they were tested.

One source [5] states when describing the origin of the Law
of Times: “The response of a cable buried in the same soil with
the same heat dissipation rate would be related to the probe
response through the Fourier number.” While this is true, a
closer examination of the Fourier number calls into question
whether it is applicable when the heat leaving the cable is
carried by moisture movement rather than heat conduction
through the soil [9].
The Fourier number Foh is defined as [10]:
Foh =

αt
L2

Where a=thermal diffusivity cm2/s
L=length of thermal path cm
t=time
Thermal diffusivity is defined as:
α=

conductivi ty
heat )(density )

(specific

The definition of the Fourier number, and the derivation of
the Law of Times given in section 7.15 of Ingersoll [6] both
show that the law of times is meant to be used to determine
how quickly a particular temperature will be reached at some
distance from a heat source if the time needed to reach that
temperature at different distance from the heat source was
already known. According to the theory this time is dependent
upon the thermal conductivity and the specific heat and density
of the material being heated. The time it takes for any two
points to reach the same temperature is a function of the square
of their distances from the heat source.
Nothing in the law considers the effects of heat being
carried away from the source by moisture vaporization and
migration. The law is concerned only with temperature
changes due to heat flow by conduction through the soil or
absorption by the soil. For this reason the ability of the Law
of Times to predict the amount of drying that will occur in the
soil or the resulting change in thermal resistivity is called into
question.
IV. EXPERIMENTAL TESTING OF THE METHOD
An experiment was designed and performed to determine
whether the Law of Times can be used to predict the drying
time of soil as a function of heat source diameter. The
experiment designed was a single factor, two level procedure
with five replicates at each level. The factor tested was the
diameter of the heat source and the response variable was the
drying time of the soil and the amount of moisture that left the
soil sample.
Two thermal heat probes were prepared as described in
IEEE and ASTM sources for testing soil thermal resistivity

The cylinders were numbered from 1 to 10 and each
cylinder was assigned a probe size at random using a random
number generator. The 3.1mm probe was assigned to five of
the samples and the 6.7mm probe was assigned to the other
five cylinders.
Each cylinder was then assigned another random number
to determine the order the samples with their assigned probe
sizes would be tested. The testing consisted of inserting a
probe into the sample, turning on an electric current to
energize the heater in the probe which injected heat into the
soil sample at a known rate. The temperature of the probe was
measured during the 14 hour test period. Each sample was
tested with the same amount of current under similar testing
conditions.
The effective dry time was measured and recorded for each
sample using the method suggested by several sources [2] [3]]
[4] [5]. Soil thermal resistivity was measured before and after
the effective dry time is reached [7]. The mass of water lost
by each sample during testing was also measured and
recorded. The measurements taken during the testing are
shown in Table 1 and Table 2.
TABLE 1. MEASUREMENT FROM TESTS
Sample
Number

Testing
Order

1
6
2
5
3
9
4
7
5
10
6
4
7
3
8
1
9
8
10
2
AVERAGE

Soil
Mass
(grams)
729.4
748.3
757.7
778.4
765.7
772.0
734.1
777.3
740.9
737.5
754.1

Heat
Rate
(W/cm)
0.4195
0.4213
0.3995
0.4229
0.4174
0.4169
0.4140
0.4159
0.4164
0.4152
0.4160

Wet ρ
(cm°C/W)

Dry ρ
(cm°C/W)

94.6
90.5
82.8
85.5
83.8
76.2
101.1
61.9
104.9
89.0
87.0

184.5
170.7
161.0
155.3
154.2
170.5
167.2
120.5
173.7
162.0
162.0

V. ANALYSIS OF DATA
The drying time for each sample with the applicable test
probe size is shown in the first two columns of Table 3. The
Law of Times was applied to the measured data from the
6.7mm probe samples in column 2 to predict the drying time
for the 3.1mm probe. Column 3 contains the time a 3.1mm
probe should take to dry the soil according to the Law of Times

given the time to dry measurements for the 6.7mm probe
samples in column 2. The measurements for each sample are
plotted in Figure 1.

