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THE FREEZING RISK FOR WATER MAINS IN FROZEN GROUND

By: Professor Lars-Eric Janson

Introduction

Beginning with the computational methods given in publications (1) and
(2) in the compilation below, VBB Vattenbyggnadsbyran conducted research in
Autumn 1969, under a Commission from AB Eternitror, Varberg, The result was
the "Instructions for Computing the Laying Depth of Double Eternit Pipes with
an Intermediate (space) Insulation of Polyurethane Foam". 1In t ti
1971 VBB was requested to establisn a program with descriptions 2 D
mental plant for field studies of the freezing risk for a water main insulated
as indicated above.

Compilation in the introduction:

1. Janson, L. E. (1968), Tjaldjupet i Sverige. (Frost Depth in Sweden),
Information from the State Natural Conservation Department, SNV, Vi,

2. Janscn, L. E. (1969), Laggningsdjup for wvattenledningar. (Laying
Depth for Water Mains), Publication of the Swedish Water and Drain Association,
VAV, P14,

3. VBB Research as given above, dated 3 November 1969,

Purpose

Cne purpose was experimentally to pin-point the risk of freezing for
insulated and uninsulated Eternit pipes according to (1) and (2). Another
purpose was to check on the validity of the ge"°r31 calculation found in
(3). The study was mainly concentrated on verifying equatio 1 and 2 in
Gl

QL = 1,75 A
dpe — Oh il
Cln 3 5
en —Vh
QL = 1,75 B/(1 + B/A) S
Obe — 9h
Cln e
en —Vh
where A = \/In (2 h/riy)
- ’ - .o
B = N'/In (rjy/rii) 3
uy

is’ 9h=-G'(k - h)

Ui

All of the symbols have the same meaning as in (2), namely:




D L o}
= the specific heat of the water, kcal/kg C
. 0
G' = the ground temperature gradient, C/m
h = the laying depth computed to the center of the pipe, n = H in (3)

= length of main, km

r
1

Q' = daily mean during the winter season for flow in the main, 1/s

3
4

the internal radii of the insulation, m

]
"

the external radii of the insulation, m

r = the external pipe radius, =

u

L (5]

¢ = temperature, C

)} :

v, = the ground temperature at the depth of the main without the effect
" of the heat released by the main, ©C

Q e y n o : Q ; . -

ubf = the water temperature at the main intake, “C (main temperature of

- the mixed water in a cross-section of pipe)

@

0 : 0 " -
u; = water temperature at the main outlet, “C (mean temperature in th
3 mixed water in a cross-section of pipe)

dga = the extreme winter value of the sine curve which has a symmetrical
7 axis, with the mean annual temperature, includes z cold mass
between the frost line and that part of the sine curve which runs
below this line (mean annual temperature for Umea is SR 26)
V{ = water temperature in the pipe crown
“

: ; - . . . )
A = heat conductivity index for the type of soil, kcal/mh C

; Tt e ; r ; 0
At the heat conductivity index for insulation, kcal/mh C

(A}
"

frost depth without the effect of the heat releasing flow in the
water main, £ = HO oty (D

According to the international system of units (SI) the heat conductivity
number is given in W/mK and the specific heat in Ws/kgK. The following are
valid for computaticn:

1 keal/mh°C = 1.16 W/mK |
1 kecal/kg®C = U 190 Ws/kgK
Experimental Plant
The experimental plant, which is located at the Forlunda Waterworks in
Umea, has been set up according to the program and descriptions in all essen~
tials. Thus two parallel Eternit NT10 pipe mains 200 mm in diameter, and
106 m long, were buried 50 cm deep, measuring to the pipe center. One of
- =
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the mains was insulated with cellular plastics (polyurethane), protected
against humidity and mechanical damage by an outer pipe with a diameter of
300 NT 7.5. The pipes are 5 m apart. At each pipe intake and outlet sensors
were installed to record the intake and discharge of water, as well as to
read the temperature gauges. Sensors for temperature gauges were mounted in
a measuring section 3 m from the end of each pipe, and frost meters were also
placed there. The position of the meters and their designations can be seen
in the apparatus plan, Figure 1.
Flgadges. = ’ o meaeurlné section for
/'- -~ ra
' frost limit meter = tpmoera‘ure and frost Qeptr
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Figure 1. Plan of experimental plant.
hosen for the measuring points are TO (inflow, uninsulated
e, uninsulated main), TI (inflow, insulated main) and UI
main). An area of about 21 X 106 m remained free of

s were placed both inside and outside the pipes, as can
3, U and 5. The gauges are 100 mm long and 10 mm in

r, the same resistance type as used in (1), i.e., are made
pper coil with Rg ® ¥ 35 onms at 09C. The same measuring bridge and

e calibration method was also used, meaning a maximum error of *0,1°C
perature readings.

