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Moisture is a fWldamental variable in all problems of soil stability. It has 
special significance for roads and airfields because the shallow foW1da
tions of such structures are, of necessity, constructed in the surface soil, 
which is usually subject to large variations in moisture content. Studies 
of the factors that give rise to these variations in moisture content have 
stimulated research into the forces responsible for the migration of water 
in soils. The civil engineer has foWld it necessary to draw on the expe
rience of research workers in agriculture, hydrology, and other related 
subjects in order to obtain a greater understanding of these factors. 

At the Road Research Laboratory, the importance of the energy concept 
of soil moisture has long been accepted (1) and the influence of the environ
ment and soil properties on the pore water tension in road subgrades has 
continued to receive attention. Initially, the work at the Laboratory was 
concerned with the influence of the water table in the climate of Great Brit
ain. In drier climates, water tables are too deep to exert the dominant 
influence on the subgrade moisture, and more recently the research has 
been extended to include these conditions. This paper summarizes the 
results from the subgrade investigations and shows how subgrade condi
tions fit into a pattern that permits methods to be given for the determina
tion of the critical moisture conditions in road subgrades for the purposes 
of pavement design in temperate and tropical environments. 

• THE MAIN AIM of the early experiments in Great Britain was to study seasonal 
variations in soil moisture and to determine if the moisture conditions Wlder relatively 
impervious pavements became stabilized, and, if so, whatfactors influenced thefinaldis
tribution of moisture. Concrete slabs 30 ft square were laid at three sites covering soils 
of sand, sandy clay, and clay (2). Measurements of the pore water tension were made 
over a period of several years at various depths and positions under the slabs and Wlder 
the adjacent grass. The usual meteorological measurements were made with the addi
tion of soil temperature data and observations of the levels of the water tables. 

The results showed that Wlder vegetation considerable seasonal variations of 
moisture content occurred in the top few feet of soil, e.g., about 13 percent in the 
sand clay at a depth of 1 ft. Where the vegetation was removed, the change was much 
smaller, only 2 to 3 percent at a depth of 1 ft, showing that transpiration played a very 
large part in producing soil moisture content variations Wlder natural conditions. 

Under the concrete slabs the moisture distribution with depth in the soil was largely 
determined by the position of the water table. A water table fluctuating near the sur
face resulted in comparatively large variations of moisture content. If the water table 
remained below 6 ft, however, the moisture changes at the top of the subgrade were 
small. When a pore water pressure/tension distribution consistent with the highest 
position of the water table was assumed, the corresponding moisture content esti
mated from laboratory suction tests gave a close approximation of the highest moisture 
content occurring Wlder the middle of each slab. Edge effects, resulting from the 
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varying moisture contents in the soil at the edge of the slab, caused appreciable mois
ture content changes only in the zone within 2 to 3 ft of the edges of the slabs. 

The experiments indicated that in Great Britain estimates could be made of the ulti
mate moisture distribution beneath roads from the results of laboratory soil tests, 
provided that the pavement structure was impermeable and the position of the water 
table was known. Investigation of several roads indicated, however, that in many 
cases the pavement was not impermeable. 

Permeability tests have shown that bituminous roads with a double-surface dressing 
in good condition have a low permeability to water of the order of 10- 5 yd/day, as does 
the hot-rolled asphalt wearing course with a 30 percent stone content that is now widely 
used on British high-speed roads. Wearing courses of asphaltic concrete have perme
abilities ranging from 10- 2 to 10- 5 yd/day depending on the binder content while bitumen
macadam ranges from 1 to 10- 3 yd/day. In order to act as an effective seal by reducing 
the rate of entry of water into the subgrade, the surfacing should have a permeability of 
at least one order of magnitude smaller than the permeability of the subgrade. 

Clay subgrades can have permeabilities as low as 10-1 yd/day; thus, on these soils 
many road pavements cannot be considered as being impermeable. On the other hand, 
with sands and other permeable soils, any bituminous surfacing wearing course is sat
isfactory to seal the subgrade from the ingress of water. Special precautions need to 
be taken to seal the joints of concrete roads, but often the small cracks that develop in 
concrete pavements increase the overall permeability of the pavement to 10-2 yd/day. 
In one experiment on a clay subgrade of permeability 10- 5 yd/day, it was found impos
sible to seal a concrete pavement adequately and subsoil drainage was found to be in
effective (3). 

One of the current investigations is concerned with the effectiveness of a permeable 
layer laid over an unprotected subgrade and also subgrades protected by surface 
dressing or a sheet of polyethylene. Experience has shown that a drainage layer, which 
will permit the lateral movement of water, prevents the road base from becoming satu
rated under a pervious surfacing. Because the pore water in the coarse drainage layer 
usually has a pressure or tension close to zero, a subgrade in contact with the layer 
will ultimately tend to a wet condition. This wetting process is common where pervious 
bases are used over clay subgrades in arid climates and the subsequent heave of the clay 
results in cracking of the pavement. 