1
2
3
4
5
6
7
8
9
10

Probe Size
(mm)
6.7
6.7
3.1
6.7
6.7
3.1
6.7
3.1
3.1
3.1
AVERAGE

Water Lost
(grams)
10.9
11.8
14.5
14.6
12.7
14.9
12.1
12.6
11.0
12.2
12.7

Dry Time
(seconds)
818
758
591
655
685
631
767
774
758
744
718

y2
6.7mm probe
dry time
(seconds)
818
758
655
685
767
736.6

n1 + n 2 − 2

2

n
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)

(3)
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n -1

Where:
y 1 and y 2 = the sample means
n = then number of samples in each sample set
y = individual samples
µ = population means
x = the sample set, 1 or 2

The null hypothesis H0 is that the population means of the
3.1mm values in column 1 of Table 3 will equal the population
means of the 6.7mm values adjusted using the Law of Times,
column 3 of Table 3. The alternative hypothesis H1 is that
these to population means are not equal.

TABLE 3. TIME TO DRY MEASUREMENTS FOR EACH PROBE.
y1
3.1mm probe
dry time
(seconds)
591
631
774
758
744
Avg.
699.6

(n 1 - 1)S12 + (n 2 - 1)S22

S12 and S22 are the sample variances found by:

TABLE 2. MEASUREMENTS FROM TESTS.
Sample
Number

S 2p =

y1 predicted
Dry time predicted
for 3.1mm probe
(seconds)
175
162
140
147
164
157.6

H 0 : µ1 = µ 2
H 1 : µ1 ≠ µ 2
Where :
µ 1 = The population mean of the 3.1mm drying times

µ 2 = The population mean of the 6.7mm probe drying times
adjusted using the Law of Times

Figure 1. Plot of time to dry for each probe.

A statistical comparison using a two-sample t distribution
test was performed on the data in Table 3. If drying times are
related as predicted by the Law of Times the mean of the
population of all measurements taken with the 3.1mm probe
(column 1 of Table 3) would be expected to equal to the mean
of the population of all measurements taken with the 6.7mm
probe then adjusted using the Law of Times to predict what
the drying time should be for the 3.1mm probe (column 3 of
Table 3). The first statistical test that will be made is a
comparison of the means of the samples in columns 1 and 3 of
Table 3. If the Law of Times can be applied as suggested, the
means of the data in these two columns should be statistically
the same.
The test statistic for the two-sample t-test is Equation 2
[11].

t0 =

Where:

y1 − y 2
1
1
Sp
+
n1 n 2

(2)

If the two means are equal and H0 is accepted then the Law
of Times successfully predicted the drying time. If the two
means are not equal and H1 is accepted, then the Law of Times
did not correctly predict the drying rate.
The test statistic from Equation 2 calculated from the
measured data will be compared with the reference distribution
(the t distribution) ta/2,n1+n2-2 where 1-a is the significance
level. Using a 95% significance level H0 will be rejected if t0
>t0.025, 8 or if t0 <-t0.025, 8. From a t distribution table it is found
that t0.025, 8 =2.306 [11].
Applying Equations 2 and 3 to Columns 1 and 3 of Table 3
the following values can be calculated.
S21 = 6854.3
S22 = 196.3
Sp = 59.37
t 0 = 14.43
Since 14.43>2.306 there is evidence that the null
hypothesis should be rejected at the 95% significance level.
Applying the statistical “P” test it can be shown that there is
evidence that the null hypothesis should be rejected for all
significance levels less than 99.995%. So H0 must be rejected
and the experiment provides evidence that the Law of Times

did not properly predict drying time values for the 3.1mm
probe.
If the probe diameter has no effect on the drying times the
population means for the drying times using the 3.1mm and
6.7mm probes should be identical. To examine this hypothesis
the mean values in columns 1 and 2 of Table 3 should be
statistically compared and should be identical if the probe
diameter had no effect on drying time. The null hypothesis H0
for this test would be that the population mean of the 3.1mm
probe dry times would equal the population mean of the
6.7mm dry times. The alternative hypothesis H1 would be that
the two population means would not be equal.