The water in the main was taken from the main water line leading to the
city (the waterworks with artificial infiltration), at an almost constant
water temperature during the Winter of about +5.5°C in the inlet to the experi-
mental plant. After passing into the plant, the water is conducted to an
infiltration tank situated downstream.,

The ground within the area consists of a layer of homogeneous, somewhat
silty sands, in contact with the heaters. Sight analyses of the sample
(translator's note: literally, ore) measuring sections show little variation.
The water retaining capacity of the ground with free drainage amounts to about
6% by weight of the dried substance. The mean dry density in the main ditches
was measured with_a cylinder volume meter after they were filled in and
was about 1.4 t/m°, According to (1) (Figure 3.4.2 and Figure 3.4,1, re-
produced as Figure 6) the heat conductivity index for the frozen ground is
0.7 kecal/m h®C and is 0.5 kcal/m h°C for unfrozen ground.
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Figure U4, Intake, insulated main (TI). Placement of temperat

frost limit meters.
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Figure 5, OQutlet, insulated main (UI). Placement of temperature gauges and
frost limit meters.

All ground levels significant for the measurement were calibrated and
related to the common reference plane of the means running through the centers
- of the pipes. Both the means and the ground surface above inclined 10 cm

from the intake, meaning a constant flow level along the entire measuring
section.

e e e r———

o —




kg/dn?

=
_/
¢ ]
///
— =
7
VA
4

/ /]

S
'I

NN BN SES
14 A\ N , g \ I~ Sy
:'3 AR \z\\\\\\ - " T e T ~
'.2 i \ p f" \\:\\\\ e \\o{r N \\\
e R i AT

1.0 \\, io ‘\\5

o 4 B 12 16 20 24 28 32 36 40 44 7 0o 4 8 12 16 20 24 28 32 36 40 447

S water conten

Research Results

1971. Resear
ial shutdown researc

nd the water (flow) meters were read o
was checked. The air temperature and
m the waterworks through automatic re

n time is shown in Figure 7, one can state that the Wi
ust be considered fairly normal in regard to the amount o)
nt of cold amounted to 106OCC;“% ile the mean or maximum amo

Umea amounted to 800 and 1600°C-days. However, the fact that th
t
e

values were processed. In view of the air temperat

s especially cold did not play a significant role for research
purposes sin the laying depth was set with exceptional moderation simply
to protect against a milder research winter, i.e., to 50 cm measured from
the surface of the ground to the center of the pipes.

(9]
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W cover outside the research area is given in Figure 7.
The ing the research Winter can be considered quite normal.
Ine frost depth within the measurement section area at the intakes and
et i i t uninsulated mains and in Figure 9 for
i show the time variation in water flow
temperature at the crown of the intake
pecial interest to determine how the neat released by the
at the inlets (TO), where the temperature of the mixed water ‘
n keep the ground under the main frost-free. At outlets
emperature of the mixed water is considerably lcwer because
the water during passage through the mains, the frost line
This was especially obvious during the shutdown of 3 - 2
c ground under the mains at the outlets rapidly froze down to
e maximum frost line depth within the area of the mains was simul-
taneously 1.6 m at the outlets (UH) and 1.35 m at the intakes (TH) It can
lso be established that the heat released for the uninsulated mains quickly
naws the frozen ground both above and below the mains when the flow starts
£ain., This naturally occurs most rapidly at the intakes, because the ground
above the mains was frost-free for about a month before the ground outside
of the area of influence of the mains (cf. TH) thawed.
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Figure 9. Frost line depth in the main trench at intake and outlet for the in-
sulated main (TI) and (UI) respectively outside of the area of influence of
the main (TV) and (UV).