Because the position of the water table is of great interest to the road engineer, 
other investigations include analog studies and field observations of the effect of longi
tudinal drains on the depth of the water table under the road. Figure 1 shows the theo
retical relationship between the drawdown and the depth and spacing of drains where 
the water table is maintained in the surface of a deep soil profile just outside the shoul
ders of the road. Observations are being made of the position of the water table in 
shallow road embankments constructed over waterlogged soils. It is often assumed 
that the water table position does not change following construction of the embankment, 
but it appears likely that, if the surface water runoff is shed onto the road shoulders, 
the water table will tend to rise within the body of the embankment and some of the 
benefits of embankment construction may be lost. 

INVESTIGATIONS AT OVERSEAS AffiFIELDS 

Following the slab experiments in the United Kingdom, it was decided to investigate 
subgrade conditions in tropical and subtropical countries where the water table is often 
deep and where there is a possibility of temperature gradients affecting the moisture 
distribution. With the cooperation of the Air Ministry, investigations were carried out 
at ten overseas airfields that were chosen to give a wide range of climatic conditions ( 4). 

The main object of the workwasto examine the seasonal variations in moisture con-:
tent at different depths: (a) in unpaved natural soil supportingthe normalsurface vege
tation of the area; and (b) beneath a pavement. To investigate "edge" effects, the mea
surements under the pavement were made in boreholes at different distances from the 
edge of the pavement. At each station, a suitable site (generally on a taxiway or perim
eter track) was selected and each month a line of four borings at right angles to the edge 
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Figure 1. Water table depth at midpoint between longitudinal road 
drains of various depths and spacings in deep, homogeneous soil. 
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of the paved area was put down monthly. One boring was in the unpaved soil at a dis
tance of about 25 ft from the pavement; the other three were beneath the pavement at 
distances of 3, 10 , and 25 ft in from the edge of the pavement. Moisture contents were 
measured at 6-in. intervals of depth down to 6 to 10 ft , and plasticity and particle-size 
data were obtained from some of the samples. In addition, undisturbed samples from 
some sites were sent to the Road Research Laboratory for suction and shrinkage test
ing. The individual lines of borings were spaced at about 3-ft intervals so that as the 
work progressed the observations moved along the pavement; a length of about 36 ft 
was covered in a 1-year measurement period. 

TABLE 1 

DETAILS OF THE AIRFIELD SITES 

Annual Water 
Sile Name oi Location Subgrade Cllm.ate Rainfall Table 
No. Station Depth (In .) 

(It) 

Khormllksar Sea short of the Sand Arid 21/t to 31/: 
Gull of Aden, near 
the port of Aden 

Kabrit Junction or the Sand Arid '!, 10 
Little and Great 
Bitter Lakes, 
Suez Canal Zone 

Kai Tak Low-lying coast.al Clayey sand Tropical 95 2 to B 
reglon or Hong Kong monsoon 

Tengah Low -lying coastal SUty clay Tropical 106 1 to 2 
region of Malaya, monsoon 
near Singapore 

Habbaniya Western Mesopotamian SUty clay Arid e 4 to 9 
valley, near the 
Euphrates 

Thornhill Near Owelo, Sandy clay Dry, seasonal 2T Temporarily 
Southern Rhodesia rainfall at 3 

Heany Near Bulawayo, Silty clay Dry, seaaonal 30 No tn!ormaUon 
Southern Rhodeaia rainfall 

Kumalo Near Bulawayo, Silty clay Dry, seasonal 25 No information 
Southern Rhodesia ralnlall 

Khartoum Budan, on the banks Clayey sand Arid 71/2 23 to 32 
of the Nile 

10 Abu Sueir Near IBmallla, Sand Arid '!, Very deep 
Buez Canal Zone 
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The locations of the stations involved in the work are given in Table 1, which also 
gives details of the soil, climate, rainfall, and position of the water table. Five of the 
sites had arid climates, but at three of these a relatively high water table was main
tained by adjacent lakes or watercourses; at the fourth there was a deeper water table, 
determined in this case by the Nile River; and at the fifth, no water table was located. 
Of the remaining sites, two had heavy monsoon rainfalls and a high water table, and 
three had a medium seasonal rainfall with indications of a temporary water table during 
the wet season. 

Sites 1, 2, and 10 (Khormaksar, Kabrit, and Abu Sueir) can be conveniently con
sidered together. In each case the subgrade was sand and the climate was arid. The 
principal difference was that at site 10 a water table was not located during the mea
surements and, because of the general topography and climate, it was assumed to be 
at a great depth. 