The null hypothesis to be tested is that the mean of the mass
of water that was lost using the 3.1mm probe equals the mean
of the water lost using the 6.7mm probe. The alternative
hypothesis is that the two means are not equal.
H 0 : µ1 = µ 2
H 1 : µ1 ≠ µ 2
Where :
µ1 = The population mean water loss using the 3.1mm probe
µ 2 = The population mean water loss using the 6.7mm probe

Using the same statistical method as before:

H 0 : µ1 = µ 2

S21 = 2.66

H 1 : µ1 ≠ µ 2

S22 = 1.91

Where :

µ1 = The population mean of the 3.1mm drying times
µ 2 = The population mean of the 6.7mm probe drying times
Applying Equations 2 and 3 to the data in columns 1 and 2
of Table 3 the following values are found.
S21 = 6854.3

Sp = 1.51
t 0 = 0.63
At the 95% significance level, the test statistic is again
t0.025,8 =2.306 and the comparison of t0 calculated from the data
with the test statistic results in:
− 2.306 < 0.63 < 2.306

2

S 2 = 4332.3
Sp = 74.79
t 0 = −0.78
The t test statistic will once again be t0.025, 8 =2.306 at the 95%
significance level.
Since the value of t0 is within the boundaries of the test
statistic, i.e. -2.306<-0.78<2.306 H0 cannot be rejected at the
95% significance level. By applying the P test it can be found
that the null hypothesis would be accepted for all significance
levels greater than 54.2%. The experiment appears to support
the null hypothesis that the probe diameter has no effect on the
effective drying times of the soil since there is no statistical
difference between the means of the drying times for the
3.1mm probe and the 6.7mm probe at the 95% significance
level.
A similar analysis was done comparing the amount of
water that was evaporated during the test for each probe size.
This data for each sample is shown in Table 4.
TABLE 4. WATER LOST DURING EACH TEST.
Water Lost
3.1mm probe
(g)

AVG.

14.5
14.9
12.6
11.0
12.2
13.0

Water Lost
6.7mm probe
(g)
10.9
11.8
14.6
12.7
12.1
12.4

Once again there is no evidence that the null hypothesis
should be rejected. Performing the statistical P test shows that
for any confidence limit above 45.4% the null hypothesis
cannot be rejected. The experiment appears to support the
hypothesis that the diameter of the probe has no effect on the
amount of drying that occurred in the 14 hour test period for
each sample.
VI. CONCLUSIONS
It has been common practice to use the Law of Times to try
to determine how quickly soil around a buried cable will dry
when the cable is conducting current and generating heat. The
recommended method was to obtain a soil sample and test it in
the laboratory using a heated probe of a known diameter and
measure the effective dry time of the sample. The diameter of
the cable being considered, the diameter of the laboratory
reference probe, and the effective dry time measured using that
probe were used in the Law of Times equation to determine
the expected dry time for a heat source, such as a cable, with a
different diameter. If this calculated time was long enough it
was concluded that the soil thermal stability was adequate for
that cable and thermal resistivity changes due to soil drying
should not be a factor in calculating the ampacity of the cable
The evidence obtained in the experiment described in this
paper discredits this method as an accurate predictor of soil
stability. This Law of Times is useful when the temperature
of the material under consideration is only affected by the
thermal conductivity and specific heat of the material,
however, in the case of drying soil significant heat is also being
absorbed and carried away by the movement of moisture. This

goes beyond the theory upon which the Law of Times is based.
The Law of Times would not seem to apply to an underground
cable that is drying the surrounding soil.
The evidence obtained in this experiment indicates that the
diameter of the heat source does not influence the drying time
of the soil or the amount of moisture that is evaporated. Since
the Law of Times cannot be used to characterize the thermal
stability of the soil, other methods must be used to include soil
thermal stability in the ampacity calculations that are done
when determining the amount of current an underground cable
can safely carry [9].
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