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Effect of Inorganic Chemicals on the Consistency 
Properties of an Expansive Soil Sample 
R.K. KATTIandA.G. BARVE, Soil Engineering Section, Indian Institute of 
Technology, Bombay 

Consistency properties of a soil to a certain extent 
indicate the behavior of the soil for engineering con
struction. This paper reports the results of effect 
of 20 inorganic chemicals in varying amounts on the 
consistency properties of an expansive soil sample 
from Poona. Certain soluble and insoluble hydrox
ides make the soil friable. KCl and NaCl are also 
found effective in improving the shrinkage charac
teristic of the soil. FeCls and (NH4)2 HPO4 make 
the soil mass porous. 

• A LARGE PART of central and southern India is covered with various types of soils, 
mostly medium to heavy clays, black in color, extiibiting excessive swelling and shrink
age, and high plasticity characteristics. Due to alternate wetting and drying conditions, 
deep and wide cracks are observed in these soils. Such soils are locally called black 
cotton soils, and similar types of expansive soils are also met with in tropical countries 
like Burma and Kenya (10,15,16). 

The deleterious properties of these expansive soils are attributed to the presence of 
clay minerals, such as montmorillonoids or a combination of montmorillonoids and 
illites (2,4,5,10,11,16). These soils have been considered as highly problematic for 
foundations anH~road-building purposes. 

Consistency properties of a soil in general indicate the performance of a soil for 
engineering use. Winterkorn's study of changes in physical properties of Putnam soil 
induced by ionic substitution shows that the consistency properties of the soil change 
with the type of cation adsorbed on the clay fraction (13). It is also the experience of 
various research workers working in the field of engineering, agronomy, and ceramics 
that the physical properties of soils can be altered by the addition of chemical admixtures 
(1̂ , 5,6, 8,9,12,13,14,16). Thus, these studies indicate that incorporation of certain 
inorganic chemicals into the expansive soils may improve their detrimental properties. 

With the previously mentioned points of view in mind, a study was conducted to eval
uate the effect of various inorganic chemicals on the consistency properties of an ex
pansive soil sample from Poona. The soil was treated with amoimts of inorganic chem
icals ranging from 0.1 to 10 percent to take into consideration both practical and aca
demic interests. 

MATERIAi;S 
Soil 

The soil is sampled from the premises of CoUege of Military Engineering, Kirkee, 
Poona. The sampling site is on a level stretch of ground near the magazine section. 
The sample was collected from a depth of 1 to 2 ft from the surface. The depth of 
black cotton soil at this location is said to be 14 ft . 

The properties of this soil are given in Table 1. Texturally, the soil is classified 
as clay. According to AASHO engineering classification, it is a-̂ A-7-5(18) soil. Its 
characteristic features are its high liquid and plastic limits, and its very low shrinkage 
Umit. 



Base exchange capacity of this soil indicates that the clay minerals present in the 
soil may be montmorillonite or a mixture of montmorillonite and illite. 

The swelling pressure recorded for a 5-in. high soil sample compacted to a density 
corresponding to 90 percent of standard Proctor density is 2.0008 tons per sq ft . This 
soil has been selected for detailed study. 

TABLE 1 
PROPERTIES OF BLACK COTTON SOIL SAMPLE 

Property Value 
Physical: 

Liquid Umit 
Plastic Umit 
Plasticity index 
Shrinkage limit 
Shrinkage ratio 
Field moist, equiv. 
Centrifuge moist, equiv. 
Specific gravity 

Chemical: 
Organic matter (̂ o) 
Carbonate content* 
PH 
Base exch. cap. meq 
Si02 (%) 
AI2Q. (%) 
CaO (To) 
MgO (̂ o) 
FeaO, (%) 
TiOz (%) 
Loss on ignition (%>) 
Silica sesquioxide ratio 

Engineering: 
Proctor density 

Pcf 
Opt. moist, cont. (T'o) 

Mod. Proctor density 
Pcf 
Opt. 

Calif. 
0.1-

moist. cont. (%) 
bearing ratio (̂ o): 

-in. penetration 
Same after soaking 96 hr 

Swelling pressure (T/sq ft): 
At std. Proctor density 
At 90% std. Proctor density 

Mechanical analysis: 
Gravelb (̂ o) 
Sand (̂ o) 
Silt (%) 
Clay(yo) . 
Effective size (mm) 
Uniformity coeff. 
BPR textural class. 
AASHO eng. class. 

67.2 
48.85 
18.35 
8.18 
2.06 

56.47 
55.825 
2.72 

1.422 
6.65 
8.45 

60.0 
50.29 
21.88 
8.0 
4.37 
1.45 
0.33 

13.67 
2.16 

82.5 
29.4 

102.5 
24.0 

30. 55 
3.82 

0.632 
2.0008 

0. 
17. 
43. 
39. 
0. 

25. 

.0 
,5 
.5 
.0 
.00028 
,0 

Clay 
A-7-5(18) 

CaC03 eq per g or s o i l . 
"Grain-size limits adopted are according to U.S. Bureau of Public Roads. 



Chemicals 
The chemicals selected for treating the soil are di-ammonium phosphate, barium 

carbonate, barium chloride, calcium chloride, calcium phosphate, calcium hydroxide, 
Portland cement, copper sulfate, ferric chloride, magnesium chloride, magnesium 
carbonate, magnesium phosphate, potassium hydroxide, sodium hydroxide, sodium 
chloride, sodium silicate, sodium sulfate, and sodium carbonate. 

The soil was treated with various chemicals in the amoimts 0.1, 0.25, 0. 5, 0.75, 
1.0, 1. 5, 2, 3, 5, 7, and 10 percent based on the oven-dry wejght of soil. Such alarge 
range in amount of chemicals is chosen to cover both practical and academic interests. 

TESTING METHOD 
Soil passing through sieve No. 40-ASTM was mixed with a predetermined amount of 

chemical, calculated on the oven-dry weight of soil. Liquid, plastic, and shrinkage 
limits were then determined for this treated soil. 

The liquid limit was determined by using standard liquid limit apparatus (ASTM 
D 423-39). Number of blows to close the standard groove were found at four different 
moisture contents. 

The plastic limit was determined according to ASTM D 424-39. Four tests were 
done and their mean value has been reported. 

Duplicate pats of treated soil were prepared as specified in ASTM D 427-39. Time 
for both mixing the chemical and molding the pats was restricted to 10 min. To avoid 
cracking as far as possible during the drying process, the pats were dried in an oven, 
the temperature of which was gradually increased from room temperature to 110 C in 
a period of three days. Volume of dried pats was determined by the mercury displace
ment method and the shrinkage limit and ratio were calculated according to ASTM D 
427-39. 

RESULTS 

The chemicals are grouped for analyzing and Interpreting the data given in Table 2. 

Hydroxides 
Up to 0.75 percent addition of sodium hydroxide, potassium hydroxide, or calcium 

hydroxide to the soil increased the liquid limit and plasticity index and decreased the 
plastic limit of the soil. Within this range, variation in shrinkage limit was somewhat 
erratic' as shown in Figure 1. In general, these results indicate that the soil-water 
system was in a dispersed phase. However, beyond 1 percent all three hydroxides 
tended to decrease the PI and increase SL. When the amount of chemical added was 
more than 1. 5 to 2 percent, it was observed from PL test that the soil becomes non-
plastic. This effect may be attributed to the aggregation brought about by the cations. 

Also, from PI curves potassium hydroxide was equally effective In reducing PI com
pared to calcium hydroxide. Results of Winterkorn's consistency data of monionic 
beidellite Putnam clay (13) indicate that potassium ion is more effective than calcium 
ion in reducing PI. This may be attributed to the proper coordination number and ionic 
radium of K'*' ion, which can fit well In the hole in the silica layer of a montmorlllonlte-
tjrpe clay mineral. 

All the hydroxides Improved the detrimental properties of the soil beyond 2 percent. 

Chlorides 
Barium, calcium, magnesium, potassium, sodium, and ferric chlorides were 

selected for the stucty. 
Calcium chloride, barium chloride, and magnesium chloride, beyond 1 percent 

decreased both LL and PL as shown in Figure 2. PI data indicate that decrease in 
PL was comparatively higher than LL. Change in SL was not very prominent. In the 
case of calcium chloride, to a slight extent decrease in SL was observed. These 
observations show that in addition to cations the presence of undissoclated compound 



and the dissociated CI ion part also played an important role in altering the soil-water 
consistency. Decrease in LL is an indication that, although PI was high, the phenom
enon of dispersion does not exist. The deliquescent property of most of these chemicals 
may be the cause for lowering of PL. Below 1 percent, the change in consistency prop
erties was very erratic. 

Unlike sodium hydroxide, sodium chloride behaves similar to chlorides of calcium 
barium and magnesium. However, because of its less deliquescent property, increase 
in PI was comparatively low. 

In the case of potassium chloride, LL and PL continued to decrease and SL to in
crease with the increasing amount of chemical. Beyond 2 percent PI also decreased 

T A B L E 2 

EXPERIMENTAL VALUES OF LIQUID LIMIT, PLASTIC LIMIT, PLASTICITY INDEX, AND SHRINKAGE UMIT WITH VARIOUS M A T E R I A L 

Chemical Barium Chloride Barium Carbonate Portland Cement Calcium Hydroxide Calcium Chlorldt Chemical 

L L P L PI S L L L P L PI SL L L P L PI S L L L P L PI S L L L P L PI 
0 0 67 2 48 85 18 35 8 18 67 2 48 85 18 35 8 18 67 2 48 85 18 35 8 18 67 2 48 85 18 35 8 18 67 2 48 85 18 35 
0 1 70 8 41 26 29 54 10 3 78 5 46 06 32 44 19 5 70 8 44 18 26 62 9 13 71 2 40 9 30 3 10 25 70 0 40 95 29 OS 
0 25 71 0 42 4 28 6 9 3 70 5 47 7 22 8 15 15 62 0 43 95 18 05 12 6 72 2 42 15 29 85 13 45 69 9 40 7 29 2 
0 5 69 5 43 25 26 25 8 95 70 6 47 8 22 8 13 25 68 0 40 7 28 3 12 8 72 9 41 01 31 89 13 1 70 0 36 57 33 43 
0 75 70 0 44 18 25 82 11 7 77 5 47 55 29 95 16 40 73 0 44 3 28 7 8 62 68 0 45 13 22 87 17 4 66 5 36 5 30 5 
1 0 69 0 43 48 25 52 9 35 76 2 49 2 27 0 11 6 70 0 43 45 26 55 10 97 67 0 43 67 23 33 16 8 65 2 48 76 26 44 
1 5 69 0 40 1 28 9 10 5 70 5 SO 82 19 68 11 8 69 5 40 73 28 77 14 1 68 0 49 97 18 03 12 07 65 4 39 06 26 34 
2 0 62 8 40 9 21 9 10 1 69 S 43 87 25 60 10 1 69 2 44 43 24 77 14 27 66 0 _ _ 11 1 69 0 38 5 30 5 
3 0 67 0 39 75 27 25 10 1 72 0 42 55 29 45 10 8 66 0 43 S3 22 47 21 7 64 S - 16 3 67 9 36.1 31 8 
S 0 61 0 38 68 22 14 9 8 74 3 42 75 31 55 8 5 68 0 43 65 24 35 23 0 68 0 - - 31 62 64 0 38 0 26 0 
7 0 59 3 38 83 20 47 9 4 70 8 43 02 27 78 10 25 65 0 44 16 20 84 27 1 68 5 - - 34 0 58 0 42 0 16 0 

10 0 55 8 39 17 60 63 14 15 66 0 43 65 22 35 13 8 65 0 45 63 19 37 37 4 68 0 - - 44 5 56 3 38 93 17 37 

Chemical Calcium Phosphate Magnesium Phosphate Magnesium Chloride Magnesium Carbonate Potassium Chlorid 
L L P L PI S L L L P L PI S L L L P L PI SL L L P L PI S L L L P L PI 
67 2 48 85 18 35 8 18 67 2 48 85 18 35 8 18 67 2 48 85 18 35 8 18 67 2 48 85 18 35 8 18 67 2 48 85 18 35 
73 5 42 1 31 4 13 05 70 3 43 85 26 45 17 2 62 5 42 9 19 6 11 1 66 7 40 7 20 0 12 72 68 5 42 22 26 28 
73 8 43 13 28 67 10 9 69 5 43 75 25 75 14 55 67 S 42 93 24 57 10 11 63 8 43 9 19 9 17 0 68 0 42 95 25 05 
73 8 47 0 26 8 10 8 71 9 44 7 27 2 13 4 65 7 42 73 22 97 1 85 66 0 40 8 25 2 15 5 67 0 42 1 24 9 
69 5 44 56 24 94 11 2 72 9 45 3 27 6 17 8 70 0 40 0 30 0 9 92 69 0 42 1 26 9 12 2 67 2 40 92 26 28 
72 5 43 06 29 44 13 8 71 9 44 S3 27 37 16 15 66 8 36 87 29 93 8 9 70 6 42 66 27 94 14 57 66 0 40 8 25 2 
73 5 45 33 28 17 13 4 65 2 43 25 21 95 IS 4 65 5 35 93 29 57 11 9 68 5 44 13 24 37 14 82 63 5 40 77 22 73 
72 3 45 75 26 55 13 2 70 8 43 8 27 0 12 1 69 0 37 33 31 67 10 25 69 5 45 16 24 34 11 9 63 5 39 9 23 6 
68 5 44 60 22 87 14 65 68 8 43 2 25 6 15 2 67 S 36 9 29 6 11 2 72 0 44 5 27 5 10 9 58 0 41 4 16 6 
72 0 45 46 26 54 14 4 68 0 43 57 25 03 IS 4 16 0 38 2 21 8 9 3 76 5 47 8 28 7 15 5 52 5 41 77 10 73 
70 5 46 76 23 74 14 52 66 0 44 6 21 4 14 3 58 5538 53 19 97 10 8 78 0 48 9 29 1 28 4 48 0 38 4 9 6 
72 5 46 42 26 08 15 20 66 0 44 67 21 33 12 8 54 5 32 28 22 22 12 45 82 0 49 1 32 9 24 5 43 5 32 6 10 9 

0 0 
0 1 
0 25 
0 5 
0 75 
1 0 
1 5 
2 0 
3 0 
5 0 
7 0 

10 0 

Chemical Potassium Dichromate Potassium Hydroxide Sodium Hydroxide Sodium Carbonate Sodium Chloride 
(70) L L P L PI S L L L P L PI S L L L P L PI S L L L P L PI SL L L P L PI 
0 0 67 2 48 85 18 35 8 18 67 2 48 85 18 35 8 18 67 2 48 85 18 35 8 18 67 2 48 85 18 35 8 18 67 2 48 85 18 35 
0 1 66 2 40 6 25 6 10 4 68 8 47 33 21 47 9 8 70 6 46 82 23 68 7 75 69 2 43 5 25 7 14 3 69 S 41 7 27 8 
0 25 67 5 48 OS 24 45 12 6 69 8 45 5 24 3 10 4 71 0 46 30 24 70 10 0 70 5 42 36 28 14 13 47 68 0 44 26 23 74 
0 S 68 0 42 3 25 7 10 1 70 0 44 83 25 17 15 15 74 5 45 12 29 38 10 26 TNP 43 38 TNP 17 25 66 0 42 6 23 4 
0 75 70 5 41 0 29 9 9 75 71 0 45 7 25 3 7 4 76 0 43 87 32 13 9 9 TNP 43 4 TNP 13 35 72 0 42 1 29 9 
1 0 67 0 40 8 26 2 9 5 66 5 44 17 22 33 10 07 80 0 47 25 32 75 9 75 TNP 43 30 TNP 14 OS 68 8 41 27 27 S3 
1 S 64 8 39 4 25 4 8 15 67 2 45 8 21 4 9 7 80 0 48 65 31 35 16 5 TNP 50 0 TNP 13 7 66 5 41 0 25 5 
2 0 65 2 39 75 25 45 9 16 63 8 TNP TNP 14 0 81 0 82 33 28 67 23 0 TNP 53 56 TNP TNP 63 2 42 16 21 04 
3 0 64 5 39 02 25 48 12 85 64 7 TNP TNP 27 69 TNP TNP TNP 43 1 TNP 48 35 TNP TNP 62 3 41 17 21 13 
5 0 56 5 41 2 15 3 11 9 TNP TNP TNP 26 4 TNP TNP TNP 38 35 TNP 46 2 TNP TNP 61 4 42 11 19 29 
7 0 61 8 42 0 19 8 14 92 TNP TNP TNP 30 5 TNP TNP TNP 37 9 TNP 42 6 TNP TNP 60 3 39 85 20 45 