At the first two sites, the distributions of moisture content with depth beneath the 
pavement agreed satisfactorily with the distributions calculated from the position of 
the water table, considered in conjunction with the results of suction tests carried out 
on samples of the soil. Figure 2 shows a typical example from site 1 at Khormaksar. 
The two calculated distributions, which correspond to the limiting density conditions of 
the soil at the site, lie on either side of the measured moisture contents. At both sites 
the moisture distribution in the uncovered soil was little different from that beneath the 
pavement. The rainfall was too small to have any significant effect on the moisture 
content of the exposed soil, and the close proximity of the water table to the surface 
apparently enabled any evaporation loss to be made up readily from the water table 
below. At neither site was there vegetation likely to influence the moisture content 
of the upper layers of the exposed soil. At Kabrit, the upper few inches of the subgrade 
beneath the pavement were on the average 2 to 3 percent wetter than the soil below. 
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This was partly explicable in terms of a change of soil type near the surface, but it 
appeared that, by limiting evaporation, the pavement had given rise to slightly wetter 
conditions than those prevailing at the same depth in the uncovered soil. The effect 
was not seasonal and there was no evidence to suggest that it was associated with vapor 
migration in the soil. 

At site 10 in Abu Sueir, where conditions were more typical of the desert areas of 
the Middle East in that no water table was located, the moisture content of the top few feet 
of the soil was of the order of 3 to 5percent. Laboratory tests showed that such a level 
of moisture content was consistent with the soil moisture being controlled by the aver
age humidity of the air. There was no significant difference between the average mois
ture content of the sand under the pavement and at the same level in the unpaved soil, 
suggesting that the dimensions of the pavement were small in relation to the depth of 
the water table. There was again no evidence of a buildup of moisture that could have 
been attributed to condensation of moisture moving in the vapor phase. 

Sites 3 and 4 at Kai Tak and Tengah can also be considered together; they have a 
similar climate and rainfall and, in each case, the heavy rain and possibly the proxim
ity of the sea give rise to a high water table. The pavements were constructed on soils 
derived from decomposed granite of very variable properties. Suction tests carried 
out on samples of the soil showed that the moisture contents observed under the pave
ments were consistent with the position of the water table. At both sites, conditions 
under the pavements were wetter than in the adjacent unpaved soil. This suggests 
that, in the very hot conditions prevailing, the evaporation taking place from the sur
face of the soil more than counteracted the effect of the very heavy rainfall. Edge ef
fects arising from this difference in moisture content were not significant 10 ft in from 
the edge of the pavement. 

At site 5 in Habbaniya the low rainfall at the site was sufficient to cause the mois
ture content of the exposed soil to vary between about 4 and 22 percent with the chang
ing season. Under the pavement the variations were very much smaller. The percentage 
of average moisture content over the period of the measurements was lower in the un
covered soil than under the pavement. This gave rise to some edge effects. At dis
tances of 3, 10, and 25 ft from the edge of the pavement, and at a depth of 1 ft below 
the surface, the average moisture contents of the subgrade were 23.1, 24.5, and 26.1 re
spectively compared with 19.2 percent at the same depth in the unpaved soil. The agree
ment between the measured and estimated moisture distributions at Habbaniya over the 
top 7 ft of the soil beneath the pavements is shown in Figure 2. 

The results from site 9 in Khartoum were regarded as being of special interest, 
because of the intermediate depth of the water table at the site. The moisture content of 
the exposed soil fluctuated seasonally between 4 and 7 percent and the small rainfall had 
little effect other than on the top 2 ft of soil. During the 5-year period of the measure
ments, the moisture content of the soil beneath the pavement increased progressively 
from about 6 to 18 percent, suggesting the establishment of an equilibrium moisture 
condition some years after the construction of the pavement. There was evidence that 
water was moving upwards from the water table, and that some water was infiltrating 
through the pervious surfacing. Under the edges of the pavement, the increase in mois
ture content was more rapid than under the center, owing to the availability of water as 
runoff. The moisture contents measured under the pavement were reasonably consis
tent with values estimated from suction tests carried out on undisturbed samples of the 
soil. It was considered at this particular airfield that deterioration of the pavement in 
the area of the measurements was caused in part by the loss of strength of the subgrade 
associated with the increase in moisture content. 

The results from remaining sites 6, 7, and 8 at Thornhill, Heany, and Kumalo are 
of particular importance because they have given some indication of vapor migration 
as a factor affecting the moisture content of the sub grade. The average moisture content 
of the soil immediately under the pavements was found to be between 4 and 7 percent 
wetter than that of the uncovered soil. Figure 3, which is typical of the results from 
the three stations, shows the variation in moisture content in the top foot of soil during 
the period of observations in the uncovered soil and under the pavement 3, 10, and 25 
ft in from the edge. The figure also shows the distribution of rainfall. At the begin-
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Figure 3. Variation of rainfall and moisture content of top 1 ft 
of subgrade in Heany, Southern Rhodesia. 

ning of the period during the wet 
season, the moisture contents 
both under the pavement and in 
the unpaved soil were high. The 
measurements were consistent 
with the formation of a tempor
ary water table at depths of 3, 
5, and 7 ft below the surface at 
Thornhill, Kumalo, and Heany 
respectively, which were again 
based on suction tests carried 
out on the soils from the three 
sites. 