- s




As expected, the heat
slight, which means that t
same level as the ground o
there is no great difference
April thaws, when the grou
than above the outlets (UI).

ir
o] y S that e
g d i lat n y fro e depth at
the beginning of the shutdown, the line was able to remain without flow for
over 5 days without any measurable ice formation (measured by tne pressed
water volume) being indicated. On the other hand, in the uninsulated mains,
Where the ground was frost-free beneath the main at the beginning of the
shutdown, meaning a buffer against freezing, ice formation in the line cauld
be detected after only 10 hours, and after 2 days about 2% of the pipe section
was filled with ice, with the formation of ice in the top part of the pipe.
It should be noted that there was main tolerance for a pressure increase
fter the surplus water had been raised to the top for measuring. If
2 main between shut valve in

S
freezing had occurred in a
r &

As additional illustrations, 0 -
the intakes and ocutlets have been est
time in Figures 10, 11; 12 and 13 wusi
ground around the pipe and the result
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Evaluation
aid of the measured values for frost depth £, ground temperature
emperature at the intakes ", and outlets u;en, equations 1 and
hecked by computing the flow Q'p.,.. This calculated value,
compared with the measured value Q'matt. For this purpose a
ion was made on 9 February 1972, 3 March 1972, 13 March 1972,
372, from which 3 March 1972 can be considered as representa-
10st severe Winter conditions. In accordance with the computa-
natural to use this condition to set the dimensicns for the
which gives a value on the safe side for the rest of the
reference to the demand for the least necessary flow. It may
it is quite normal for the greatest risk of freezing to occur
time shifted to about 6 weeks after the coldest time of the
d by air temperature on the ground surface.

The values from 3 March 1972 will be treated before the rest of those
mentioned above, These measurements gave fmed = 1.5 m, ‘fh = =7.3°C (temp-
erature gauges 28 and 30, JLOQ = =119C (see Figure 5.2.1 in (1) ) along with
‘} = #5496, Sen = +2.v Cy Q'matt = 0.200 1/s for the uninsulated mains
and yy = +5,39C, v}en = +2.0°C and Q'maty = 0.044 1/s for the insulated
walns. Jlth this value entered in equation 1 and with L = 0.1 km and X = 0.5
keal/m n°C (the ground taken as unfrozen) Q'per = 0.181 1/s was obtained for
the insulated main, which should be compared with Q'pmatt = 0.200 1/s. For
the uninsulated main, according to equation 2 with A = 0,7 kecal/m hOC (the
ground is frozen) Q'per = 0.40 1/s, which is to be compared with Q'matt =
= 0,044 1/s. In both cases (see Table I) exact correspondence was found with
the measured values, if the calculated values are increased by 10%. The
slight deviation can easily be explained by corresponding inexactitude in
determining the heat conductivity index of the ground. For example, com-
plete verification of equation 1 was found for the uninsulated main, if the
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t at 0.55 kcal/m n°C instead of 0.5, a value

he limits of the area of dispersicn of the

n this research. This becomes particularly

e fact that the ground around the pipes is
nfrozen (see Figure 6 also).
results were obtained in consideration of
rements were, v = -6°¢, Ve = +5.4°C and
main. %ccord;ng to equation 1 Q'pey = 0.175
Wnere pe = +5.2°9C and VY, 4 = +2.3°C for
equation 2 we get Q' = 0.041 1/s and

o

.5°C and &
er = 0.086 I
S ease Q'"‘at
en the calcu
de as before
ssumed earlie
ity index. F
this case qx
great deviat
ointing at firs

sho \ary condition on 1
ter shutdown from tha interruption on 8 M
sula

ed main lasted only 2 days and was in
a

ulat
uld be the cause of the deviation between
ralue of the flow, then a control calculation made
results.

Measured and Computed Values

Insulated Pipe Uninsulated ¥Fipe
Fesearch = ‘ =
yrast groun & Frast round iirer- )
jeo Eh temp. fa D we %é“?h temp. encea. 1n %
'“-E;'rnd on’c Upe [Uen |Q'ber|Q'matt E% ’"imed Oh °C | Obe [Pen |Qber|Qmart | O'm
19720303 (1.5 .73 5,3°C|2,0°c [0,040(0,044 9,1 15 273 5.4°C(2,8°c|0,181 0,200 9.5
19720209 -6,0 52°c|2,3°c|0,041/|0,043 4,7 -6,0 5.4°c[3,0°c|0.175[0,200 | 12,5
19720313 .55 55°C|1,6°C[0,028/0,049 | 429 -5,5 5,.5°Cc[1.3°c|0,086[0,100 | 14,0
19720329 -10 54°c(3,4°C0,033[0,038 | 132

(Note: commas should be read as decimals.)
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Conclusion