10 0 52 5 40 1 12 4 17 7 TNP TNP TNP 36 4 TNP TNP TNP 41 67 TNP 43 4 RNP TNP 59 0 38 96 20 OS 

Chemical Sodium Silicate Sodium Sulfate Copper Sulfate Ferr ic Chloride Di-Ammonium Phost 
L L P L PI S L L L P L PI SL L L P L PI SL L L P L PI SL L L P L PI 

0 0 67 2 48 85 18 35 8 18 67 2 48 85 18 35 8 18 67 2 48 85 18 35 8 18 67 2 48 85 18 35 TNP 67 2 48 85 18 35 
0 1 71 4 41 0 30 4 10 4 67 0 43 5 23 5 8 9 60 0 41 8 18 2 9 8 70 0 41 4 28 6 TNP 71 0 41 7 29 3 
0 25 72 8 44 43 28 37 8 8 63 0 40 3 22 7 10 3 59 2 42 56 16 64 18 67 69 5 42 5 27 0 TNP 71 0 42 35 28 65 
0 5 68 0 42 8 25 2 10 5 70 8 49 0 21 8 8 8 16 5 40 6S 19 85 11 1 66 0 44 3 21 7 TNP 73 2 44 22 28 98 
0 75 74 5 45 0 29 5 10 7 68 5 45 6 22 9 11 4 62 0 41 7 20 3 10 3 64 8 41 0 23 8 TNP 67 5 41 97 25 S3 
1 0 70 9 45 9 25 0 12 15 71 9 48 1 23 8 8 35 61 S 41 8 19 7 9 15 64 0 40 70 23 83 TNP 68 5 41 76 26 74 
1 5 74 2 45. 9 28 3 10 8 78 2 46 6 31.6 8 8 62 5 43 5 19 0 0 75 TNP 41 75 TNP TNP 70 5 43 60 26 9 
2 0 83 2 46 73 36 47 12 0 78 5 45 5 33 0 7 5 63 0 41.18 21 22 11 55 TNP 39 6 TNP TNP 96 0 44 5 24 5 
3 0 78 0 48 11 29 89 16 25 80 0 49 0 31 0 9 4 66 0 39 7 26 3 10 5 TNP 34 15 TNP TNP 68 5 44 86 23 64 
5 0 TNP S3 0 TNP 18 7 75 2 43 0 32 2 8 7 65 0 44 45 20 55 14 5 TNP 40 80 TNP TNP 74 5 47 50 27 0 
7 0 TNP 57 05 TNP 23 8 77 2 46 5 30 7 11 45 67 5 43 33 24 17 14 05 TNP TNP TNP TNP TNP TNP TNP 

10 0 TNP 61 8 TNP 24 8 69 5 43 0 26 S 10 7 67 5 44 15 23 3S 24 65 TNP TNP TNP TNP TNP TNP TNP 
V n p = test not possible 



significantly. From this, it was realized that the net effect with this chemical was a reduction 
in water huU around the soil particles due to predominance of aggregation brought about 
the K ion. 

Table 2 shows that addition of ferric chloride makes the soil friable at 1. 5 percent 
and reduces PL to 34.15 at 3 percent. Addition of more than 1 percent ferric chloride 
makes the soil mass porous, like bread. This may be due to the fact that with addition 
of FeCls to soil, HCl is liberated which in turn reacts with the carbonates in the soil 
evolving CO2, which while escaping out from the soil produces a porous structure in the 
soil mass. Chemical tests confirmed that CO2 was liberated during reaction. 

Carbonates 
All three carbonates (namely, those of Mg, Ba, and Na) increased LL considerably. 

Both magnesium and barium carbonates decreased PL to a certain extent. In the case 
of sodium carbonate, nodules of soil are formed which are very difficult to mix. PI 
also increased with the addition of these chemicals. This effect may be attributed to 
the dispersive action of chemicals produced in the soil mass. 

Only magnesium carbonate was found effective in changing SL to 28.4 at 7 percent. 
Both Va and Na carbonates have very little effect on SL. However, it was found that 
the results were very erratic in nature. Further investigation is needed to imderstand 
the cause for marked variation in the results. 

Sulfates 
Sodium sulfate and copper sulfate were selected for the investigation. In general. 

NaOH 

cacoH) 

CaCOHl 

NaOH 

cacoH) 

cacoM) 

2 4 e e 
ADDITIVE.Z DRY WT. SOIL 

0 2 4 6 6 
ADDITIVE. / DRY WT. SOIL 

Figure 1. Variation of consistency limits of s o i l with varying amounts of sodium, 
potassium and calciiim hydroxides. 



sodium sulfate showed increase in LL and PI. Variation in PL and SL was not signif
icant. On the basis of this study it may be said that sodium sulfate acts like a dispersing 
agent. However, in the case of copper siilfate the general trend of results shows that 
the chemical brings about flocculation. 

Phosphates 
Table 2 shows that both calcium and magnesium phosphate behaved more like dis

persing agents. Just like ferric chloride, di-ammonium phosphate makes the soil mass 
porous, which is found to be due to evolution of NH3. 
Other Chemicals 

Cement has a similar effect as Ca(0H)2, but to a lesser degree. This can be due to 
lesser amount of free lime available from the cement. 

Potassium dichromate has shown a decreasing trend in both LL and PL. The de
crease in LL is very marked at 10 percent. It has very littie effect on SL. The data 
show that sodium silicate brings about dispersion in the soil mass. Beyond 3 percent 
due to high dispersive action of the chemical, it was not possible to run LL and PL 
tests properly. 

General Remarks 
The study indicates that certain inorganic chemicals selected for investigation, im-

CaCh M Q C I 

B a C U 

NaCI 

a 1015 
ADDITIVE, r DRY WT SOIL ADDITIVE. Z DRY WT SOIL 

Figure 2. Variation of consistency l i m i t s of s o i l with varying amounts of sodium, 
potassium, barium, magnesium and calcium chlorides. 



prove the deleterious characteristics of this expansive soil. Further investigations are 
needed to use some of the soluble chemicals for stabilizing foundations in place in such 
areas. Similarly, further work should be conducted to utilize these promising chemicals 
to stabilize the soil for road-building purposes. 

CONCLUSIONS 
1. KOH, Ca(OH)2, and NaOH change the soil from a plastic clay into a friable soil 

and increase SL when the amount of chemical added is beyond 1.5 percent. NaOH has 
pronounced effect on increasing SL. At lower percentages, NaOH actually increases 
PI. Below 1 percent both Ca(OH)2 and KOH increase PI. Cement behaves more like 
Ca(0H)2. 

2. In general, CzCh, MgCIa, and BaCh lower LL, increase PI and have little effect 
on SL. KCl beyond 2 percent actually reduces PI of the soil and at all percentages 
distinctly increases SL. NaCl behaves more like KCl as far as SL is concerned. 

3. NasCQs, BaCOa, MgCOs, and NazSiOa increase PI of the soil and make the soil 
highly plastic. 

4. Sulfates and phosphates used in this investigation did not have much effect on 
SL of the soil. 

5. Both FeCU and (NH4)2 HPO4 make the soil porous. 
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Electrical Resistivity of Soil-Sodium 
Chloride Systems 
J.B. SHEELER, J.G. PICAUT, and T. DEMIREL, Respectively, Associate Professor 
of Civil Engineering, Research Assistant, and Research Associate, Iowa Engineering 
E:q)eriment Station, Iowa State University 

A simple apparatus for the determination of the resistivity of soil 
systems is described. Correlations of the resistivity, density, 
sodium chloride content, and moisture content of various soils are 
shown. Soils containing halloysite, kaolinite and montmorillonite 
as the predominant clay mineral were used and compared with 
Ottawa sand. The variations in results are related to the physico-
chemical properties of the soils. 

• THE ELECTRICAL resistance of a material is defined as the opposition offered by 
that material to the flow of electric current. The resistance of a substance of a given 
length is represented by the ratio of the drop in electrical potential within that length 
to the intensity of electrical current passing through the substance. 

The resistance of an electrical conductor opposes the flow of electricity in a manner some -
what analogous to the way friction opposes the flow of water in pipes. Electrical resistance 
(R) is directly proportional to the length (L) of a conductor and inversely proportional to the 
cross-sectional area (A). The proportionality constant is known as the resistivity and 
is represented by p. Expressed as a mathematical equation: 

R = /3^ (1) 
in which 

R = resistance of sample, in ohms; 
L = average path length, in centimeters; 
A = cross-sectional area of brine, in square centimeters; and 
P = resistivity of brine, in ohm-centimeters. 

Resistivity means the cj^acity for resistance and is defined as the electrical resistance of 
abody of unit cross-section and of unit length. It is usually expressed in ohm-centimeters. 
Conductivity is the reciprocal of resistivity. The resistivity of natural soils is very high 
compared to that of metals; values have been found that range from 10 to 30,000 ohm-cm 
whereas copper has a resistivity of only 1. 72 x 10"' ohm-cm. The use of soil resistivity 
measurements have been studied as a means of determining the moisture content of soils 
(3,8). The resistivity of a soil was found to be related to the dry density and the moisture 
content of the soil. 

The application of resistivity in soil engineering requires further knowledge of the 
mechanism of the flow of current through soils. The study reported herein was vmdertaken 
to correlate the properties of soil-water-sodium chloride systems with the resistivity of 
such systems. The effects of various properties of the systems such as the dry density, 
moisture content, type of soil, cation exchange capacity, and the concentration of soluble 
salts were studied. The influence of factors on the resistivity was studied by varying the 
type of soil, the density, the moisture content, and the sodium chloride content. 

PREVIOUS WORK 
The resistivity of soils was first measured by electrical means using four equally 

spaced electrodes driven into the earth in a straight line (9). The difference in potential 
between the two outer electrodes causes a passage of current through the soil. The 
resistivity of the soil and several factors are related as follows: 

9 
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4iraR (2) 
in which 

/S = resistivity of soil; 
R = measured resistance; 
a = spacing between electrodes; and 
n = factor depending on depth of electrodes. 
This equation is valid only when the portion of earth conducting the current is homo

geneous. Increasing the spacing between the electrodes Increases the quantity of soil 
through which the current flows, but the resistivity of the soil should remain constant. 
However, if the soil between the electrodes is composed of various strata, the average 
resistivity changes. This variation in the measured resistivity permits the location of 
layers with different conductivities and is related to variations in the physical properties 
of the soil or rock. If the differences in resistivity are very great, prospectlr^ by 
electrical means leads to excellent results. 

Leonardon (2) states the following: 

C l a y s and unconso l ida ted c l a y e y format ions o f t e n p o s s e s s 
r e s i s t i v i t i e s as low as 10 to 30 ohms, c l a y e y c a l c a r e o u s 
s o f t t e r r a i n s show corresponding f i g u r e s between 20 and 
hOO ohms, e r u p t i v e or metamorphic masses may have r e s i s 
t i v i t i e s rang ing from 200 to 2,000 ohms, and up according 
to t h e i r l a c k o f p o r o s i t y . As to sands , t h e i r r e s i s t i v 
i t i e s w i l l v a r y g r e a t l y according to t h e i r dryness and to 
the i m p u r i t i e s contained t h e r e i n ( c l a y , organ ic w a t e r s ) . 

This illustrates the large differences in resistivity from one soil or one rock forma
tion to the other. Particularly noticeable is the comparltlvely low resistivity of clayey 
rocks. One study of shaly rocks made by Winsauer and McCardell (11) showed the in
fluence on conductivity of the double layer on the clay surface. In that study, samples 
of shale saturated with a solution of known salt concentration were used. Soils contain
ing clay minerals, especially those with clay minerals having high cation exchange 
capacities, should behave similarly. 

A purely mathematical study by Owen (4) relates the resistivity of a fluid-filled 
porous body to the shape of the pores. However, Owen presents an hypothesis on the 
shape of the pores that is extremely restrictive, and probably not acceptable for soils. 
The mathematics indicate that a change of the geometric pattern, due to an increase in 
pressure, would lead to a reduction of the conductivity. This was verified by Wyble (12) 
in a study demonstrating the effect of pressure on the conductivity of sandstone. Tfie 
results for sandstone may be very different from those related to soils. 

TABLE 1 
SOIL SITE CHARACTERISTICS 

Sou Sampling 
Location 

Geological 
Description 

Sou 
Series Horizon Sampling Depth 

(in.) 

AR-2 

AR-5 

Ringgold Co., 
Iowa 

Orange Co., 
Va. 

AR-10 N.C. 
20-2 Harrison Co.; 

Iowa 
Ottawa Ottawa, lU. 

sand 

Kansan age 
glacial tiU 
calcareous 

Residual soil 
over diorlte 

Unknown 
Friable Wisconsin 

loess 

Shelby 
Burchard 

Davidson 

Unknown 
Hamburg 

B 

C 
C 

54-126 

Unknown 

Unknown 
480 
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The type of current that is used in geophysical prospecting is of great importance. 
Direct current causes electro-osmosis, so alternating current is usuaUy used but has 
the disadvantage of causing self-induction. The variations of the current intensity in 
one path induce an electromotive force in the neighboring paths. The current thus in
duced tends to oppose variations in the magnetic flux. The use of alternating current 
will give a higher resistivity than if direct current could be used without causing electro-
osmosis. Schlumberger (5) indicates that the use of alternating current is satisfactory 
if an alternating current <i"low frequency is used. 

MATERIALS AND EQUIPMENT 
Five soil materials were used in this investigation. They were selected to represent 

a wide range in texture and predominant clay mineral (Tables 1,2). The soil materials 
used are given in Table 3. The distilled water used throughout the investigation was 
tested and found to be non-conducting. The only salt used was CP. sodium chloride 
obtained from the Fisher Scientific Company. 

TABLE 2 
PROPERTIES OF SOIL 

Property Soil* Property 
AR-2 AR-5 AR-10 20-2 Ottawa sand 

Textural composition*' (%)): 
Gravel^ (2 mm) 0 0 0 0 0 
Sand (2-0 074 mm) 20.0 21.0 52.4 1.4 100 
Silt (74-5 ti) 40.6 37.0 36.3 78.8 0 
Clay (< 5 n) 38.5 42.0 11.3 19.8 0 
Clay (< 2 (i) 33.0 29.5 6.5 16.0 0 
Passing No. 10 sieve 100.0 100.0 100.0 100.0 100 
Passing No. 40 sieve 100.0 90.0 100.0 100.0 

Atterberg limits**: 
Liquid limit 41.2 43.5 44.0 30.8 NP 
Plastic limit 16.7 27.0 NP 24.6 NP 
Plasticity index 24.5 16.5 NP 6.2 NP 

Chemical tests: 
pH® 8.5 5.9 5.6 8.7 _ 

CEC (soil passing No. 10 
sieve') 17.5 11.0 3.1 13.4 

Carbonates^ (̂ o) 7.4 0.65 0.1 10.17 _ 

Organic matter^ (%) 0. 06 2.62 0.04 0.17 _ 

Predominant clay mineral M H Mi-K N _ 

Classification: 
Texturali Clay Clay Sandy loam Silty loam 
AASHO'̂  A-7-6(14) A-7-6(12) A-5(3) A-4(8) -

f i s t e d by Iowa E n g i n e e r i n g Experiment S t a t i o n s o i l sample number. 
''ASTM Method D 1»22-5U T . 
^ T e x t u r a l gradat ion t e s t s were peixormed o n l y on s o i l f r a c t i o n p a s s i n g No. 10 s i e v e . 
°ASTM Methods D h23-5h T and D h2k-^h T . 
toiass e l e c t r o d e method u s i n g suspension of l5 g o f s o i l i n 30 cc o f d i s t i l l e d w a t e r . 