After the main rainfall in Jan
uary and February (Fig. 3), the 
moisture contents fell progres -
sively until the end of the wet 
season, thus suggesting a rapid
ly falling water table. This fall 
was followed by a subsequent rise 
in moisture content beneath the 
pavement during May, June, and 
July. Temperature conditions 
are such that it is during these 
months that the greatest fall in 

air temperature occurs, giving rise to temperatures in the surface soil that are lower 
than those occurring at greater depths. The rise in moisture content could therefore 
be satisfactorily explained, at least qualitatively, in terms of vapor migration and con
densation beneath the pavement. The subsequent decrease in moisture content after 
August could be attributed to the reverse flow of water vapor following the reversal of 
the temperature gradient. It would therefore appear that, in the circumstances present 
at these sites (i.e., a fall in temperature at the end of the rainy season and an unsatur
ated sandy or silty clay subgrade), vapor movements may play a significant part in de
termining the moisture content of the foundations of roads and airfields. 

None of the airfields represented a condition, probably fairly common in many dry 
climates, in which the yearly climate cycle contains rainy periods and in which no de
finable water table is formed in the soil, even in the wet season. Road subgrade.s in 
this category were therefore considered to merit most attention in the next phase of the 
work. 

INVESTIGATIONS UNDER ROADS IN THE TROPICS 

Trinidad was the first location chosen for study because the high annual rainfall of 
between 60 and 120 in. resulted in wet soil conditions that are not greatly different from 
those found where the groundwater level is near the surface. The small seasonal vari
ation of 3 C precluded temperature affecting the moisture distribution. 

Samples taken from beneath the roads showed that edge effects were similar to those 
found in Great Britain, and that th_e moisture condition under the central part of the road 
appeared to be the result of a water balance between the amount removed by the shoul
ders during the dry season and returned by lateral flow from the edges during periods 
of rain. 

Further measurements obtained during a traverse of Nigeria, from the heavy rain
fall zone near the coast to the arid .region of the north, indicated that under bituminous 
surfacings at least 5 years old the subgrade at formation level appeared to be in equi
librium with the soil at depths below those affected by seasonal moisture changes, 
Furthermore, there appeared to be a relationship between the climate at the site and 
the pore water tension in the subgrade. 
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The moisture deficit is a measure of the desiccation of the soil and can therefore be 
related to the tension in the soil water, whereas an annual moisture index may be ex-
pected to be related to the ultimate moisture condition in the central part of the sub-
grades of well-constructed roads. The Thornthwaite moisture index (~, given by 

TMI 100D - 60d 
= Ep 

where 

D = the annual sum of monthly surpluses (rainfall exceeds evapotranspiration), 
d = the annual sum of monthly deficits (evapotranspiration exceeds rainfall) , and 

Ep = the annual evapotranspiration, 

gave a good correlation with observed subgrade moisture conditions when applied to 
particular soil groups. 

In a given climatic region, sand subgrades were found to have a lower pore water 
tension than clays (~. The probable reason is that, although water can evaporate from 

TABLE 2 

LOCATION AND SUMMARY OF TEST RESULTS AT ROAD SITES IN EAST AFRICA 

BS Compaction 
Determl.nat1ons at Subgrade Level Test 

Annual Sotl Characterletlcs Labo-

Site Rain- Pore Mols - Dry Max- Opti- ratory 

No, Location of Road Site 
fall 

Liquid Plastic Water tu re Den-
Ai, CBR !mum IDUID CBR 

(in.) 
Description of Soil Type s Limit Limit Tension 

Con-
slty 

Voids (S ) Dry Dey Moifl- Valuea 
(> ) (%) 

(p F ) tent (pc!) 
(%) Den- ture (%) 

(';) slty Content 
(pc!) (>) 

Nalrobi-Umun 1.1: 'A' , mllo 13 43 Friable red clay 80 40 3,3 34 75 17 27 Bl 36 12 
Nairobl-5-IIIM,ll , mile ·331/, 36 Friable red clay 70 35 2,5 31 80 16 18 85 34 12 
Nair0bi-~t;on1t, mile ~1

/ , 40 Heavy black clay 102 39 4.1 31 73 19 16 74 39 10 
Nairobi-Mombasa, mtle 12 33 Heavy black clay 84 34 3,6 27 78 19 19 78 36 
Nairobi-Mombasa, mile 27 23 Black sandy clay 32 17 2.4 16 96 16 12 101 20 12 
Nalrobi-NaJ.vaaha, mile 50'i'• 24 Ash and pumice 36 24 2.8 29 74 19 17 82 29 10 
Nalru ru -Eldoret, mile 8 36 Ash and pumice 67 44 2.3 43 55 27 23 58 50 10 
Kericho 72 Friable red clay 79 43 3,3 36 67 21 32 71 40 13 