The freezing research in Umea in the Winter 1971 - 1972 ha
good prerequisites can be found for essentially shallower l;y
regard to frost in rock trenches and in ground which is not subj
displacement by means of using high quality insulating doublu B
Good agreement nas been found between the calculated and the
flows. The theoretical calculations made according to (2) hav
factorily verified. 1In a practical case the calculation can sim
with the aid the tables in (3) for computing dimensions.
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Table II
m Tables in (3) Showing the Connection Between the Laying
pth H, the Frost Line Depth H_ and the Specific Flow Q'/L
0
Double Eternit pipe in sand
Dimension 200 mm, NT 10.0/ 300 mm. NT 7.5
HO-H H Q’/L
m m I/sek. x km
.50 .50 .74
.50 1.50 71
.50 2.50 .70
1.00 .50 1.41 19720303
1.00 1.50 1.35
1.00 2.50 1.33
1.50 .50 2.09
1.50 1.50 2.00
1.50 250 1.96
2.00 .50 2.76
2.00 1.50 2.65
2.00 2.50 2.60
2.50 .50 3.43
2.50 1.50 3.29
2.50 2.50 3.23
3.00 .50 4.10
3.00 1.50 3.94
3.00 2.50 3.87
3.50 .50 4.78
3.50 1.50 458
3.50 2.50 4.50
4.00 .50 5.45
4.00 1.50 $23
4.00 2.50 5.13
Table I1I
Tables in (3) Showing Maximum Values for Distance Between
_ and Laying Depth H, in Reference to the Formation of Ice
) a 20=hour Shutdown
Double Eternit pipe in sand
Dimension 200 mm, NT 10.0/ 300 mm. NT 7.5
H HO—-H
m m
.50 4.68 19720303/08
1.50 4.88
2.50 4.97
Dimension 200 mm, NT 10.0/ 350 mm, NT 7.5
H HO-H
m m
.50 7.56
1.50 7.76
250 785
a1l -
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Dimension 250 mm, NT 10.0/ 350 mm, NT 7.5

H . HO-H
m m
50 5.96
1.50 ~ 6.27
250 6.41
Dimension 250 mm, NT 10.0/ 400 mm, NT 7.5
H HO-H
m m
50 9.83
1.50 10.14
2.50 10.28
Summary

In the autumn of 1971 an experimental plant was
installed at Forslunda waterworks, Umei. The
purpose was to verify experimentally the risk for
freezing of insulated and uninsulated asbestos-
cement pipes according to theoretical calcu-
lations regarding laying depth contra frost pene-
tration depth, reported in the publications ""Tjal-
djupet i Sverige”, Janson, L.-E. — SNV, V4,
19681) and "Liggningsdjup fér vattenled-
ningar”, Janson, L.-E. — VAV, P14, 19692).

The natural soil within the test area and in the
layer affected by the installation consists of
sligthly silty sand. Two parallel asbestos-cement
pipes, © 200 NP 10, length 106 m ecach, were
laid at a depth of 50 cm as measured from the
centre of the pipes. The distance between the
pipes was 5 m. One pipe-was insulated with
cellular plastic (polyuretan) which was protected
against humidity and mechanical injuries by an
asbestos-cement pipe, @ 300 NP 7.5. The
backfill, the natural soil, was sieve analysed and
the humidity determined. Water for the two
conduits was taken from the waterwork’s water
main, whereby an almost constant temperature
of the water was obtained at the inlets of the
pipes. Several sensors to temperature indicators
were placed inside as well as outside the pipes
within a section of 3 m from the ends of each
pipe. Within these sections frost penetration
limit meters were placed.
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An area of 21 x 110 m? of the installation
was kept clear from snow during all of the
winter. Continuous tests were carried out from
November 22, 1971 to May 15, 1972, and a
flow stop test was carried out during the time
March 3-8, 1972.

On the basis of the measurements of frost
penetration and water temperature at the inlets
and outlets, the reported theoretical calculations
in the abovementioned publications were con-
trolled by estimating the water flow, Q'per,
which was compared with the value obtained by
measurement, Q’nps.,. Complete  congruity
with the measured values was obtained, when
the estimated values were increased by 10 per
cent. This small deviation can easily be ex-
plained by the corresponding inexactness when
determining the coefficient of thermal conduc-
tivity.

The evaluation of the test shows that the
principles of calculation applied carlier have
been satisfactorily verified. By using high-quality
insulation for pipes the prospects are good for
decreasing the foundation depths considerably
with regard to frost penetration in rock exca-
vation and in non—frost—heaving soils. The
deepest frost penetration appears in_these soils,
and thus large cost savings can be obtained. The
use of insulated pipes is particularly advan-
tageous at flow stops. This is conclusively shown
by the test.

1) "The Ground Frost Depths in Sweden"’

2) "Laying Depths for Water Pipes in the Ground with
Reference to Frost™.