Ammonium acetate (pH=7) method on soil f r a c t i o n < 2 mm (No. 10 s i e v e ) , 
f v e r s e n a t e method, t o t a l calcium expressed as C a C O , . 
Potassium bichromate method. 
^ I d e n t i f i c a t i o n by X - r a y d i f f r a c t i o n ; M=montmorillonite, H=meta-ha l loys i t e , 
M i - K = m i c a - k a o l i n i t e . 
OU.S. Bureau o f P u b l i c Roads t e x t u r a l c l a s s i f i c a t i o n . 
' ' A A S H D D e s i g n a t i o n M lk$-h9. 
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TABLE 3 
SOIL MATERIALS USED 

Sample Predominant Clay 
Designation Mineral 

Ottawa sand Devoid of clay minerals 
Sand AR-10 Kaolinite 
Loess 20-2 Montmorillonite 
Clay AR-5 Meta-halloysite 
Clay AR-2 Montmorillonite 

The assembled apparatus is shown in 
Figure 1 and the wiring diagram in Figure 
2. The soil sample was placed in a lucite 
tube, and two graphite electrodes were 
placed in contact with the soil sample. 
The source of power forces current through 
both the soil sample and the resistors. 
The intensity was measured by an ammeter 
placed in series with the soil sample, the 
resistors, and the source of power. A 
voltmeter placed in parallel on the circuit 
determines the difference in voltage be
tween the two faces of the sample. The 
intensity of current passing through the 

voltmeter was found to be negligible. The apparatus measures the intensity of the cur
rent passing through the soil sample and the difference in voltage between the two faces 
of the sample. The resistance of the soil sample can be calculated from these values. 
The apparatus was checked when empty and with a space between the two graphite elec
trodes and found to permit no leakage of electrical current. 

A 60-cycle, 110-volt alternating current was used to avoid electro-osmosis caused 
by direct current. Alternating current displaces ions alternately in one direction and 
then the other. It does not cause transportation of ions to the electrodes and therefore 
gives a reading that is independent of time. 

A model 470 electronic volt-ohmmeter was used. This voltmeter, manufactured by 

Figure 1. Laboratory apparatus. 
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Alternating 
current power 

Ammeter!^ 
-<y> 

Vacuum tube 
voltmeter 

Graphite 
electrodes 

Soil 
sample 

Figure 2. Wiring diagram. 

Figure 3. Luoite cylinder w i t h the s o i l 
sample and graphite electrodes i n place 

" f o r resistance measurement. 

the Hickok Electrical Instrument Company, can be used with alternating or direct cur
rent. The range of measurements is very wide, varying from a 1. 5-volt scale to a 
1, 500-volt scale. The precision of the instrument is approximately 1 percent. 

Four variable resistors were placed in series on the circuit; three resistors of 
50-ohm and one of 10-ohm maximum resistance. All four resistors have a power of 
50 watts, sufficient to withstand the maximum power that would pass through them; 
that is, when the soil sample has a resistance equal to zero. 

The ammeter, manufactured by the Simpson Electric Company was designed for 
alternating current, with a scale varying from 0 to 1 amp. The variable resistors 
allow the reading of the ammeter to be kept within the narrow range of 0.3 to 1 amp 
where the precision of the reading is an optimum 1 percent. 

Two-inch inside diameter Incite tubing 
(Fig. 3) was used to make testing cylinders 
because lucite is a non-conductor and the 
inside diameter fits a 2-in. diameter com
pacting hammer. A convenient working 
length was found to be 12. 5 cm. 

The electrodes were made of graphite 
and were designed to fit the lucite molds 
(Figs. 4 and 5). A small hole was drilled 
through each electrode to allow evacuation 
of any air that might be trapped between the 
soil sample and the electrode. Powdered 
graphite was used to insure a good contact 
between the sample and the graphite elec
trode. 

5cm 

-2.5cm-

-T-z 0.8cm 
^ l . 2 c j i i -

r -

Ammeter 

Wood l.2cm 

lOcm 
Voltmeter 

Graphite 

Figure 1*. D e t a i l s of a graphite electrode. 
Figure 5. S o i l sample i n place i n l u c i t e 

cylinder. 
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PROCEDURE 
Resistivity of the Brine 

Sodium chloride was mixed with distilled water to make a brine of known concentra
tion. One electrode, with the air evacuation hole closed was placed in the Incite cyl
inder and the brine was poured into the cylinder. The other electrode was placed so 
that no air was trapped between the electrode and the sample of brine. The distance 
between the two electrodes was measured and the current was passed through the brine 
sample. The voltage difference between the two electrodes was recorded as well as 
the intensity of the current. The resistance of the sample of brine was then calculated 
and converted to that of a sample 5 cm long. Five measurements were made for each 
salt concentration and the average value was taken as the resistance of the brine sam
ple. Henceforth, the resistance of a sodium chloride solution implies resistance of a 
sample of brine 5 cm long. The following concentrations were tested: 0.6, 0. 8, 1.2, 
2.0, 4.0, 6.0, and 8.0 percent by weight. The values are plotted in Figure 6. The 
results obtained agree closely with the values observed by Kohlrausch and tabulated in 
the Handbook of Chemistry and Physics. 

Resistance of a Soil Sample 
The following procedure was used to determine the resistivities of the various soil-

salt brine systems: 
1. A solution with a definite concentration of sodium chloride was made and used 

throughout the e:q>eriment. 
2. A certain quantity of air-dried soil was weighed and enough brine to give the soil 

a moisture content of approximately 8 percent was added to the soil. 
3. A thorough mix was obtained with a Hobart C 100 model mixer. 
4. A small sample of the mixture was taken, placed in a moisture can, weighed, 

and placed in an oven for moisture content determination. 

Resistance 
of the 
brine, 
ohms 

3 4 8 6 7 

Sodium chloride concentration,% 

Figure 6, Curve of resistance of brine samples 5 cm i n length and 5.1 cm in diameter, 
as a function of sodium chloride concentration, determined at 72 F . 
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Figure 7. S o i l sample in process of being molded in luoite cylinder. 
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5. A certain quantity of soil-brine mixture was taken from the batch and weighed to 
make a sample with the desired dimensions. 

6. This mixture was poured into a Incite molding cylinder, which had been placed 
over a plunger. The cylinder was held by two temporary supports. 

7. A 5-lb hammer was dropped 12 in. onto the mixture, the temporary supports 
were removed, and the hammer was dropped once again. The collar was removed, 
the mold was inverted and the hammer was dropped two more times on the specimen 
(Fig. 7). 

8. The weight of the specimen in the mold was determined. 
9. The length of the specimen in the mold was measured with an Ames dial. 

10. Powdered graphite was placed on one face of the sample in the Incite cylinder. 
The graphite electrode was then placed in contact with the powdered graphite in the 
cylinder. The cylinder was then inverted and the soil was covered with powdered 
graphite. The other electrode was then placed in contact with the powdered graphite 
in the cylinder. 

11. The circuit was then connected to the current outlet and a reading of the intensity 
of alternating current passing through the sample was made on the ammeter. The dif
ference in voltage between the two faces of the sample was read on the volt-ohmmeter. 
The resistance of the sample was then calculated. 

12. The circuit was then disconnected from the source of power, the electrodes were 
removed, the graphite was poured out of the cylinder, the specimen was replaced on 
the plunger for further compaction by one blow of the drop hammer on each face of the 
sample; step 11 was then repeated. Steps 11 and 12 were repeated until each sample 
had received seven blows on each end. 

13. After the last measurement, a sample of soil was placed in a moisture can for 
a final determination of moisture content. The evaporation of moisture from each 
batch was minimized by covering the mixing bowl with a wet cloth. 

- Determination of Resistance of Saturated Soil Samples 
The following procedure was used to determine the resistance of soil samples in 

which the voids were entirely filled with brine: 
1. The samples were first molded with a definite amount of brine of known concen

tration and compacted to a definite density. 
2. Porous paper was then placed on each face of the soil sample. 
3. A perforated metallic disc was placed on the paper to allow the free passage of 

the brine into the sample. 
4. The mold was then placed vertically, and the bottom perforated disc was placed 

on a metallic ring supported by a plunger. A similar ring placed on the disc of the 
upper face of the sample supported weights to prevent the soil sample from swelling. 

TABLE 4 
RANGE OF MOISTURE CONTENT IN SOILS STUDIED 

Sou Range (7o) Comment 
Soil 20-2 8-18 Above 18 percent moisture horizontal 

cracks speared. Cracks contain air and 
create discontinuities in electrical paths. 
Resistance of such a sample has no signifi
cance in this study. 

Soil Ar-2 9-16 Impossible to obtain a good mix above 16 
percent. 

Soil AR-10 10-19 Above 19 percent moisture the densities 
decreased, regardless of compactive effort. 

Soil AR-5 11-24 Upper limit dictated by same effect ob
served for soil AR-10. 
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Resistance, 
ohms 

" T T -

Sodium chloride in the brine 
» 2% 
e 4 % 
« 6% 

Soil AR-9 
Dry density, 
160grms/cu cm. 

12 14 16 IS 2 0 22 2 4 

Moisture content,% 

Figure 8. Curves of resistance of 
AR-5 samples as a function of moisture 
content for indicated sodium chloride 

concentrations. 

5. Brine was poured into the lucite 
cylinder. 

6. The cylinder was then placed in a 
100 percent humidity dessicator to prevent 
evaporation. 

7. When the sample was saturated, the 
resistance was measured as explained 
previously. 

8. The saturated sample was meas
ured and weighed in the mold; the sample 
was then extruded and placed in an oven 
to determine the moisture content. 

Calculation of Results 
Moisture Content. —Two determinations 

of the moisture content of each sample 
were made and were found to agree closely. 
The average value of the two moisture 
contents was used in all correlations. The • 
moisture contents studied for each soil 
range between two limits, the lower limit 
was taken as the lowest value for which 
the conductivity of the soil could be meas
ured precisely. The higher value was 
chosen to be near the optimum moisture content for the least degree of compaction. 
Some of the specimens were saturated with brine after molding. The range of moisture 
content studied for each soil along with comments concerning the upper limit of moisture 
content is given in Table 4. 

Dry Density. —The dry density of a specimen was calculated from its weight, volume, 
and moisture content. It was found to vary with the tjrpe of soil, the moisture content, 
and the compactive effort. The highest density was reached with a compactive effort 
of seven blows on each face of the sample at the corresponding optimum moisture con
tent. 

Salt Concentration. —The salt concentration was controlled by making solutions of 0, 
1. 2, 2, 4, and 6 percent. With the first soil investigated (20-2) 8 percent was used and 
found to be an unnecessarily high concentration, thereafter 6 percent was the maximum 
concentration used. 

Resistance of Soil Sample. —All resistances were calculated on a 5-cm length basis 
from the resistance of a soil sample of known length to have a uniform basis for com
parison. A preliminary investigation was made before obtaining the fmal results. In 
the preliminary work three samples were molded with the same soil moisture content, 
density, and salt concentration in the brine. The results showed very little difference 
in the resistance of samples with identical characteristics, and the measured values 
were therefore considered reliable. The maximum error in the calculated resistance 
can be shown to be approximately the summation of the percent error for each variable. 
If the precision of the voltmeter and the ammeter is 1 percent, and the maximum error 
in reading is 0.5 percent for the voltmeter, ammeter, and Ames dial, it can be shown 
that the maximum total error is 1.5 + 1. 5 + 0. 5 = 3.5 percent and the most probable 
error is 

(1. 5)== + (1. 5)' + (0. 5)== = 2. 2 percent. 

RESULTS 
The data resulting from the experimental work are presented as graphs. All values 

of resistance are e}q>ressed in ohms; density, in grams of dry soil per cubic centimeter; 
and moisture content, in weight of water expressed as a percent of the weight of dry 
soil. Experimental points onallgraphs were joined in a smooth curve. 
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Factors on Which Resistance Is Dependent 
Sundberg (7) states that the electrical conductivity of soil depends on the following 

factors: 
1. Electrical conductivity of the minerals composing the soil. 
2. Electrical conductivity of the liquid filling the pores. 
3. Proportion of the volume of liquid filling the pores of the soil to the volume of 

solid soil material. 
4. Shape of the pores. 
5. Distribution of gas and liquids. 
6. Temperature of the system. 
To correlate the resistance of a soil sample with other soil properties as many of 

these factors as possible were eliminated. 
Electrical Conductivity of Minerals Composing Soil. —The experimental data indicate 

that the minerals composing the soil caimot be considered conductors-of electricity. 
Experiments performed at a low moisture content showed extremely high soil resistiv
ities. No current flow could be detected by the ammeter when samples composed of 
soil and pure water were tested at moisture contents less than 4 percent. This indi
cates a negligible conductivity of the soil minerals compared with the conductivity of 
the liquid phase of the soil sample. 

Temperature. —Because the resistivity of the brine is the factor most affected by 
temperature, the effect of temperature on the resistance of various brines was studied. 
The resistance of the brines was found to decrease almost linearly with temperature 

ResMMty 
foctof 

Soil AR-S 
6% Sodium chlonda 
n the brine 

I I L 

—I 1 
Moisture content 
0 M 0 3 % 
• 1570% 
» 1790% 
X t920X 

145 ISO 135 160 165 
Dry detislty,gnns/eii.cni. 

soil AR-10 
6% Sodum chloride 
in the brine 

I I 

—I I 
Moisture content 

0 e . 0 4 % 
e 1389% 

155 160 1.65 ITO L75 
Dry density, grtm/ciLCm. 

Resistivity 
foctor 

1 1 r 
Mnshire content 
0 1152% 
e 1344% 
» 1505% 
> 1740% 

r Soil 20-2 
6% Sodium chlonde 
in the brine 
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150 155 160 165 170 175 

Dry density,grm8/cu.cin. 

ReslsHvlty 
toetor 

—I 1 
Motsturo contoflt 
0 1 0 ^ % 
e II 93% 
• 1367% 

15 45% 

Soil-AR-2 
6% So«um chlonde 
in the bnne 
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Dry density, grms/ciLcm. 

Figure 9. Res i s t i v i ty factor ciirves as a function of dry density at different moisture 
contents for the indicated so i l s using a 6 percent brine. 
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in the range of laboratory temperatures (70 to 80 F), The decrease in brine resistance 
due to a temperature increase was determined to be about 1. 5 percent per degree F 
regardless of brine concentration. The resistance of the brine was measured at 72 F, 
and readings from the soil samples were corrected to this temperature. The maximum 
correction necessary was 6 percent. 

Electrical Conductivity of Liquid Filling Pores. —The percentage of salt in the brine 
contained in the soil had a profound influence on the resistance of a soil sample (Fig. 8). 
This was due primarily to the influence of the sodium chloride concentration on the 
resistance of the brine (Fig. 6). 

To eliminate the influence of the sodium chloride concentration on the resistivity, 
a quantity introduced by Sundberg (7) called the resistivity factor was used. This term 
Is defined as "the ratio of the resistivity of a porous rock completely saturated with 
brine to the resistivity of the brine itself." For convenience, the definition is modified 
so that the term means the ratio of the resistance of the soil-brine sample to the re
sistance of the brine; therefore, the resistivity factor has no dimensional units but is 
a number. The resistivity factor of a specimen is the same as if the resistance of the 
specimen were determined by using a brine of unit resistance. Then, according to 
Sundberg, the resistivity factor is dependant only on the following factors: 

1. The proportion of the volume of liquid filling the pores of the soil to the volume 
of solid soil particles. 

2. The shape of the pores. 
3. The distribution of gas and liquid. 
These factors in turn are primarily dependant on the physical properties of the soil-

brine sample. The resistivity factor has been plotted for several soils as a function of 
moisture content and dry density. 