9 Kericho 72 Friable red clay 85 43 2.6 42 64 24 22 74 44 11 
10 Satik 53 Friable brown clay 55 27 2.2 27 Bl 17 23 90 29 13 
II Lltein 60 Friable red clay 79 38 2,5 36 75 14 25 77 39 15 
12 Jamj l Tea Estate 63 Friable red clay 76 38 2,6 35 75 15 16 78 39 12 
13 Lumbuwa 45 Heavy brown clay 78 32 3,5 32 84 8 14 80 38 9 
14 Kericho-Lumbuwa, mile 6 69 Friable red clay 79 43 2.7 39 66 21 22 74 44 13 
15 Ke richo-Lumbuwa, mile 14 52 I).;ul( brOYJ:n cb.y 79 35 3.1 34 76 14 17 75 40 9 
16 Dar ee Salaam, mile 5 40 Or;ay u ndb 1.9 5 Ill 25 57 116 11 30 
17 Morogoro, mlle 40 37 Gr.a.)' H.ndb 2.1 4 114 23 58 116 12 20 
18 Morogoro 35 Frl.a.bla rcrd/brown clay 52 23 3,3 18 83 32 38 97 26 15 
19 Tanga Airport 53 C.Hiy nndb 2.1 4 107 30 70 113 10 12 
20 Tanga-Korogwe , mile 12 47 Gray sandy clay 37 13 2.2 17 111 5 8 114 15 11 
21 Tanga-Korogwe, mile 24 49 Friable brown sandy clay 40 16 2.1 16 105 12 23 111 16 12 
22 Tanga-Korogwe, mlle 36 50 Friable brown clay 38 18 1.8 20 100 10 52 106 19 9 
23 Tanga-Korogwe, mile 48 52 Friable red clay 42 20 2.8 18 107 8 28 104 21 10 
24 Tanga-Korogwe, mile 58 43 Friable red clay 48 21 2.3 19 97 14 28 104 20 16 
25 Dodoma 21 Light brown sandh 2.1 7 Ill 21 86 125 9 35 
26 Entebbe 62 Friable brown clay 56 29 3 ,3 2; 87 16 22 BB 31 15 
27 Kampala-Entebbe , mile 11 54 Friable brown clay 36 18 3,7 14 90 25 39 106 19 16 
28 Kampala-Port Bell, mile 4 51 Friable red clay 46 20 3,4 19 100 II 31 99 22 13 
29 Maeindl 51 Gray grave lly soil ;s 22 10 90 28 22 116 16 18 
30 Fort Portal 58 Friable brown clay 30 25 3 .6 19 BO 34 34 105 22 12 
31 Mbarara 36 Brown silty clay 27 15 4.3 9 90 34 31 116 14 15 
32 Masaka 42 Friable red clay 46 20 2.2 15 104 14 10 101 21 25 
33 Kampala-Jlnja, mile 34 52 Friable brown clay 66 22 3.2 22 103 6 38 IOI 21 18 
34 Jtnja-Tororo , mile 11 49 Friable red clay 44 21 2.4 21 82 24 25 102 21 12 
35 Mbale-Soroti, mile 4. 46 Red sandy clay 30 14 3,2 11 100 22 71 108 17 12 
36 Tororo-Ka.mpala, mile 1 55 Friable brown clay 46 22 2.2 20 82 29 26 103 24 23 
37 Namanga 27 Friable red/brown clay 37 17 4.5 11 99 26 SB 113 16 10 
38 Arusha-Namanga, mile 54 21 Friable red/brown clay 26 15 4 .6 7 99 32 88 128 11 30 
39 Arueha-Namanga, mile 44 20 Fawn volcanic soil 39 23 4,0 18 88 25 25 96 25 17 
40 Aroeha-Namanga, mile 29 20 Fawn volcanic sollh 2.7 11 90 33 53 100 22 35 
41 An.isha bypass 49 Black volcanic ash 5B 33 1.7 3B 79 5 8 83 36 13 
42 Arusha-Mottht, mile 25 30 Black volcanic ash 64 29 1.8 32 77 17 5 88 31 15 
43 Moahl 41 Dark brown clay 52 28 3.0 25 85 18 26 91 28 18 
44 Moehl-Hlm o, mile Hi 31 Friable brown clay 45 27 3,3 18 80 33 19 99 25 15 
45 Mal:lndJ 41 Brown clayey sand 28 13 3,6 9 95 32 37 117 15 10 
48 Mom basa-Tanga, mile 5 47 Red eandb 2.8 B 98 31 21 121 11 30 
47 Chamgamwe 41 Yellow clay sand 43 16 2.8 14 111 9 30 114 15 14 
4B Mombaea-Nalrobl, mlle 47 23 Friable sand clay 22 15 4.7 9 101 26 77 115 15 9 
48 Mombaea-Nalrobl , mtle 55 20 Friable u.nd c lay 25 12 4.3 9 109 20 63 118 13 12 
50 Nanyuk.1-lelolo, mile 22 35 Heavy brown clay 32 37 4.0 30 Bl 14 18 76 40 10 
51 Nyerl 36 Friable red clay 63 34 3.6 26 72 28 29 83 34 13 
52 Eldoret 41 Friable brown clay 55 28 4.5 18 78 34 25 91 27 20 
53 K.11.ale 45 Friable brown clay 45 24 4.2 17 95 18 30 100 21 13 
54 Klllwnu 44 Clay sand and gravel 30 19 2.7 17 104 10 14 120 14 30 
55 1rlnga-Mbeya, mile 1 31 Gray eandb 2.7 4 105 31 66 130 9 50 

