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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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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. 



32 

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 
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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 
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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. 