Results from Ottawa Sand 
Ottawa sand with a imiform particle size was used, and the dry density obtained in 
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Figure 10. Res i s t i v i ty factor as a function of moisture content of mixtures of AR-5 
with Indicated sodium chloride concentrations for Indicated densit ies . 
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every sample was nearly the same—no moisture density relationship could be found. 
The resistivity factor of three samples of saturated Ottawa sand was measured for each 
salt concentration and was found to vary between 4.35 and 4. 55. A value of 4.45 was 
taken as representative of Ottawa sand. Because the sample was saturated, the resis
tivity factor depends only on the shape and relative position of the individual sand grains. 
Determination of Average Length of Pore Channels of Ottawa Sand 

Winsauer et al. (9) present a discussion of the concept of tortuosity in a paper con
cerning the resistivity of brine saturated sands. Tortuosity of the pores within a rock 
was defined as the ratio of the length of the pore channels traversed by an electric cur
rent, flowing from one to another of two parallel planes within a brine saturated rock, 
to the distance between the planes. This concept is developed as foUows. 

The brine-filled channels, which lead from one face to the other of the sample, are 
extremely curved and complex. This lengthens the path followed by the current and 
increases the electrical resistance of the sample. The resistance of the sample is 
given by Eq. 1. 

If the sample were all brine and no sand, the equation would be 

(3a) 

in which 
R'= resistance of brine sample in ohms; 
L'= distance in centimeters from face of sample to other; and 
A'= cross-section area in square centimeters. 
The resistivity factor is then 
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in which A/A' represents the porosity, which was fovmd to be 0.334 for Ottawa sand. 
This makes L / L ' = 1.49 which means the average length of the flow path of the current 
is 1.49 times the length of the sample. This agrees reasonably well with the value of 
1.37 as measured for Ottawa sand in a tortuosity cell by Winsauer et al. The discrep
ancy is probably due to differences in specimen density and average particle size. 
Moisture Content, Dry Density, and Resistivity Factor 

Curves have been plotted (Figs. 10, 11, 12, and 13) for different densities, showing 
the resistivity as function of the moisture content. All of these curves indicate that 
the resistivity factor decreases as the moisture increases. When the moisture content 
is low, the resistivity factor is very high. As the moisture content increases the rate 
of decrease in resistivity becomes less and less. 

Curves plotted for each soil giving the resistivity factor as function of the dry density 
for a given moisture content are shown in Figure 9. As the dry density increases for 
a given moisture content, the resistivity factor decreases. When the density is low for 
a given soil, the resistivity factor is high. As the density increases, the rate of de
crease of the resistivity factor is less and less until the curve is nearly parallel to the 
density axis and the resistivity factor remains practically constant regardless of further 
density increases. 
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At any moisture content there are three phases present in the sample—solid, liquid, 
and gaseous. The liquid phase will surround the solid soil particles, and the gas will 
be surrounded with liquid. 

An increase of dry density at constant moisture content or an Increase of moisture 
at a fixed density corresponds to replacement of gas by solid and brine and the total 
liquid cross-sectional area normal to the passage of current will increase as the dry 
density or moisture content increases. Thus the resistivity factor wiU diminish as the 
dry density or the moisture content increases. 

The reduction of the resistivity factor when the dry density increases is then not 
related so much to the increased density as to the increased amount of pore space 
occupied by the liquid volume in the sample even though the moisture content is held 
constant. A comparison of the resistivity factor of samples made from soils AR-5 and 
AR-10, using a constant volume of brine for each sample, shows that the samples with 
the highest dry densities had a slightly lower resistance. The difference was much 
larger for soils 20-2 and AR-2, particularly for AR-2. 
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Comparison of Curves Obtained at Different Salt Concentrations 

Soils AR-10 and AR-5. —The curves of resistivity factor vs moisture content for 
equal density are identical regardless of the concentration of the brine (Figs. 10, 11). 
This shows that the salt content in the capillary pores is only determined by the salt 
content of the brine, and that there are very few free Ions on the surface of the soil 
particles and few natural soluble salts in the soil. Both soils contain a small quantity 
of calcium carbonate which has a very low solubility (0.0014 g per 100 g of water) and 
cannot be dissolved in sufficient quantity to modify the salt content appreciably and 
therefore the conductivity of the brine. This was verified by testing a mixture of the 
soil and pure water, The resistivity of the mixture was very high and could not be measured. 

These two soils contain appreciable quantities of clay; AR-10 contains 11.3 percent 
clay-size material which is mostly kaolinlte, the soil has a cation exchange capacity 
of 3.1 meq per 100 g, and AR-5 contains 42 percent of clay-size material which is mostly 
meta-halloysite, the soil has a cation exchange capacity of 11.0 meq per 100 g. 

The cation swarm surrounding both meta-halloysite and kaolinlte is held by charges 
resulting from broken bonds. Thus the exchangeable cations are held mainly around 
the edges of the flakes and elongate units. The edges of the clay particles, where there 
is a weak swarm of ions with a certain degree of freedom, will be regions of relatively 
high conductivity. The remainder of the clay surface and water will contain very few 
free ions and in these regions the conductivity will be low. 

Tests were also run on samples saturated with brine. The values obtained for the 
resistivity factor at saturation were found to be close to the values obtained by extra
polation of the curves obtained from unsaturated samples. 

Soils AR-2 and 20-2.—Figures 12 and 13 show that the reistivity factor vs moisture 
content curves for equal density do not coincide when the salt concentration of the brine 
varies. The resistivity factor decreases as the salt concentration decreases. This 
indicates that some factor independant of the brine influences the conductivity. 

The soils were tested for naturally occurring salts by leaching and subsequent evap
oration of the leachate Each soil was shaken with distilled water for sufficient time 
to dissolve any soluble salts and was then separated from the solution by several nitra
tions The resulting solution was evaporated to dryness; and because no detectable 
residue was found, the soils were assumed to be free of soluble salts. 

The predominant clay mineral for both soils is montmorillonite; AR-2 contains 38 
percent clay-size material, the soil has a cation exchange capacity of 17. 5 meq per 100 
g of soil, and 20-2 contains 19.8 percent clay-size material, the soil has a cation ex
change capacity of 13.4 meq per 100 g of soil. 

The cation exchange capacity of these montmorillonitic soils is mainly due to the 
lattice substitutions in the clay mineral so that most of the cations are held on the 
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plane surfaces. About 80 percent of the cation exchange sites are thought to be on basal 
planes and only 20 percent due to broken bonds on the edges. 

The surfaces of the clay, when coated with a solution, becomes enclosed by an ion 
swarm in which the cations are held in close proximity to the clay surface. The cations 
and water forming the diffuse ion layer have some degree of freedom and suggest a 
conducting path for the current along the clay surface. The influence of this added con
ductivity seems to be relatively greater at the lower salt concentrations. This obser
vation is consistent with the diffuse double layer theory which states that the thickness 
of the diffuse layer is inversely dependent on the ion concentration of the surrounding 
solution. Comparison of the curves of 20-2 and AR-2 indicates that the reduction of 
the resistivity factor when the salt concentration decreases is more accentuated for 
AR-2 than for 20-2. This is to be expected since the clay content is higher in AR-2 
than in 20-2. 

The curves representing the resistivity factor vs density for equal moisture content 
are plotted for a salt concentration equal to zero (pure water) (Figs. 14 and 15). The 
data indicate that considerable conductivity is due to the ions on the clay surface. After 
a certain minimum moisture content is reached the curves for any higher moisture 
contents are very nearly identical. This occurs because the part of the moisture that 
conveys most of the current is near the clay surface and contains the ion swarm of the 
clay, and further, does not include all of the capillary water. If the dry density remains 
unchanged and the moisture content is increased, the conductivity increases until the 
ion swarm reaches its maximum expansion, then the conductivity remains approximately 
constant with further moisture increase. The resistivity diminishes as the dry density 
increases because the total clay surface increases per imit volume of soil and therefore 
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the number of flow-paths for the current also increases. This explains the previous 
observation that the resistivity factor decreases for an identical volume of water as the 
dry density increases. The increased quantities of ions introduced with the added clay 
also contribute. AR-10 and AR-5 show a decrease in resistivity that is much smaller. 

Conductivities of Bentonite and Kaolin Clays 
The resistivity factors of samples made from mixtures of sodium bentonite or kaolin 

and brines of various sodium chloride percentages are plotted as a function of the sodium 
chloride concentration in Figure 16. All bentonite samples were molded at 57 percent 
moisture and a dry density of 1.06 g per cc and all kaolin samples at 34 percent moisture 
and a dry density of 1.35 g per cc. The curves show that the resistivity factor mcreases 
with increasing sodium chloride concentration. The rate of increase in resistivity factor 
on the other hand, decreases with increasing sodium chloride concentration. The rate 
of increase in resistivity factor on the other hand, decreases with increasing sodium 
chloride concentration and rapidly reaches zero for kaolin and probably approaches zero 
for bentonite. Both curves were extrapolated to the origin because samples treated with 
pure water had negligible resistances compared to the resistance of water. 

The initial portion of the curves show the greatest rate of increase in resistivity 
factor. Here the effect of the ion swarm on the conductivity is paramount. At higher 
NaCl concentrations the thickness of the ion swarm is reduced and its effect on conduc
tivity eventually becomes negligible as compared to the conductivity of the solution. 
The curves in Figure 16 show that the effect of the ion swarm on the conductivity persists 
up to a salt content of at least 8 percent for bentonite, for kaolin the effect of the ion 
swarm is not as great and becomes negligible near a salt concentration of 3 or 4 percent. 

Over-all Comparison 
Curves of resistivity factor as a function of moisture content for the four different 

soils compacted to 1.70 g per cc using salt solutions of 6 and 1.2 percent are shown in 
Figure 17. This figure shows that, when curves of the same brine concentration at a 
constant water content are considered, the soils can be categorized by descending values 
of resistivity factor as follows: AR-5, 
AR-10, AR-2, 20-2. Further considera
tion of the curves and the properties of 
the soils suggests that the conductivity of 
soil-water-sodium chloride systems is 
dependent on the density of the system, 
shape of the particles, geometric arrange
ment of the particles, the water content, 
the amount of salt present, the gradation 
of the soil (here, the most important item 
is probably the amount of clay), and the 
type of clay minerals in the soil. 

AR-5 and AR-10 contain 42.0 and 11.3 
percent, respectively, of clay-size mate
rial with meta-halloysite and kaoUnite 
identified as the predominant clay mineral. 
Both of these clay minerals are associated 
with a weak ion swarm and have a low 
cation exchange capacity of about the same 
value. The soil (AR-5) containing the 
greatest amount of clay-size material 
offers the greatest resistance of the two. 
Apparently, the exchangeable cations do 
not play an important part in creating 
electrical flow paths for these types of 
clay minerals. If the number of exchange 
sites were important the soil ccMitalning 
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the most exchange sites would offer the least resistance. AR-5 has 42.0 percent clay 
against 11.3 percent clay for AR-10, yet AR-10 offers the least resistance. Here, the 
density, shape and arrangement of particles, the water content and the amount of salt 
are the controlling factors of conductivity. 

AR-2 and 20-2 both contain montmorillonite clay minerals with 38. 5 and 19. 8 per
cent clay-size material, respectively. The cation swarm surrounding the clay minerals 
of these soils is due to isomorphous substitution as well as to broken bonds, and the 
ion swarms cover the entire clay mineral grain. The conductivity of both of these soils 
appears to be less affected by the amount of water and more by the amount of salt than 
that of either of the other soils. Apparently, the ion swarms in montmorillonitic soils 
are important conducting paths. 

Figure 17 shows that the resistivity factor decreases for the soils AR-2 and 20-2 
when the sodium chloride concentration in the brine decreases. The decrease of the 
resistivity factor is greater for the soil AR-2 than for 20-2. 

An interpretation of this phenomenon may be given as follows: the conductivity of a 
given montmorillonitic soil, at a given dry density and moisture content depends pri
marily on the sodium chloride concentration of the brine and the presence of cation 
swarms which have some degree of freedom iif the neighborhood of the surfaces of the 
clay particles. The conductivity of a specimen of either AR-2 or 20-2 is then a function 
of the sodium chloride concentration (x) of the brine and the surface potential of the clay 
minerals which causes the ion swarm to exist. The magnitude of the ion swarm is also 
dependent on the salt concentration if the clay mineral is constant as in this case. These 
can be stated mathematically as follows: Conductivity of the specimen = 0(3^ . The 
conductivity of the brine is also dependent on the salt concentration; therefore, conduc
tivity of the brine = t{xi. The resistivity factor (Fp) is by definition the ratio of the 
resistance of the sample to the resistance of the brine, or in terms of conductivity: 

' ^ • ^ <« 

The function G(x) ia thought to be a svun of several functions of x, such as 
G(x) =kf(x)+*(x) (5) 

in which the value k f(x) represents the contribution of the electrolyte and the constant 
k depends on the geometry of the system. 4(x) represents several effects but mainly 
those due to the ion swarm. Assuming this relationship to be correct, there must be 
some value of concentration above which the function 4(x) is no longer important. Then 
F}{ must approach some limiting value such that 

""'•'R-"-Sir =-1̂ 4 <« 

in which x,, represents a critical concentration above which the unique limiting value 
(1/k) of F r exists. This theoretical consideration is supported by the data shown in 
Figure 16 where the limit is readily apparent. Figure 17 also shows this, but not as 
obviously as Figure 16. 

When the values of x are small, the function 4(x) is an important part of G(x) and 
influences the magnitude of Fj^. This may be seen in both figures but is most apparent 
in Figure 16 where the resistivity factor is shown to undergo considerable change with 
a small increase in salt content in the lower ranges of concentration. 

The following conclusions can be drawn from this mathematical study: 
1. As the sodium chloride concentration increases the resistivity factor reaches a 

value that is independent of the effect of the ion swarm (asymptotic to l/k). 
2. If a soil has a high cation exchange capacity, which usually indicates a clay 

mineral with a heavy ion swarm, the point of noticeable decrease of resistivity factor 
as the concentration of sodium chloride decreases occurs at a higher brine concentration 
than for a soil with a lower value of the cation exchange capacity. 
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3. At the same sodium chloride concentration, the difference in resistivity factor 
from the maximum resistivity factor will be greater for a soil with a high cation ex
change capacity than for a soil with a low cation exchange capacity. 

These considerations help to explain the greater decrease in resistivity factor, when 
the sodium chloride decreases from 6 to 1. 2 percent in the case of the soil AR-2 than 
for 20-2, and also why the decrease of resistivity factor for 20-2 was noticeable at a 
sodium chloride concentration of 1.2 percent whereas for AR-2 the decrease was notice
able at 2 percent. 

Soil Conductivity and Corrosion 
Studies by Scott (6) mdicate that the loss in weight of underground metallic objects 

due to corrosion is linearly related to the in situ soil conductivity. The data also show 
that the corrosive properties of a soil are especially destructive when the resistivity 
of the soil is less than 1,000 ohm-cm. Such a soil is particularly corrosive if direct 
current leaks into the ground from some power source such as the third rail for elec
tric trains. 

The resistivity of a mixture of soil and pure water can be easily and rapidly measured 
in the laboratory and could possibly serve as a basis for classification of soils accord
ing to corrosiveness. For instance, for AR-5 (meta-halloysite) and AR-10 (kaolinite) 
the possibility of corrosion due to electrochemical attack is not critical because the 
conductivity is unmeasureable. For 20-2 with a density of 1.60 g per cc. Figure 15 
shows a resistance of 450 ohms that is practically independent of the moisture content 
and the resistivity of the soil is 1,800 ohm-cm which is not considered critical. How
ever, for a density of 1.80 g per cc, the resistivity of the soil is 1,200 ohm-cm which 
is near the critical value. For AR-2 with a density of 1.90 g per cc and a moisture 
content greater than 12 percent, the resistance is 250 ohms, the resistivity is 1,000 
ohm-cm, and the possibility of corrosion is critical. 