a0etermined !or sample at BS maximum dry densi ty and loptimum m oisture contents , bpercentagee of liquid and plastic limits not determined , 
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sands and clays at broadly similar rates, sands can more readily accept the small 
amount of water needed to bring the soil to field capacity. The suction or pore water 
tension of sands at field capacity is 2 to 3 ft of water, whereas heavy clays may have 
values ranging up to 40 ft of water (7). 

The general approach given in the preceding was further confirmed by a series of 
monthly measurements made over a period of 18 months on 7 roads in the Kenya High
lands, followed by a single set of measurements made at 48 widely scattered road lo
cations in Kenya, Tanzania, and Uganda (8). Each set consisted of moisture content, 
plastic limit, and pore water tension measurements in the subgrade at several positions 
under the shoulder and road pavement and at least two different levels. Samples were 
taken for laboratory compaction and CBR tests, while in situ CBR and density tests 
were also made on the top of the subgrade. 

Table 2 gives the location of the sites and a summary of the results of this subgrade 
investigation including data on the British Standard compaction test (similar to the 
AASHO compaction test) and the laboratory CBR value for a sample at the maximum 
dry density and optimum content for this compactive effort . It should be noted that the 
specimen for the CBR test was not soaked. The moisture conditions under the pave
ments were found to be generally stable during the period of measurement and any var
iations that occurred had no engineering significance except for seasonal fluctuations 
confined to within 3 ft of the pavement edge. 

Permeability and diffusivity measurements on soil samples provided the explanation 
for the narrowness of this zone. The permeability is highly dependent on the pore water 
tension and decreases rapidly as soil dries. fu the dry season, therefore, when the 
gradient in the pore water tension between the shoulder and subgrade is large, the soil 
permeability is small. Conversely, during the rainy season when the soil is wet, the 
gradient is small when the permeability is at its highest. 

The moisture content tended to vary across the width of the roads, being at a maxi
mum near the edge of the pavement and decreasing near the centerline of the road. 
The suction measurements showed, however, that the pore water tension at the major
ity of the sites was relatively uniform across the road section. There would be little 
or no tendency, therefore, for moisture to move from the slightly wetter zone near the 
edge of the pavement toward the drier subgrade under the central part of the road. The 
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gradient in moisture content across the subgrade 
was probably attributable to the hysteresis be
tween the wetting and drying characteristics of 
soil (1). The moisture content of the subgrade 
was generally lower than the plastic limits, and 
at formation level the average moisture content 
was equal to, or less than , the optimum mois
ture content for the British Standard compaction 
test. Figure 4 shows the distribution of the re
sults. 

The determinations of density showed that 
low states of compaction were common and the 
weaker subgrades were associated with the low
est levels of compaction. However, the in situ 
CBR determinations showed that subgrade 
strengths were generally quite high with values 
usually in excess of 10 percent. The excep
tions, which represented about 10 percent of the 
total, were caused by the low-density conditions 
mentioned previously or by poor drainage, par
ticularly across the shoulders. The laboratory 
CBR determinations on unsoaked specimens 
molded at the maximum dry density and the op-
timum moisture content of the British standard 

Figure 4. Subgrade conditions under roads in compaction test provided a slightly conservative 
East Africa. estimate of the in situ CBR values. 
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The importance of the shoulder in affecting the moisture distribution under the road 
pavement was further examined in an experiment at Muguga, Kenya, where the soil was 
a red loam containing halloysite as the main constituent of the clay fraction. No water 
table existed within 20 ft of the ground surface at the site. A road with a cement
stabilized base was built with shoulder slopes of 1 in 14 and 1 in 35, while the treat
ment of the shoulders was varied in three ways. The natural vegetation on shoulders 
in that area is the deep-rooted Kikuyu grass (Pennisetum clandestinum) that was thought 
likely to remove water infiltrating into the road subgrade in the wet season. This was 
used as the first shoulder treatment. Excessive drying_ of the soil near and under the 
road increases the risk of cracks appearing in the pavement, and the second shoulder 
treatment of a 2-in. thick layer of single-sized gravel was designed to allow the maxi
mum infiltration of water into the shoulder with a very low rate of extraction during the 
dry season. The third treatment was a layer of polyethylene sheeting laid across the 
shoulder at the level of the road base in an attempt to reduce to a minimum the season
al changes in moisture content. 

Grids of gypsum blocks formed the main instrumentation to follow the moisture 
changes but tensiometers and access tubes for neutron-scattering methods of measuring 
moisture content were also installed. Thermistors were used to provide temperature 
data, while movement gages were installed to measure the horizontal movement of the 
shoulder relative to the center of the road pavement and to measure the vertical move
ments of the shoulder and pavement relative to a level 15 ft below. 