The conductivity of top soil depends mainly on the density, moisture content, type 
of soil, the clay content, type of clay, and cation exchange capacity because the soil is 
generally leached and free of soluble salts. The data indicate that montmorillonite has 
a higher conductivity than meta-halloysite or kaolinite. A metallic object placed in a 
montmorillonitic soil would be more likely to be corroded through electrochemical 
attack than if it were placed in a soil containing meta-halloysite or kaolinite clay min
erals. 

SUMMARY AND CONCLUSIONS 
The values of resistivity were measured as a function of the type of soil, the dry 

density, the moisture content, and the sodium chloride content of the brine. Five soils 
were used in the investigation—Ottawa sand, a sandy soil containing kadinite, a silty 
soil containing montmorillonite, a clay soil containing meta-halloysite, and a clay soil 
containing montmorillonite. The following conclusions are based on the data obtained 
from these five soils: 

1. The soil minerals, per se, are non-conductors of electricity. 
2. The resistivity of soil-brine systems decreases with an increase in density or 

moisture content. 
3. The resistivity is inversely related to the salt content of the brine, except for 

soils containing montmorillonite. In these soils, the ion swarms due to isomorphous 
substitutions produce a high conductivity wMch is particularly noticeable at low salt 
concentrations. 

4. The resistivity factor is a convenient form of representing the resistivity. 
5. The change in resistivity from one soil to another, at identical moisture content, 

dry density, and salt concentration is due primarily to the differences in the character
istics of the paths followed by the electric current in passing from one electrode to the 
other. 

6. Correlation of the resistivity with the properties of a soil containing a known 
salt, permits the determination of the salt content of the soil through resistivity. 
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7. The conductivity of soil is a factor in the rate of corrosion of buried metals. A 
corrosivity classification of soils, based on conductivity, would probably only hold for 
corrosion due to electrochemical attack caused by stray currents. 

8. Correlation of the resistivity with the density of a salt-free soil should permit 
the rapid field determination of the dry density of a similar soil through simple con
ductivity determinations. 

9. Rapid tentative identification of clay mineral types may be possible from electri
cal resistivity measurements. 
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Effects of Neutron-Gam ma Irradiation on 
Physieo-Chemical Properties of 
Fine-Grained Soils 
M . T . T U M A Y ' , Assistant Professor of Civil Engineering, University of Louisville, 
Louisville, K y . , H . G . LAREW, Associate Professor of Civil Engineering, University 
of Virginia, Charlottesville, and J . L . MEEM, Professor of Nuclear Engineering and 
Director of the Nuclear Reactor Facility, Charlottesville, Va. 

This paper presents the results of tests made to determine 
the effects of two levels (itf' nvt and 10*̂  nvt) of neutron-
gamma irradiation on the physico-chemical properties of 
three fine-grained soils. Studies of' the induced radioactivity 
and changes in hydrogen ion concentration, conductivity, 
mmeralogical content, strength characteristics, Atterberg 
limits, compaction characteristics and soil structure as 
determined with the electron microscope are reported. With 
regard to the observed safety and versatility of the nuclear 
methods employed in determining the irradiation effects on 
soil, several promising soils engineering applications of 
nuclear methods are recommended. 

• NUCLEAR RADIATIONS have long been known to alter the physical, electrical and 
chemical properties of solid materials, often to such an extent that the changes are of 
great engineering significance. Several types of disturbances such as crystalline de
fects and radiation-induced processes have been observed in materials. These dis
turbances are the result of the interaction of high-energy radiation with matter, and 
affect the properties of a solid. 

The so-called radiation "damage" originates from the interaction of energetic radi
ation with matter. This interaction displaces the constituents of the atoms from their 
equilibrium positions and places them in non-equilibrium positions. It creates tran
sient, local high-temperature regions. It introduces impurity atoms either through 
radioactive decay or by inclusion of fission fragments. Moreover, it breaks chemical 
bonds and forms free radicals. These effects, listed in very simple terms, are com
monly called (a) vacancies, (b) interstitials, (c) thermal spikes, (d) impurity atoms, 
and (e) ionization and excitation effects (14,37). 

In reference to these effects, CrawfofH (TG) tabulates the properties affected by 
lattice defects as follows: 

Structural and Mechanical Electronic Rate Process 

Crystal structure Paramagnetism Diffusion 
Density Optical absorption Ionic conductivity 
Elastic constants Photoconductivity Phase change 
Hardness Dielectric loss Chemical reactions 
Thermal conductivity Electrical conductivity 

Figure 1, for example, shows the radiation damage to neoprene O-ring seals of the 
soil containers used in this study. The obvious brittleness of irradiated neoprene is 

^Formerly Graduate A s s i s t a n t , V i r g i n i a C o u n c i l f o r Highway I n v e s t i g a t i o n and R e s e a r c h , 
and I n s t r u c t o r i n C i v i l E n g i n e e r i n g , U n i v e r s i t y o f V i r g i n i a . 
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B E F O R E R A D I A T I O N A F T E R R A D I A T I O N 

18 
I n t e g r a t e d F lux: 10 nvt 

F L E X I B L E I BRITTLE 

Figure 1. Radiation effects on neoprene seals. 
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attributed to cross-linking (connection of parallel chains in a complex molecule) and 
degradation caused by irradiation (6). 

From the numerous research projects concerned Mdth radiation, a few interesting 
examples of the effects of irradiation are noted here to give an indication of the unusual 
results achieved thus far. For example, it has been found that rubber can be vulcanized 
much more economically by radiation to produce tires that are more oxidation-resistant 
(44). Through exposure to radiation of different levels, means of preserving food for 
long periods of time have been developed (9). Moreover, an increase in the ability of 
polyethylene to withstand high temperatures was achieved after an exposure to lO* slow 
neutrons per sq cm (6). It has been shown that irradiation improves transistor per
formance (16). Tagged clay particles have been prepared and used in developing new 
tracing teclihiques for the study of migration of water, blood, micro-organisms, etc., 
through different media (12). 

Even though extensive studies on the effects of irradiation on various materials have 
been made, literature surveys and correspondance with authorities in the United States 
and United Kingdom engaged with this type of research revealed little or no previous 
work with soUs. The fact that many people think of soils as inert materials has proba
bly been a contributing factor. 

Soils, however, are not inert materials but have intricate electrical, chemical, and 
structural properties that make them susceptible to "environmental" changes (23,46). 

This study was undertaken to determine the effects of irradiation on these distinct 
soil properties in the hope that they might give the ei^ineer a deeper insight into the 
complex nature of soil. 

UNIQUE PROPERTIES OF SOILS 

The properties of soils vary to a certain extent with variations in the nature of the 
minerals of which they are composed. Moreover the soil-forming minerals are com
posed of complex chemical compounds. The ferroaluminosilicates are the most abun
dant chemical compounds found in soils, but elements and st^stances such as sodium, 

NEOPRENE SEALS 

Figure 2. Almlnum irradiation containers. 
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potassium, calcium, magnesium, and organic matter, normally not in excess of 3 or 
4 percent, are also among the principal constituents. 

It is not only the chemical constituents but the way the atoms of these constituents 
bond themselves together that affect soil behavior. 

The three major bonds of most interest to the soils engineer are ionic (exchange of 
electrons by the linked atoms), covalent (sharing of electrons by the linked atoms), and 
heterpolar (50 percent ionic and 50 percent covalent). The bonds linking silicon and 
oxygen atoms in the abundant and widespread silicate minerals are heterpolar. Ionic j 
and heterpolar bonds bring about electrically nonsymmetrical atomic groups; and these j 
groups act like magnets (dipoles) making the electrical nature of soils most important. ' 
The so-called van der Waals forces arising from these electrical moments also play an 
important part in the attraction or repulsion of units. 

This bonding of atoms leads to electrical charges on the surface of soil particles, 
and these charges contribute to their orientation; namely, their structure. 

According to the latest understanding, fine soil particles in the shape of platelets 
are negatively charged at the surface and positively charged at points along the edges. 
These electrostatic forces are similar to primary-valence bonds in that they involve 
units with net electrical charges. They may be balanced by the exchangeable cations 
that cluster at the surfaces of the platelet. With the introduction of water to this system, 
cations plus a smaller amount of anions swarm around the platelet, and form a diffuse 
double layer. The effects of van der Waals forces, the diffuse double layer, electrolyte 
concentration, ion valence, dielectric constant, temperature, size of the hydrated ion, 
pH and anion adsorption on the structure and stability of colloidal systems are discussed 
in great detail elsewhere (21, 22, 27). 

To make a correlation between changes in soil properties caused by exposure to 
energetic radiation and the surface electrical charges, one must also study the concept 
of dipoles quite carefully. 

I 

Figure 3. Irradiation r i g with containers installed. 
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Figure h. General view of testing hood and apparatus used. 
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Figure 5. Lowering irradiation r i g into place. 
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Dipoles can be permanent (like water molecules, arising from the position of the 
atoms in the molecule), induced, and statistical. When a normally symmetrical mol
ecule is placed in an electric field, it becomes polar, and thus is called an induced 
dipole. As for statistical dipoles, their existence is due to the vibrating phenomena of 
the electrons in an atom. Thus, symmetrical molecules periodically become polar; 
i . e . , statistical dipoles. 

Even a cursory study of the chemical, electrical, and structural properties of soils 
will convince one that soils are far from being inert materials. Because their engineer
ing properties are known to be influenced by these factors, it was felt that the damage 
mechanisms of radiation would contribute to changes in the engineering properties of 
certain soils. 

PROCEDURE 

It was initially planned to perform the following tests or determine the following 
properties of the three soils studied both before and after irradiation: 

1. Induced radioactivity in soils (a requirement of the Reactor Safety Committee of 
the University of Virginia to assure the safety of the experiment). 

2. pH (hydrogen ion concentration). 
3. Conductivity (amount of soluble salts). 
4. Atterberg's limits (liquid limit, plastic limit, shrinkage limit). 
5. Optimum moisture content and maximum dry density. 
6. Unconfined compressive strength. 
7. Cation exchange capacity. 
8. X-ray diffraction. 1, 
9. Differential thermal analysis. • ' - ' 

10. Soil structure with the electron microscope. - > 
However, technical difficulties met during the course of the study necessitated the 
following modifications: 

CORE 

IRRADIATION RIGS 

GRID PLATE 

Figure 6. Grid plate with irradiation rigs installed. 
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1. Unconfined compressive strength was abandoned in favor of plunger index 
determinations. This is a penetration test and has a measure of soil strength (32). 

2. Due to complexity of the method, a limited supply of irradiated soil and iimi-
tations on the safe workii^ time with radioactive matter, cation exchange capacity 
determinations were also abandoned. However, a rough approximation of the millie-
quivalents per liter of the cations can be made (38) from the conductivity measurements. 

3. Differential thermal analyses on the irradiated samples were not run for the 
same reasons listed. 

4. Of the three soils used in the study, only one (Iredell) was fine grained enough to be 
replicated for soil structure studies with the electron microscope. Current methods 
used in replication of soil surfaces (3,35) failed to give satisfactory results for the 
other two soils used (limestone residuaTand Culpeper). 

Activation Analysis and Induced Radioactivity 

Activation analysis (4,25) is based on the following principle: The sample of mate
r ia l is exposed to a beam of elementary particles, usually neutrons (preferably slow 
neutrons), which transmute the element and produce a radioactive nuclide. The activity 
produced is a measure of the number of the nuclei involved in the transmutation, and 
because the naturally occurring elements almost always have a constant isotopic com
position, a measure of the quantity of the element itself is obtained. Following the 
same principle the original chemical constituents of the irradiated sample can be ob
tained by simply counting the emissions with a proper scintillation crystal and evaluating 
the half lives of the nuclei involved individually; i . e . , spectroanalysis. 

The rate of growth of the number of radioactive atoms in the initially stable isotope 

l A T I O N R I G S 

Figure 7. Reactor at f u l l power (cp = 10^3 nv), with irradiation 
around core. 

rigs installed 
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of the element is in turn proportional to the number of atoms of the target nuclei in the 
sample, the flux of neutrons irradiating the sample, the activation cross section for 
the nuclear reaction, the half life of the radionuclide produced, and the duration of 
irradiation. 

One can easily calculate the number of radioactive atoms after a period of irradia
tion, if the factors previously mentioned are known by solving (28) 

dNa 
dt N a * - X^N p p a a 

(1) 

in which 
Nĵ  = number of atoms of actual radioactive material during irradiation; 
N = number of atoms of parent material (target nuclide); 
Xj^ = decay constant, sec,"^; 
• = neutron flux, neutrons per square centimeters per second; 
t = time, seconds; and 
Op = activation cross-section, barns. 

Integrating Eq . 1 and substituting t = t' = irradiation time in seconds, the number of 
radioactive atoms at the end of the irradiation time can be calculated using Eq . 2: 

= P P - (1 
*a 

(2) 

Furthermore, the number of radioactive atoms present at time t„ after the irradia
tion is given by Eq . 3: 

N„ N e " V " a 
(3) 

in which 
t „ = time passed after irradiation, seconds; and 
Na'= number of radioactive atoms t„ after irradiation. 

« • MEASUBED T O T A L A C T I V I T T 

D C A I C U I A T E D N o ' A C T I V I T T 

. CAlCUlAn'oK ACTIVITY 
CAICUIATED Co ACTIVITY 

. CAICUIATED F. ACTIVITY 

TIME , I . DAYS 

0 80 120 1«0 2.00 
OAMMA ENEaOY, MEV 

F i g u r e 8 . C a l c u l a t e d and measured s o i l F i g u r e 9 . T y p i c a l gaimna s p e c t r a on 
a c t i v a t i o n f o r lO^e nvt ^=10^^ nv , t , = I r e d e l l ii8 hr a f t e r 10^3 nv t (co = 10^° nv , 

IQS s e c ) i r r a d i a t i o n . t, = 10" sec ) i r r a d i a t i o n . 
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This activity is conveniently expressed in curies as a standard. One curie is 3. 7 x lo 
disintegrations per (second; therefore, the activity of radioactive material at any time 
can be expressed as 

, 1 0 

C = a a 
J7n (4) 

in which C is the number of curies. 
Because the chemical analyses of the soils essential for activity calculations were 

not available during the initial stages of testing, approximate chemical compositions 
for similar soils were used (8,13). Later studies showed that the original estimates 
of chemical compositipn and activity were reasonable. Based on assumed mineralogical 
compositions for the soils used and recent studies of soil radioisotopes (36), the follow
ing oxides and percentages leading ultimately to the major activity in soils as a whole 
were obtained: Na80= 0.3 percent, K20= 0.3 percent, Fe203= 5 percent, andCaO=1.4 
percent. I 

With these percentages and the activation theory explained before, the amount of 
activity due to estimated soil isotopes (Na 24, K 42, Fe 59, Ca 45) were calculated. A 
sample calculation ̂ showing the Ca 45 activity in 100 g of soil sample is given in the 
Appendix. 

The induced radioactivity experiment was carried out at the Reactor Facility of the 
University of Virginia (26). Each of the three soils were irradiated adjacent to the 
reactor core. Two dosages were used (10** nvt and 10" nvt) in order to make correla
tions between the integrated flux and the soil properties that were expected to change. 

After the application of the 10*' -nvt level of irradiation, spectroanalyses were run 
on each soil to detect the presence of anticipated radioisotopes. The 200-channel 
radiation analyzer available at the Reactor Facility was used for this purpose. 

pH and Conductivity Determinations 

The method used for pH and conductivity determinations was essentially the same 
as recommended by the ASTM (33). However, slight modifications were made to in
crease the precision of the experiment: 

1. An oven-dry soil to water ratio (34) 
of 1:5 was used instead of the slurry recom-
mendfed by ASTM. ' The use of oven-dry 
soil resulted in slightly conservative values, 
but produced a noticeable increase in pre
cision. 

2. The soil-water mixture was pre
pared with a magnetic stirrer for two 
minutes, and the pH was measured three 
minutes after the stirring. Because the 
pH meter had temperature compensation, 
the results were read directly. 

3. The same soil-water mixture was 
filtered through No. 2 filter paper, and 
conductivity measurements were made on 
the filtrate. The resistance read was cor
rected for temperature using (30) 

R25 = R ( l + 0.025At) (5) 
in which 

Rzs = measured resistance at 25 C ; 
R = measured resistance at any . 

temperature; and 
At = difference In temperature be

tween 25 C and temperature of test 
measurement. 

I I 2 8 M | V J 

7 S 0 1 0 0 0 

T I M I , M I N U T E S 

F i g u r e 10 . I r e d e l l , h a l f l i f e ( T i ) d e t e r 
minat ion . 2 
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A cell constant of 0.1 was used in conductivity measurements. The conductance calcu
lated was the reciprocal of specific resistance at 25 C ( R 2 5 ^ cell constant). 

Atterberg's Limits 
Procedures recommended by ASTM (33) were used in determining the liquid limit, 

plastic limit, and the shrinkage limit of IRe soils used. Because all testing was done 
with rubber gloves as a precaution against radiation, plastic limits may be slightly 
different from original values obtained without gloves. A marked dish was used with 
the liquid limit apparatus to aid in using the same amount of soil in each determination. 

Optimum Moisture Content and Dry Density 
To save reactor space and use as little radioactive soil as possible, for health 

reasons, a Harvard miniature mold (45) was used in moisture content-dry density 
determinations. Compaction was achieved with a special 1-lb drop hammer, falling 
10 in. (2). Compacted samples were prepared, for each soil, at optimum moisture 
(32) and at moisture contents 4 percent dry and wet of optimum. The compactive effort 
used was 15 blows on each of five layers. 

Unconfined Compressive Strength (Plunger Index) 
The strength of soil at different moisture contents was evaluated by determining the 

pressure required to push the plunger V2 in. into the compacted soil (rate of penetra
tion = 0.1 in. per minute). The value of '/z in. is entirely arbitrary, but some definite 
value should be adhered to throughout any investigation. 

1 
0 IR 
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18 

INTEGRATED FLUX , n v t 

F i g u r e 11 . Changes i n pH due to i r r a d i a t i o n . 
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X-ray Diffraction 

Diffraction patterns were obtained with an X-ray unit (Type G E XRD-5) available 
in the Cobb Chemical Laboratory, University of Virginia. Operating conditions for a l l 
unirradiated and irradiated soils were soil ground to pass No. 325 mesh; target, Cu; 
filter, Ni: operated at 50 kv, 16 ma; beam slit, 3°; detector slit, 0. 2°; goniometer 
speed, 2 per min; chart speed, 60 in. per hr. 

The interplanar distances, d, in Angstrom units used in the determination of con
stituent minerals, are found (46) with 

2 sine (6) 

in which 

X 
e 

wavelength of incident X-ray radiaUon {>-q^ = 1,54050 A); and 
angle of inclination of X-rays . 

However, values of d were conveniently obtained from tables once the angles had 
been determined from the diffraction patterns (40). 

Soil Structure with Electron Microscope 

The methods of replication described by Bates, Comer, and Rosenquist (3,35) were 
used with slight modifications. The compacted soil specimen was fractured by pulling 
it apart, and the piece to be replicated was then immersed in liquid nitrogen to preserve 
the original structure during the period of replication. Samples were shadowed with 
platinum at an angle of 45° and coated with carbon vapor. Although backing by polysty
rene and collodion was tried, this proved unnecessary. 

IREDELL 

LIMESTONE RESIDUAL 

• CULPEPER 
95 y CONFIDENCE LIMITS 

10 10' 10 10 
INTEGRATED F L U X , nv t 

Figure 12 , Changes in conductivity due to irradiation. 
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APPARATUS 

The compaction mold assembly and the irradiation rigs shown in Figures 2 and 3 
were made of aluminum 1,100. This particular alloy (99 percent min pure aluminum) 
was used to keep the effective activity of the molds after irradiation at a minimum. 
The compaction molds were made from aluminum 1,100 pipe machined to the size of 
the Harvard miniature mold (45) and modified slightly to permit the fastening of lids to 
both ends of the molds. To secure the watertightness necessary for in-pool irradiation, 
neoprene O-ring seals were inserted in each lid. Containers thus prepared were checked 
for watertightness in triaxial chambers under an external pressure of 30 psi. Although 
irradiation changed the mechanical properties of neoprene noticeably, (Fig. 1) the 
O-ring seals functioned satisfactorily for a single exposure to irradiation. 

Figure 4 shows a general view of the apparatus used, and the hood in which most of 
the testing was done. The pH meter and the conductivity bridge shown on the left side 
were Beckman Zeromatic pH meter (Model 96) and industrial conductivity bridge (Model 
R C 16 BI) . Standard soil testing equipment was used with the exception of the modifi
cation made on the unconfined apparatus. The plunger designed for penetration purposes 
was in. in diameter, and was used in conjvmction with a calibrated proving ring. 

T A B L E 1 

G E N E R A L INDEX PROPERTIES AND MINERALOGICAL DATA 

Soil 

Characteristic IredeU Limestone Residual Culpeper 

Spec, gravity 
Atterberg limits: 

Liquid limit 
Plastic limit 
Plasticity index 
Shrinkage limit 

Grain size distribution: 
Dso (mm) 
Dio (mm) 
Deo/Dio 

Impact compaction: 
C^t. moist, cont. (̂ o): 

Std. Proctor 
Harvard miniature 

Max. dry unit wt. (pcf): 
Std. Proctor 
Harvard miniature 

Corrected CBR 
Unified soil class. 
Mineralogical comp. 

(approx. °/o): 
Quartz 
Mica 
Feldspar 
Geothite-hematite 
Kaolinite 
Kaolinite -halloysite 
Montmorillonite 
niite 
niite - ver miculite 
Vermiculite 
Halloysite 
Gibbsite 

2.743 

80 
35 
45 
14 

8 X 10' 

20.5 
26.0 

90.0 
94.5 
<1 
CH 

15 

15 

20 
40 

5-10 

2.737 

70 
44 
26 
26 

550 X 10"' 
3.5 X 10"' 

157 

33.0 
33.0 

85.5 
88.3 

9 
CH-MH 

20 

10 
5-10 
60 

Mmor 

Minor 

Minor 

2.779 

47 
38 

9 
36 

280 X 10" 
2. 5 X 10" 

65 

26.5 
25.0 

93.0 
97.6 

14 
ML 

30 
10 

10 
45 

5 (chlorite) 

Minor 
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In Figures 5 and 6, the installation of the rigs in place, and the general view of the 
grid plate with rigs installed are shown. The reactor grid plate on which the rigs were 
secured was under 23 ft of water. Al l manipulations necessary were made remotely by 
the aluminum handling tool shown. Figure 7 shows the reactor at full power with the 
radiation rigs in place. The bright glow surrounding the core of the operating reactor 
comes from "Cerenkov radiation." This is a radiation of very high energy electrons 
which are traveling faster than the speed of light in the water. The radiation sets up 
an electro-magnetic shock wave in the water much as an aeroplane flying at supersonic 
speed sets up an atmosphere shock wave that can be heard. In the reactor, the shock 
wave appears as a blue light. 

It was originally planned to irradiate soils both in loose and compacted states. Due 
to the extensive heat effects (Fig. 3), and the pressure build-up in the containers, it 
was decided to use loose air-dry soil only. 

The irradiated material was stored in the pool until the Induced radioactivity in the 
soil decayed to a safe level. Al l experimental procedures were conducted imder the 
continuous supervision of the Reactor Safety Committee and reactor officials. 

SOILS INVESTIGATED 

The three soils chosen for this study were (a) Iredell silty clay, (b) limestone re
sidual silty clay, and (c) Culpeper micaceous silty clay. They were chosen because 
their engineering properties span a rather broad spectrum of engineering properties, 
and they were typical of soils found in Virgmia and other parts of the world. Al l three 
soils were fine grained, and two exhibited pronounced plasticity. General index prop
erties and minerological data are given for each soil in Table 1. 

NO OF BiowsT I I I I I 
NO. OF BLOWS ,8 

I I I I 
NO OF BLOWS , B 

LL . 80.80 

t L ! 7 9 59Q 
LL . 79.38 

I 0 " „ v . 

F i g u r e 13 . I r e d e l l , l i q u i d l i m i t s . 
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1 
(a) Ca. 40 OOOx W-22X (b) Oa. 40 OOOx 

(a) Ca. 20 OOOz (b) Ca. 20 OOOx 
F i g u r e \h. E l e c t r o n micrographs of I r e d e l l , u n i r r a d i a t e d . 
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(a) Ca. 40 OOOx 0>) Ca. 40 OOOx 

n. 
A 

(a) Ca. 90 OOOx W-30X (b) Ca. 20 OOOx 
Figure 1$. Electron micrographs of I r e d e l l , Irradiated to lO^a ̂ yt. 
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RESULTS 
Analyses 

Volk (43) describes the three phases of statistical analysis that are of most value 
to the engineer in studying and analyzing data as the t-test, variance analysis, and cor
relation-regression. The t-test deals with the estimation of a true value from a sample 
and the establishing of confidence ranges within which the true value can be said to Ue. 
The analysis of variance deals with the study of scatter of data and the contributions to 
this scatter. Correlation-regression (straight line fitting by method of least squares 
was used in this study) deal with variation between two parameters. These three methods 
were employed for the analysis of the data. Throughout the analysis, a significance 
level of 0.05 was adopted. A summary of results and analyses is given in Table 2. 

Induced Radioactivity in Soils 
Figure 8 shows the calculated general soil activation using the estimated chemical 

composition. The actual radioactivity measured after irradiating the soils is also 
shown in the same figure. Actual measurements of activity after irradiation checked 
the estimated values within a factor of two. 

Al l three soils showed a general effective half life cf 15 hr. As typical examples, 
the gamma spectra and half life determination of Iredell are shown in Figures 9 and 10. 
In accordance with the gamma energies and their respective half lives, the presence of 
Na 24 (Ti/2 = 15 hr, E = 2.75, 1.37, 0. 54 Mev), K 42 (T1/2 = 12.4 hr, E = 1.52 Mev), 
Mn 56 (Ti/2 = 2. 58 hr, E = 0.84, 2.11 Mev) are estimated for all three soils (39). The 
presence of Fe 59 (T1/2 = 45 days, E = 1.10, Mev), and Mg 28 (Tyz = 21.3 hr, E = 1.34, 
1.78 Mev) were also anticipated. Failure to confirm the half lives of certain long-lived 
isotopes ( i . e., Fe 59) were due to the mixing of these isotopes with other short-lived 
isotopes during the decay process. Ca 45, being a non-gamma emitter could not be 
detected. The findings were in satisfactory accordance with previous work done on 
this subject (36). 

pH and Conductivity Determinations 
The t-test was used in analyzing the data. The mean pH and conductivity of the 

unirradiated samples were considered the estimated population mean. A reliable 
estimated population mean was obtained from a family of 15 samples. The results 
obtained from irradiated samples (15 nms at each flux) were compared with this mean, 

T A B L E 2 

SUMMARY O F R E S U L T S AND S T A T I S T I C A L ANALYSES 

Type of Test' 

Soil Radiation Conductivity'' 
(micromhos/ cm) 

L L ' 
(7o) 

PL^ 
(7o) 

SL* 

(.%) 
Max. Dry 

Density 
(pcf) 

Plunger 
Index'* 
(psi) 

Iredell Unirradiated 4 09 159.29 7 9 . 7 9 34 71 14.32 94.39 732.5 
10" nvt 4 05 ± 0 13* 173.09 ± 3 02* 80 80 36.07 14.54 94.85 727.5 
Itf" nvt 3 97 ± 0 .04» 204. 56 ± 2 67* 79 .38 36 06 14.48 94.58 735.0 

Limestone 
residual Unirradiated 4 .97 93.47 70 25 44.17 27.08 88.02 857 5 

10" nvt 4 9 ± 0 03» 118.53 * 2 .39» 70.62 44.52 25.66 88 18 872.5 
10" nvt 4.80 - 0.02* 152.37 ± 2.47* 69 03 44 53 26.08 87.74 850 0 

Culpeper Unirradiated 4.58 53.75 47.30 38 72 37.70 97 64 1,752 Culpeper 
10" nvt 4. 57 i 0. 02 58.62 ± 0. 56* 46.02 37.66 35 70 97.67 1,762 
10" nvt 4.44 ± 0 06* 94 85 ± 1 . 1 5 * 48.46 38.30 36 30 97.75 1,745 

'Level of significance = 0 05. 
'Analysis by t-test. 
'Least square method 
Variance analysis. 
'Significant difference between unirradiated and irradiated samples. 
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TABLE 3 
SUMMARY OF X-RAY DIFFRACTION DATA (WHOLE SOIL) 

IredeU Limestone Residual Culpeper 
d(A°)* Estimated Mineral d(A°)* Estimated Mineral d(A'^* 
10"nvt 10"nvt 

Estimated Mineral Estimated Mineral Estimated Mineral Unlr 10"nvt 10"nvt Unlr 10"nvt 10"nvt Unlr 10"nvt 10"nvt 
1 38 1 37 I 37 Quartz 1 50 1 49 1 49 Kaollnlte 1 37 1 37 1 37 Quartz 
1 52 1 54 1 54 Quartz 1 54 1 56 1 54 Quartz 1 49 1 45 1 49 Quartz 
1 82 1 82 1 82 Quartz 1 82 1 82 1 81 Feldspar 1 54 1 54 1 54 Quartz 
2 56 2 56 2 96 Kaolin 1 98 1 99 1 98 Quartz 1 82 1 82 1 82 Quartz 
3 16 3 21 3 18 - 2 24 2 24 2 24 Quartz? 1 99 1 99 1 99 Quartz 
3 39 3 39 3 35 Quartz 2 45 2 43 2 44 Quartz 2 28 2 28 2 29 Quartz 
4 27 4 25 4 27 Quartz 2 56 2 57 2 57 Feldspar 2 45 2 47 2 49 Quartz 
4 46 4 48 4 48 Kaolin 3 29 3 25 3 25 Feldspar 2 51 2 51 2 91 Kaollnlte 
7 37 7 31 7 37 Kaolin type 3 35 3 35 3 35 Quartz 3 39 3 35 3 39 Quartz 

- 14 48 14 48 MontmorlUonite 3 49 3 49 3 49 Feldspar 3 57 3 57 3 99 Kaollnlte 
vermlcuUte 

Feldspar 

- - - - 4 27 4 25 4 25 Quartz 4 27 4 27 4 28 Quartz 
- - - - 4 46 4 44 4 48 Kaollnlte 4 98 4 98 9 01 Mica 
- - - - 7 37 7 19 7 37 Kaollnlte 7 25 7 19 7 31 Kaollnlte 
- - - - - - - - 10 04 10 04 10 04 Mica 
d= Interplanar spacing in Angstrom units 

and confidence limits were set (Fig. 11 and 12). A study of the results shows a de
crease in pH and increase in conductivity caused by irradiation which could be due to 
the ionization effects. 

Atterberg Limits 

The liquid limits were calculated by the method of least squares, straight line 
fitting. As an illustration of the method, the determination of the liquid l imit of un
irradiated and irradiated Iredell soil is shown in Figure 13. General results for all 
three soils are given in Table 2. These results do not show any significant difference 
between the liquid limits of unirradiated and irradiated soil samples (29). 

Plastic limits and shrinkage limits were analyzed by variance analysis method. No 
significant differences in these two limits could be found between irradiated and un
irradiated soils (Table 2). 

Dry Density and Plunger Index 
For most laboratory work it is usually thought moisture contents within a range of 

- 1 percent to be satisfactory (32). Because the actual range of the moisture contents 
were weU within this limit, only the dry densities and plunger indexes lent themselves 
to critical analysis. The variance analyses study showed no significant difference in 
densities and plunger indexes between the irradiated and unirradiated samples (42). 

X-ray Diffraction 
Summary of the X-ray diffraction findings embodying the interplanar distances, d, 

and the estimated minerals they represent is given in Table 3. Evaluations of the X-ray 
diffraction charts were done by E.B. Kinter, Division of Physical Research, Bureau of 
Public Roads. A study of available data showed that no significant mineralogical dif
ferences developed between unirradiated and irradiated soils. 