The slope of the shoulders had a considerable influence on the rate of infiltration into 
the permeable red loam, the effect of increasing the slope being to reduce the quantity 
of water infiltrating. The Kikuyu grass dried the shoulder to a depth of 10 ft, but the 
continued existence of a moist region just inside the edge of the pavement demonstrated 
that few roots spread laterally under the road although this might change during a period 
of prolonged drought. The polyethylene membrane excluded light rain from the shoulder 
but was not effective against prolonged heavy rain. Once the shoulder was wet below the 
membrane, however, the membrane prevented evapotranspiration losses and the mois
ture distribution changed little. The net result was that fairly wet conditions were main
tained under the edge of the pavement. The gravel shoulder, as expected, permitted the 
maximum penetration of water into the soil, and consequently under the road, while ef
fectively reducing evapotranspiration losses so that marked drying took place only to a 
depth of 3 ft. The shoulder and much of the subgrade were therefore maintained in a 
uniformly relatively wet condition when compared with conditions under the Kikuyu grass 
shoulder. It must be emphasized that the subgrade at no time approached the condition 
of zero pore water pressure, i. e., the soaked condition, and the pore water tension was 
only rarely within the measuring range of the tensiometers (0 to 10 lb/sq in.). In gen
eral, therefore, the subgrade remained drier than the optimum moisture content for 
the British Standard compaction test (Proctor). 

The movement gages gave results that were thought to be particularly significant and 
some are shown in Figure 5. The experiment was constructed when the soil profile was 
dry following a period of severe drought. The heavy rains of October 1961 to January 
1962 caused a general increase in moisture content and resulted in an upward movement 
of O. 3 in. on the center line of the road pavement. Thereafter, the central part of the 
road pavement appeared to be stable. 

The results from the graveled shoulder showed a pattern similar to that at the center 
of the road pavement, except for very small shrinkage movements in times of severe 
drought. The magnitude of the swelling was approximately twice that under the center 
of the road and was consistent with the soil moisture changes. The large moisture 
changes under the Kikuyu grass resulted in large vertical movements of up to 0. 75 in. 
in phase with the rainfall pattern. 

The horizontal movement gages showed a slow movement during work of 1961-1962 
that was associated with the wetting and swelling of the road subgrade. The pattern of 
movement was that the shoulders moved away from the center of the road in times of 
drought and back again with the onset of rain. Slight drought conditions toward the end 
of 1962 caused a slightly increased movement of the shoulder from the road center, 
while the severe drought conditions of early 1963 produced particularly marked move-
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Figure 5. Measurements of the vertical and horizontal movements of road 

pavement and shoulders in Muguga, Kenya. 

ments. The effect of increasing the slope of the shoulder was to reduce the moisture 
content and volume changes. This can be easily seen in the lower part of Figure 5. 
The change in shoulder slope affected the horizontal movements more than the vertical 
movements presumably because the former are caused more by moisture changes in 
the upper part of the soil profile. The roots of the Kikuyu grass affect the rate of dry
ing of both the upper and lower parts of soil profile and, thus, influence both horizontal 
and vertical movements of the shoulders. The gravel restricts the moisture changes to 
the upper part of the soil profile, thus vertical movements are minimized while hori
zontal movements still occur. 

Cracks in the road pavement at a distance of about 18 in. from the shoulder were 
first noticed opposite the shallow sloped, grassed shoulder as early as August 1961, 
and these were followed by cracks opposite the steeper grassed shoulder in Febr uary 
1962. Smaller cracks later developed along all the test sections, usually at a distance 
of 18 to 24 in. from the edge of the pavement, and were particularly bad in October
December 1964. The pattern of cracks can be correlated with the horizontal movements 
of the shoulders, and the crack width corresponded to a linear change of just under 2 
percent in the 18 to 36 in. band of soil at the edge of the pavement that was subjected to 
the seasonal changes. This figure is consistent with the results of laboratory measure
ments of the soil properties . It appeared that the cracks developed near the wet/ dry 
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interface under the road pavement, and it was thought that the cracks were most likely 
to be formed on the weakest and therefore wettest side of this interface, i.e., within 
the ridge of moist soil near the pavement edge. 

The red loam halloysite is the predominant clay mineral and would not be classified 
as an expansive soil. Consequently, the vertical and horizontal movements of up to 0. 75 
in. cannot be considered as abnormal, but indicate instead that considerably larger 
movements occur on expansive soils such as those containing a large proportion of 
montmorillonite in the clay fraction. A similar experiment to that described previously 
is now in progress on an expansive soil of this type near Nairobi. 