Electron Micrographs 
Figures 14 and 15 show electron microgr^hs of unirradiated and irradiated Iredell 

soil compacted on both the dry (moisture content, w = 22 percent) and wet (w = 30 per
cent) sides of optimum moisture content. No si^iificant differentiation could be made 
between the micrographs of unirradiated and irradiated samples. 

CONCLUSIONS AND RECOMMENDATIONS 
The study revealed that generally no appreciable change should be expected in the 

engineering behavior of soils after exposure to irradiation up to lO*^ nvt. As was ex
pected, pH and c(Hiductivity were among the factors susceptible to the environment of 
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radiation due to ionization of various elements in the soil, but their effect on soil struc
ture and chemistry was negligible. It is possible that minor changes in engineering 
characteristics occurred ( i .e . , liquid limit, plastic limit, plunger index, etc.), but the 
carefully run tests employed in this study failed to reveal even minute changes. 

Probably the most important aspect brought out by this study is confirmation of the 
possibilities with which nuclear methods can be safely employed for soil engineering 
purposes. The authors believe such procedures would be exceptionally suitable for the 
determination of the following: 

1. Modem trends in activation analysis (4) give good evidence that chemical consti
tution and/or mineraloglcal content of soils can be evaluated by nuclear methods. These 
methods have already become popular in numerous scientific fields, because of their 
versatility, speed, accuracy and remarkable ability to detect trace amounts. Based on 
activation and counting theory, such analyses should be useful in investigating the in-
situ nature of rocks and soils under great depths of overburden and water, where direct 
sampling is either difficult or impossible. 

2. Exchangeable ions in soils can be determined by proper activity counting proce
dures. Some work concerned with total cation exchange capacity has already been done 
in this field (41). This technique can be extended in such a way that individual exchange
able ions in the soil can be evaluated. 

3. A new use for neutron activation has been described by Leddicote in particle-size 
determination (25). The particles are activated and are allowed to settle out of a liquid 
suspension. Tfie rate of change of the count at the counter level as sedimentation prog
resses can be used to obtain a measure of particle sizes present in the sample. The 
radioactivity levels of soils achieved after lO'^-nvt irradiation indicate such tests can 
be conducted without the risk of serious exposure to radioactivity. 

4. Tracing techniques are among the prominent uses of radioisotopes and other 
labeled particles. This concept can be employed in obtaining rational permeability 
values of coarse and fine grained soils. 

For further research in this area using activation analysis, i t would be advisable to 
use slow neutrons for irradiation purposes, as the probability of their interaction with 
matter is higher than for fast neutrons. 

As this study dealt mainly with inorganic soils, the radiation effects on organic soils | 
should also be investigated. In possible future work with X-ray diffractions of unir
radiated and irradiated soil samples, i t is recommended that the individual peaks of 
the diffraction pattern be magnified to define better any minor changes that may occur. 
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Appendix 

SAMPLE CALCULATION SHOWING Ca 45 ACTIVITY IN 100-g SOIL SAMPLE 
The amount of CaO was estimated to be 1.4 percent. Considering the atomic weights 

of Ca (40.08) and O (16. 00), the amo\int of Ca in 100-g soU sample can be determined: 

Molecular wt. of CaO = 56.08 

There is ^^proximately 1 g of Ca in every 100 g of soil. 
The number of atoms in 1 g of Ca can then be calculated using Avagadro's number, 

6. 023 X 10*̂  atoms per mole (28). 
No. of Ca atoms/100 g soil = ^'^40.08^°^ = 15.03 x 10" atoms. 

The stable isotope of Ca 45 is Ca 44 with an abundance of 2. 06 percent; therefore, 
the number of Ca 44 atoms available is 

Np = No. of Ca 44 atoms/100 g soil 
= 0.0206 X 15. 03 X 10 '̂ = 30.96 x 10 '̂ atoms 

The cross-section, ap, of Ca 44, and decay constant, Xa, of Ca 45 can be found 
from nuclear tables avauable. 

If it is assumed calculation of the activity foranintegratedfluxof 10"nvt(*=10*^, nv, 
t, = 10̂  sec) and 1 day after irradiation is desired, 

Given: * = lO" nv 
t, = 10* sec 
a_ = 0.67 barns = 6.7 x lo"" ' cm" 
Xi;^= 5.6 X 10"" sec"' 
t,, = 1 day = 8.64 x 10* sec 

Substituting these in Eq. 2 gives the number of atoms of actual radioactive material 
during irradiation: N^ = 20. 72 x 10" atoms per iOO g soil. 
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Maclaurin series expansion was used to evaluate the exponential function (28). 
The number of radioactive atoms at the end of 1 day, Na', then can be calculated 

using Eq. 3: N^ ' = 20.62 x l o " atoms per 100 g soil. 
Using Eq. 4 this activity can be expressed in terms of curies: C = 3.12 10"* curies. 

Ponther Creek 
( C a M o n t m o r i l l o n i t e ) 

U n i r r a d i a t e d 507oRH 
lOCC 200°C 

I r r o d i o t e d 
IOO°C ZOO'C 

Discussion 

L. J . CIRCEOand L. L, REIGN, Respectively, Captain and Major, U.S. Army Corps 
of Engineers, and R, L. HANDY,"Associate Professor of Civil Engineering, Iowa State 
University^The authors are to be commended for this careful evaluation of effects of 
irradiation on properties of kaolinitic and montmorillonitic soils. At Iowa State, a 
similar study of several pure clay mineral samples gave comparable results, which 
may be of interest. The Iowa State investigation was undertaken as a special topic by 
gra!duate students in the joint civil engineering-nuclear engineering program. 

Six irradiated soil samples in this study were muscovite, vermiculite, sodium 
montmoriUonite, calcium montmorillonite, kaolinite, and post-Kansan age gumbotil. 
Except for vermiculite and gumbotil, these are practically pure minerals. The ver
miculite sample is a commercial product containing appreciable biotite and hydro-
biotite, and the gumbotil is predominantly calcium montmorillonite but contains one-
third of more quartz, feldspars, and other minerals. The other montmorillonite sam
ples are Wyoming bentonites. 

A l l samples were ground to pass a No. 200 sieve and equilibrated at 50 percent r . h. 
and room temperature. Approximately 
100 g of each was sealed in a plastic con
tainer and irradiated in the Iowa State 
University UTR-10 for 1 hr at a neutron 
flux of i t f ' n/cmVsec (integrated flux = 
3.6 X 10** nvt). When Uie activity of the 
samples had decayed to a safe handling 
limit , the following tests were conducted: 

1. X-ray diffraction with Cu Ka radi-
tion, 29 scan from 2° to 64°. 

2. Liquid limit. 
3. Plastic l imit . 
4. Hydrogen ion concentration (pH). 
5. Differential thermal analysis. 

Reference tests were run on unirradiated 
soil samples. 

In general. X-ray diffraction showed 
no changes in d o m , doeo, or other spacings, 
and peak shapes and intensities remained 
the same. The dou is particularly signif
icant in montmorillonites because it indi
cates the amount of interlayer water. The 
dwo may show changes witMn the phyl-
losiUcate layers, in particular the cations 
in octahedral coordination. Neither of 
these spacings showed any appreciable 
change. However, the doa for kaolinite 
appears to have enlarged 7,19 to7.25 A, 
whereas the doo2 e:q)anded from 3.57 to 
3.59 A, and the doos remained the same. ™. ^ „ 
r j , , , t^^^ „ ^ „ „ „ i „ . . n o t r S c M^^^ Figure 16. DTA curves for a Ca-montmoril-
TMs mmor expansion in the C-axis direc- ^^^^ equilibrated at 50 percent r .h . 
tion may be the result of Slight weakening (1^^ .̂), after neutron-gamma irradiation 
of intralayer hydrogen bonds. Other spac- (right), and after irradiation and re-equi-
ings for this and other minerals before libration at 50 percent r .h . 

I r r o d i o t e d 50%RH 
lOO'C ZOO'C 
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and after radiation were usually similar to each other with 0.01 A. 
Liquid limits and plastic limits showed no great changes after irradiation, and var

iations probably relate to test accuracy and the skill of the operators. 
In contrast to the findings of Tumay et a l . , pH values for the six Iowa State samples 

remained unchanged within 0.02. However, all six samples were alkaline or neutral 
in reaction; the three tested by Tumay had an acidic pH. A slight change in disposition 
of H ions in the six samples might therefore be buffered out. 

Fortunately differential thermal analyses could be run, which show the most change 
of any of the various tests. However the change is subtle, and it occurs only in the 
calcium montmorillonite initial endothermic peaks. These peaks are characterstic 
of hygroscopic and ion-held water. Although total DTA peak area and appearance of 
the Ca''"*' water peak at about 200 C remain the same, the f i rs t endotherm for adsorbed 
water is delayed in the irradiated Ca'''+ montmorillonite samples and the peak is broader 
(Fig. 16). Re-equilibration of the samples at 50 percent r . h. caused no further change. 
Because no corresponding shift was found in X-ray spacings, the endotherm delay would 
appear to relate to bonding energy rather than to the total amount of interlayer water. A 
higher energy might be caused by the presence of a few hydrogen ions. 

It was concluded, along with Tumay et a l . , that neutron irradiation at these levels 
causes negligible change in the physical and chediical properties of major clay minerals. 
Finally, caution is urged in applying neutron activation to other soil measurements 
(Conclusion 3). On removal from the reactor, the six clays had an activity of 1, 500 
milliroentgens per hour, which is far above the safe handling limits. After 5 days, the 
radioactivity had decayed to a level where tests could be conducted in safety. 

M. T. TUMAY, Closure—The author wishes to thank the discussers for clarifying the 
general information in the paper, and commend their valuable work concerning differ
ential thermal analyses. 

To relate the endotherm delay to the "higher bonding energy caused by the presence 
of a few hydrogen ions" seems to be logical. However, the complex mechanism of 
radiation damage, made even more complex with the intricate and unique physico-chem
ical properties of soils, necessitates much research to be done in this area before any 
distinct conclusions are to be reached. 

Not knowing the exact mineralogical or chemical content of the soils used in the 
Iowa State project, and the method of pH determination, i t is hard to guess the reason 
behind the xmchanged pH values. However, the conclusive statement by Circeo, Reign, 
and Handy stands to reason. The complex ionization process initiated by irradiation 
along with "buffering out" of the H'*' ions might have brought about the constant pH values 
before and after irradiation. 

One of the objectives of this paper was to influence the use of nuclear methods in 
soil engineering applications. As for the safety of the experiments in which soil activa
tion is involved, by careful design of the neutron flux, duration of irradiation, and 
"cooling time," almost all radiation hazards can be eliminated. In a recent research 
project at the University of Virginia designed principally to study the mechanism of 
dedolomization in reactive aggregates, the concept of neutron activation was success
fully applied. One-gram alkali-treated rock samples irradiated at 5 kw for 10 min 
were safely handled one hour after irradiation in obtaining their gamma spectra. At 
all times the activity of the samples was well below the limits set by authorities. 



Effect of Exchangeable Calcium on 
Montmorillonite Low-Temperature 
Endotherm and Basal Spacing 
J. G. LAGUROS and RICHARD L. HANDY, Respectively, &aduate Assistant 
and Associate Professor of Civil Engineering, Iowa Engineering Ejqperimental Station, 
Iowa State University; and LEWIS L . REIGN, Major, Corps of Engineers, U.S. Army 

Tests on mixtures of "reference" bentonite that had been 
equilibrated in vacuo four days with a 50 percent relative 
humidity gave quantitative relationships between (a) weight 
loss and area under the DTA low temperature endotherm, 
(b) exchangeable calcium and f irs t and second areas under 
the DTA low temperature endotherm, and (c) exchangeable 
calcium and the X-ray dom spacing. Increase in calcium 
saturation increases both the f i rs t and second low tempera
ture endotherm areas. This increase suggests that at 50 
percent humidity, occurrence of calcium-bound water also 
encourages absorption of free water. 

Application of the X-ray and DTA methods to study lime 
fixation in sodium bentonite-Ca(OH)2 dried slurries shows 
that most Ca'*"*' ions remain adsorbed at outer positions at 
f i rs t , and relatively few penetrate the interlayer. Similar 
studies of calcium bentonite show that with 1 percent lime 
practically all adsorbied calcium stays outside the clay. 
When either 2 or 4 percent lime is added, additional Ca'*"*' 
ions attach outside, and also crowd into the montmorillonite 
interlayer. Outer adsorption therefore ^pears to be the 
major factor in reduction of PL, and is measureable from 
DTA. 

The X-ray method was also applied to measure Ca''"'' 
saturation in two natural soils. Results show acceptable 
agreement with chemical data. 

• SYSTEMATIC X-ray diffraction and differential thermal studies have shown that 
montmorillonite is the most abundant clay mineral in Iowa soils, with calcium the 
most common cation. The purpose of the investigation undertaken was to determine 
feasibility of using either differential thermal analysis (DTA) or X-ray diffraction or 
both to measure exchangeable calcium in natural montmorillonitic soils, or to measure 
the amount of lime fixation in stabilized montmorillonitic soils (6). 

PROCEDURE 
Samples 

Two reference bentonites, a sodium (No. 1) and a calcium clay (No. 5) (Table 1), 
were proportioned to give three intermediate mixtures (Nos. 2, 3, and 4) with amounts 
of exchangeable calcium and sodium ions shown in Table 2. X-ray tests later indicated 
intimate interlayering of clays in the mixtures. 

Hydration of montmorillonites to equilibrium varies with relative humidity. To 
eliminate this variable all samples were equilibrated at standard conditions by keeping 
the samples in vacuo for at least four days over a saturated sale colution of Ca(NOs)2 • 4HaO, 

$1 
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TABLE 1 
PROPERTIES OF REFERENCE BENTONITES 

Exchangeable Cation 
Laboratory Sample (meg/ lOOg) 

Exchangeable Cation 
No. 1* No. 5*' 

Na 85.5 0.4 
K 5.0 2.8 
Ca 22.0 64.7 
Mg 1.0 1.0 
Total 113.5 68.9 
Corrected for sulfates 89.2 60.1 

fvolclay Wyoming bentonite supplied by American Colloid Co. 
Panther Creek clay supplied by American Colloid Co. 

which gives a relative humidity near 50 percent at 70 - 3 F (7). This humidity has the 
advantage of being near average room conditions and giving prominent and different 
sized DTA peaks for sodium and calcium montmorillonites (5). 

Apparatus for DTA 
The heating apparatus was a vertical furnace suspended from the ceiling and counter

balanced for ease in lifting. An automatic heating rate controller is set for a rate of 
10 C per min. The sample block is % in. high by 1% in. in diameter, machined from 
18-8 chrome-nickel stainless steel. Two vertical ^s-in. diameter by Vz-m. deep sample 
holes are symmetrically located in the sample block with their centers one inch apart. 
No. 22 Pt-Pt 10 percent Rh thermocouples are used. The furnace temperature couple 
is a separate chromel-alumel junction inserted in a ys - in . diameter by Vz-in. deep hole 
drilled in the bottom of the block. The block is supported by a ceramic pedestal. 

DTA Curves and Interpretation 
The size and shape of a DTA peak are affected by many factors such as heating rate, 

thermal conductivity, and specific heat. Peak areas rather than peak heights were 
measured to minimize effects of variable heating rate and thermocouple misalignment 
(4). 

The low-temperature endotherm for montmorillonite is attributed to loss of adsorbed 
water. In Ca++ montmorillonite, part of the water is more tightly bonded to give a 
small second peak at about 200 C (3). For purposes of measurement, the two over
lapping areas have been resolved and separated as shown by the dotted lines in Figure 
1. The areas are bounded by an arbitrary straight line; the dotted lines are drawn in 

TABLE 2 
PROPERTIES OF SYNTHESIZED MIXTURES 

Exchangeable Cation Laboratory Sample ( meg/lOOg) Exchangeable Cation 
No. 1 No. 2 No. 3 No. 4 No. 5 

Na 75.4 61.0 47.3 23. 5 0.6 
K 4.4 4.4 4.3 4.1 4.0 
Ca 19.4 33.6 47.3 71.3 94.0 
Mg 0.8 1.0 1.0 1.1 1.4 
Corrected to 100 percent. 



53 
such a way as to produce two equal areas, Q and S. Area 1 is the sum of areas P and 
Q, and area 2 the sum of areas Q and R. Thus, the summation of the two areas gives 
the total area P + Q-fQ-t-R = P4Q-t-R-t-S. This method of establishing two distinct 
areas introduces difficulty and attendant error in measurement, especially when one 
of the areas is very small, as i t appears when the exchangeable calcium is less than 
20 percent. 
Weight Loss 

Due to variability of the low temperature endotherm (LTE) related to interlayer 
cations, for comparison purposes moisture contents were determined by drying samples 
to constant weight at 100, 150, and 300 C. Samples were cooled in a desiccator before 
weighing. 

X-Ray Analysis 

AVhen the interlayer water is driven off, the basal d-spacing of montmorillonite 
changes. X-ray diffractometer patterns were obtained at room temperature and also 
after the samples had been heated to 150 and 300 C and cooled. Copper Ka radiation 
was used. Mean diffraction angles and corresponding dooi spacings were determined 
from the centroid of the diffraction peak, located with base-line bisectors of an in 
scribed triangle (Fig. 2). Peak breadth. Bo, expressed in degrees 26, is an inverse 
measure of crystallite size or crystallinity, and was measured at a height of half the 
intensity maximum (Fig. 2). Al l X-ray curves were run three times, and average 
measurements are reported. 

RESULTS 
Differential Thermal Analysis 

Sample na I Sample no 2 

Area-Weight Loss. —DTA peak area is ideally proportional to A H, or the amount of 
heat involved in the reaction. This in turn 
depends on the amount of each reactant, 
which in the case being investigated in
volves the loss of two kinds of adsorbed 
water, that held by the clay and that held 
by Ca'*"'" cations. 

29" 
"2-1 

Somple no 3 Somple na 4 

Sample no 9 

' / 200 

P»0 

6H 

Figure 1. DTA curves of synthesized Figure 2. Determination of mean 29 angle 
mixtures. from X-ray diffraction pattern. 
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TABLE 3 
DTA AND WEIGHT LOSS DATA 

Sample 
No. 

% Ca-^ 
Saturat. 

Area Under Endotherm (cm^ Weight Loss (%) Sample 
No. 

% Ca-^ 
Saturat. Area 1 Area 2 Total 100 C 150C 300C 

1 19.4 7.47 0.064 7.54 8.83 9.12 10.25 
2 33.6 7.80 0.645 8.45 9.61 10. 23 11.44 
3 , 47.3 8.08 0.709 8.79 10. 25 10.63 12.26 
4 71.3 8.64 0.852 9.49 11.03 11.71 13.25 
5 94.0 9.21 1,95 11.16 11.99 12.56 14.93 

The relation of weight loss at various temperatures to endotherm peak areas (Table 
3) is shown in Figure 3. Variable peak areas do not reflect variable clay contents but 
are the result of different interlayer cations. Some nonlinearity in the curves is there
fore e:q)ected. 

The drying temperatures of 100 and 150 C were selected to see if either of these 
weight losses might correlate with area A i , and 300 C was chosen to correlate with 
total area under the endotherm. As can be seen from the top of Figure 3, total area 
A f is best predicted by the weight loss at 300 C, designated AWsoo. A line f i t through 
the origin with 90 percent confidence limits on the slope gives 

A^ = AWsoo X (0. 73 10.01). (1) 
Nonlinearity in the upper portions of the other curves may be ascribed to area A2 water, 
held by Ca**̂  cations and not driven off at 100 or ISO C. 

Nonlinearity is apparent in the lower portions of all three lower curves of Figure 3, 
and extrapolated curves do not pass through the origin. Extrapolations of linear portions 
of the curves show that the 100 and 150 C curves would come closest to the origin, the 
errors being in the direction of too much Area 1 for zero weight loss. The most likely 
explanation for this and for the curvatures i^pears to be changing thermodynamic con
ditions during the test, probably related to shrinkage of the sample away from walls of 
the block. High Na''' samples shrink the most, reducing the rate of heat transfer and 

increasing the area under the endotherm. 
In natural soils this effect should be less, 
and one would e^ect less curvature in the 
lower portions of the curves. From the 
linear portion of the 100 C curve the pre
diction equation for Area 1 is 

A i = 0.64 AW100+1.6 (2) 
Tetol 
area. 

in which AWioo is the percent weight loss 
at 100 C. 

Area-Ca''"'' Saturation. —Increased cal-
cium saturation not only increases the 
endotherm Area 2, (As), indicative of 
Ca+^-held water, but also increases the 
Area 1, indicative of free water (Table 3). 
A plot and equations of Area 1 , (Ai ) , and 
total area, Aj, vs calcium saturation are 
shown in Figure 4. By difference. Area 
2 wiU be 

"To 12 » 
Weight l o H , Y 

Figure 3. Relations of endotherm peak 
areas to weight loss at several 

temperatures. 

A2 = 0.016 Ca (3) 
in which Ca is the percent calcium satura
tion. 

The increase in Area 1 with increased 
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Figure 5. Water content-calcium relation
ship. 

calcium saturation suggests that calcium, 
in addition to holding some water ionically 
also either allows more free water in the 
clay or somehow increases the energy of 
binding, A plot of weight loss vs calcium 
saturation (Fig. 5) shows that the former 
suggestion is correct, indicating that at 
50 percent relative humidity the calcium-bound water encourages absorption of free 
water. 

Area Ratios. —Because DTA absolute peak areas vary not only with exchangeable 
cation but also with the amount of clay, a 
ratio of area A i and A2 should give a more 
satisfactory measure of exchangeable cal
cium. Unfortunately due to variability of 
the data, this procedure did not give an 
accurate measure. 

X-Ray Diffraction 
Basal d-Spacings. —The basal d-spac-

ing of montmorillonite reflects the amount 
of interlayer water. Previous investi
gators have reported the tendency for a 
sodium montmorillonite to retain one 
layer of water between the mineral sheets 
when dried under room conditions, and the 
tendency for calcium montmorillonite to 
retain two layers. This is essentially 
true for samples 1 and 5 equilibrated at 
50 percent relative humidity, the^basal 
d-spacings being 12 .6Aand 14.9A, re
spectively (Table 4). Of particular interest 
is that the intermediate samples show 
intermediate spacings according to 

d = 0. 031 Ca + 12.0 (4) 
Figure 6. Effect of Ca cations on d^^x 

in which Ca is the percent calcium satu- spacing of samples at various 
ration (Fig, 6). Diffraction line broadening temperatures. . 

•ao3ico +120 
•pacing, 

40 60 
sotufation. 
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is more pronounced in the intermediate samples (Table 4), suggesting appreciable 
interlayer disorder when both cations are present. 

To check the effectiveness of the equilibration procedure, a portion of sample No. 5 
was normally wetted, and another portion was dried at 60 C L after equilibration the 
basal d-spacings of these samples became 14.72 and 14.86 A, respectively, which com
pare well with the previously obtained value of 14. 89 A. Diffraction line broadening 
also remained essentially unchanged. 

Drying at 150 C causes reduction of the interlayer spacing to less than 10 A for all 
samples except the high calcium samples (Nos. 4 and 5), verifying DTA and weight loss 
results, which indicated incomplete dehydration at this temperature. Considerable 
broadening of the diffraction line for No. 5 suggests an irregular distribution of the 
remaining interlayer water, which averages less than one molecule thick. 

TABLE 4 
dooi SPACINGS OF SAMPLES TREATED AT VARIOUS TEMPERATURES 

Sample 
No. Ca-""- (%) Na"" (7o) 

dooi (A) Line Breadth (deg) Sample 
No. Ca-""- (%) Na"" (7o) 

25C 150C 300C 500C 25C 150C 300C 500C 

1 19.4 75.4 12.62 9.80 9.74 _ 1.47 0.70 0.50 
2 33.6 61.0 13.12 9.71 9.97 - 1.70 0.80 0.61 
3 47.3 47.3 13.38 9.82 9.84 - 1.67 0.95 0.70 
4 71.3 23.5 14.17 10.10 9.78 - 1.46 1.43 0.70 
5 94.0 0.6 14.89 11.15 9.95 9.71 1.22 2.30 0.93 0.72 

TABLE 5 
LIME FIXATION BY Na"̂  AND Ca"̂ ^ BENTONITES 

Sample 
No. 

Added % ' 
Ca(OH)2 

Area Under LTE 
(cm=̂  

0 
dooi (A) Percent Ca^ ̂  Saturation Sample 

No. 
Added % ' 
Ca(OH)2 

A l A2 25 C 150C From Eq. 4* From Eq. 3*' 

1 0 7.47 0.064 12.62 9.80 20.0 4 
3.34 12.50 1.25 12.75 9.93 24.2 78 

5 0 9.21 1.95 14.89 11.15 93.4 122 
1 11.27 2.52 14.89 10.91 93.5 157 
2 13.84 2.52 15.31 10.71 106.9 157 
4 14.37 3.75 15.15 10.73 102.7 234 

*dooi at 25C. 

Sample 

TABLE 6 
MEASUREMENT OF Ca"^ SATURATION IN TWO NATURAL SOILS 

Exch. Cations (meq/100 g) 100 Ca-Mg' 
Na K Ca-Mg' Na + Ca-Mg' 

dooi.25 C 
( i ) 

Ca Sat. f rom 
X-ray (Eq. 4) 

55-1 1.4 
4 3 y 2 - l 1,3 

2.0 
1.3 

7.8 
21.8 

84.8 
94.4 

14.77 
14.97 

89.6 
95.6 

'Ca-Mg= combination Ca and Mg ++ 
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Drying at 300 C reduces all spacings to less than 10 A, with no consistent trend in 
spacings related to sodium or calcium interlayer cations. However, diffraction inten
sities regularly decrease and line broadening increases from the high sodium to the 
high calcium clay (Table 4). To check if this was due to relict interlayer water, sam
ple No. 5 was heated to 500 C for 5 hours, which further decreased its basal d-spacing 
and sharpened and increased the intensity of the diffraction peak. 

CONCLUSIONS 
1. Total area under the low-temperature endotherm of sodium-calcium bentonites 

may be predicted from weight loss at 300 C (Eq. 1). 
2. Area under the second portion of the low-temperature endotherm relates linearly 

to the amount of exchangeable calcium (Eq. 3). 
3. Weight losses of pre-humidified samples after heating to several temperatures 

relate linearly to the amount of exchangeable calcium (equations in Fig. 5). 
4. Basal d-spacing of the sodium-calcium bentonites equilibrated at 50 percent 

relative humidity relates to amount of exchangeable calcium (Eq. 4). 
5. Basal spacing diffraction line broadening of sodium-calcium bentonites varies 

according to treatment and the amount of exchangeable calcium. 

APPUCATIONS 
The relationships most pertinent to measurement of exchangeable calcium and lime 

fixation m montmorillonitic soils would appear to be conclusions 2, 3, and 4. Al l in
volve pre-treatment of samples at room temperature and at 50 percent relative humidity. 

Of these three methods the one most applicable to measurement of exchangeable 
calcium in natural soils containing an unknown amount of montmorillonite is X-ray 
diffraction (conclusion 4). Both other measurements are influenced by the amount of 
clay; the X-ray d-spacing is not. The three methods look equally applicable for deter
mination of the amount of lime fixation in montmorillonitic soils treated with variable 
amounts of lime or portland cement. Weight loss is perhaps the least definitive. While 
X-ray diffraction measures calcium-held water in the interlayer position, DTA may 
show total Ca'*'"'" -held water. 

Lime Fixation 

Samples 1 and 5 of the bentonites were treated with several amounts of reagent 
grade Ca(OH)2, wetted to form a slurry, stored for 8 hours, dried at 30 C, ground, 
and equilibrated for 7 days at room temperature and 50 percent relative humidity. The 
calcium bentonite. No. 5, plus 1, 2, and 4 percent Ca(OH)2 was chosen to represent 
lime stabilization of a montmorillonitic soil already calcium saturated; and a sodium 
bentonite. No. 1, was treated with 3.34 percent Ca(OH)2 to correspond to its cation 
exchange capacity. Mixes and pertinent data and results are given in Table 5. 

X-ray data on the sodium bentonite +3.34 percent Ca(OH)2 show very little influence 
of additional calcium in e:q)anding the clay interlayer, yet DTA area 2 data indicate 
considerably more exchangeable calcium. From these, one would conclude that added 
Ca++ from lime is held mostly to the outside of the mineral. DTA area 1 and weight 
loss data were confounded by remnant calcium hydroxide. 

Effect of lime on calcium montmorillonite is of considerable interest because prop
erties of such clays show a drastic change, yet there is no logical ion exchange reaction. 
This has led to the hypothesis of calcium crowding on the clay (2). 

X-ray data suggest relatively little interlayer effect of 1 percent lime but there is 
an increased DTA area 2, suggesting that calcium ions present are held to the outside 
of the clay, as before. Addition of 2 percent lime noticeably affects mterlayer spacing, 
leading to a calculated Ca^^ oversaturation in the clay interlayer with additional Ca"*"*" 
remaining on the outside. With 4 percent lime, there is no further increase in inter
layer oversaturation, but there is a marked increase in adsorbed calcium ions, indi
cated by a further increase in DTA area 2. The hypothesis of ion crowding in lime-
treated soils thus appears to be confirmed. 



58 

Natural Soils 
Two soils (a calcareous loess and a leached loess) were examined by X-ray diffrac

tion of 50 percent humidity equilibrated samples. Results (Table 6) show fairly close 
agreement with ion exchange data, particularly if the relatively high exchangeable K+ 
is assigned to 10-A mineral (illite). The close agreement precludes the possibility of 
much interlayering. 
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TH E NATIONAL A C A D E M Y OF S C I E N C E S — N A T I O N A L R E S E A R C H COUN
C I L is a private, nonprofit organization of scientists, dedicated to the 
furtherance of science and to its use for the general welfare. The 

A C A D E M Y itself was established in 1863 under a congressional charter 
signed by President Lincoln. Empowered to provide for all activities ap
propriate to academies of science, it was also required by its charter to 
act as an adviser to the federal government in scientific matters. This 
provision accounts for the close ties that have always existed between the 
A C A D E M Y and the government, although the A C A D E M Y is not a govern
mental agency. 

The NATIONAL R E S E A R C H COUNCIL was established by the A C A D E M Y 
in 1916, at the request of President Wilson, to enable scientists generally 
to associate their efforts with those of the limited membership of the 
A C A D E M Y in service to the nation, to society, and to science at home and 
abroad. Members of the NATIONAL R E S E A R C H COUNCIL receive their 
appointments from the president of the ACADEMY. They include representa
tives nominated by the major scientific and technical societies, repre
sentatives of the federal government, and a number of members at large. 
In addition, several thousand scientists and engineers take part in the 
activities of the research council through membership on its various boards 
and committees. 

Receiving funds from both public and private sources, by contribution, 
grant, or contract, the ACADEMY and its R E S E A R C H COUNCIL thus work 
to stimulate research and its applications, to survey the broad possibilities 
of science, to promote effective utilization of the scientific and technical 
resources of the country, to serve the government, and to further the 
general interests of science. 

The HIGHWAY R E S E A R C H BOARD was organized November 11, 1920, 
as an agency of the Division of Engineering and Industrial Research, one 
of the eight functional divisions of the NATIONAL R E S E A R C H COUNCIL. 
The BOARD is a cooperative organization of the highway technologists of 
America operating under the auspices of the A C A D E M Y - C O U N C I L and with 
the support of the several highway departments, the Bureau of Public 
Roads, and many other organizations interested in the development of 
highway transportation. The purposes of the BOARD are to encourage 
research and to provide a national clearinghouse and correlation service 
for research activities and information on highway administration and 
technology. 
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