PORE WATER TENSION AND SOIL SUCTION 

In recent years engineers have become concerned with problems caused by moisture 
migration caused by changes in salt concentrations in the soil water. The importance 
of dissolved salts in soil has been apparent for a long time to agricultural workers con
cerned with soil/plant interactions, and they have distinguished between the matrix 
suction (which is similar in magnitude to the pore water tension) and the solute or os
motic suction caused by dissolved salts (9). It is now apparent that it i s the total suc
tion, i. e., the sum of the matrix and solute cmctions , that is related to environmental 
conditions and thus to the Thornthwaite index. In soils containing salts, the engineer 
must be aware of the possible consequences of any changes in the salt concentrations 
that may result from his work. 

During construction of the Tullamarine Airport at Melbourne the soil was found to be 
very unstable after rain. The unusual sensitivity to rainfall was fow1d to be resulting 
from a high concentration (0. 42 percent) of sodiwn chloride in the soil together with 
approximately 40 percent of the clay mineral montmorillonite (10) . When the salt con
centration was reduced by the rain, the montmorillonite tendedto disperse and swell, 
resulting in very high moisture contents and a rapid decrease in strength. Considerable 
care was taken in the disposal of surface water runoff to prevent local leaching of the 
soil with consequent serious effects. 

The solute suction of seawater is of the order of 2 times 10 5 cm. Many soils have 
been affected either by incursions of seawater or by wind-blown salt. In Australian 
soils, high salt concentrations are not uncommon (11) and similar soils are undoubtedly 
to be found in the drier regions of the United States-as well as in other parts of the 
earth. 

CONCLUSIONS FROM THE INVESTIGATIONS 

1. Under natural vegetation, large seasonal changes in moisture content can occur, 
and in dry climates the soil profile can be desiccated to depths of 6 ft or more. In the 
absence of vegetation, seasonal changes of moisture content are much reduced. 

2. When the ground is covered by a relatively impervious surface, the seasonal 
moisture changes are reduced, and, except for a zone close to the pavement edge, the 
moisture condition tends to a relatively stable value. 

3. The movement of water in the vapor phase is not generally a factor in controlling 
subgrade moisture conditions. Such movements may be significant only where a sharp 
seasonal fall in temperature occurs in sandy clay and silty clay soils that have a zone 
of wet soil not far below the surface and from which the water can be transferred. 

4. Rapid wetting of the subgrade usually occurs by surface water infiltrating through 
the pavement or through the shoulders. In designing pavements to utilize maximum sub
grade strengths, it is therefore important to exclude any features that allow water to 
reach the road formation easily or that form reservoirs for water to infiltrate adjacent 
materials over long periods of time. For example, a crushed stone base over a dry 
clay subgrade will usually result in the subgrade becoming wetter than if a stabilized 
gravel base is used. 

5. Subgrades can be classified into three main categories and, provided the pave
ment is impermeable, design methods can be used to estimate the ultimate moisture 
conditions. The categories are as follows: 
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Category 1-Subgrades where a water table exists close to the sul'face at depths less 
than 20 ft in clays, 10 It in sanely clays or silts, and 3 ft in sands. In this category 
(which includes areas where the wate1· table is maintained by rainfall and impeded drain
age as well as coastal strips and flood plains of rivers where the wator table is main
tained by sea lake, or river water), the depth to the water table is the mai:n factor to 
be considered in relation to the soil type. Under a relatively impermeable surface, the 
soil water will tend toward equilibrium with the water table level, and the highest posi
tion of the water table should therefore be taken to estimate the wettest and weakest con
dition in the subgrade. 

Suction plate, pressure plate, or membrane apparatus are well known and can be 
used for this purpose although due allowance should be made for any surcharge effects 
(1). It should be noted, however, that with soil containing appreciable quantities of 
soluble salts, the water in all apparatus must contain a similar salt concentration in 
order to obtain a true control of the moisture condition. 

Category 2-Subgrades where the water table is deeper than that described in cate
gory 1 and the rainfall is more than 10 in. per year. In this category, subgrades under 
impervious pavements will tend to come to equilibrium with the deeper soil that has not 
been aifected by seasonal changes. The equiUbrium condition can be estimated from 
other subgrades in areas with a similar clun.ate or from samples taken from the deeper 
soil horizons. If equipment for the measurement o! the suction of po1·e water tension 
is not available, then a useful guide to the design moisture content can be obtained by 
assuming that the ratio of field moisture content to plastic limit is constant for sub
grades in a given climatic zo11e . A correction should be made fo1· soils with an appre
cialJle p1·oportion of coarse particles that would absorb little or no water. For such 
soils, and particularly for highway design purposes, it is convenient to use the optimum 
moisture conditions for the British Standard or Proctor compaction test at the reference 
level. 

Category 3-Subgrades where the water table is deep and the rainfall is less than 10 
in. per year. In this category the normal camber of roads and good surface water 
drainage measures are sufficient to prevent serious accumulation of water beneath 
pavements. The ultimate moisture content of the subgrade in such circumstances will 
usually differ little from the uncovered soil at the same depth. Even if pervious bases 
are used beneath impermeable surfacings, the moisture content will not exceed the op
timum for the British Standard or Proctor compaction test. 
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