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Pozzolanic Reactivity Study of Flyash 
R.J . LEONARD, Assistant Professor of Civ i l Engineering, University of Delaware, 
and D. T. DAVIDSON, Professor of Civi l Engineering, Iowa Engineering Experiment 
Station, Iowa State College 

In recent years much interest has been shown in soil sta­
bilization methods uti l izing the pozzolanic reaction. L ime-
flyash stabilization is probably the best known and most 
thoroughly investigated of these methods. Unfortunately, 
l i t t le is known of the nature of the reaction or reactions 
involved, or of the reaction products that are formed. 
This information is needed fo r evaluating the reactants 
and improving the reaction. 

This paper describes a program of basic research on 
the nature of the pozzolanic reaction between lime and f l y -
ash. Six flyashes of various physical and chemical prop­
erties were investigated. The reaction between the f l y -
ashes and calcium hydroxide was followed by means of an 
electroconductivity procedure. The reaction was studied 
at several temperatures and f o r several concentrations. 
The reaction products were investigated by means of x - ray 
diffract ion and differential thermal analysis techniques. 

Calcium hydroxide absorption tests, using electrocon­
ductivity procedures, onflyashes gave essentially the same 
evaluation results as those obtained f r o m compressive 
strength results. The influence of temperature on the re ­
action was most significant in the 20 to 60 deg C range. A 
crystalline reaction product was detected, but this may be 
a secondary product. 

An explanation is offered f o r the mechanism of the poz­
zolanic reaction. The rate l imi t ing step of the reaction is 
explained on the basis of diffusion. 

9 D U E TO increased interest in pozzolans f o r soil stabilization and other purposes, 
there have been many investigations of certain materialspossessingpozzolanic activity. 
(The t e rm pozzolanic activity i s used to describe the ease with which lime reacts at 
ordinary temperature with any natural or a r t i f i c i a l siliceous or aluminous material in 
the presence of water to f o r m stable, insoluble compoimds possessing cementing prop­
er t ies . ) For largely economic reasons flyash has received much attention and study as 
a pozzolan. However, the majori ty of the investigations have dealt only with the strength 
contributing properties of the flyashes and not with the fundamental chemical aspects 
of the pozzolanic reaction. 

Basic studies of the pozzolanic activity of flyashes and other pozzolanic materials 
are necessary f o r both practical and theoretical reasons. Explanations f o r the behavior 
of a given flyash under given f i e l d conditions, such as density and temperature, are of 
practical importance. Theoretically, i f the mechanism and the nature of the reaction 
products were better known, i t might be possible to improve the reaction. 

A few basic studies have been made of pozzolans (9, 10, 13). Among these studies. 
Lea {9, 10) and Moran and Gil l i land (14) are noteworthy. Many of the basic concepts 
of pozzolanic activity postulated by Lea over twenty years ago have not been improved 
upon. Lea theorized that the reaction was a surface reaction between the dissolved 
l ime and the solid resultant product. He also stated that equilibrium would not be 
reached except after long periods of t ime. 

Many of the factors that influence the pozzolanic reaction have been recognized, but 
have not been investigated thoroughly. Recognized factors of the pozzolanic reaction 
are: temperature, nature of the pozzolan, surface area, carbon content, a lkal i and 
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sulfate content, carbon dioxide, hydrogen ion concentration, l ime variables, including 
the calcium to magnesium ratio moisture and t ime. 

The Identification of the reaction products of the pozzolanic reaction has been a d i f ­
f i cu l t problem and i t has not been completely solved. The problem is analogous to the 
identification of the hydration products of portland cement. Because of the minute size 
of particles, the d i f f icul ty in isolating them, and the scarcity of necessary identification 
equipment, very few of the reaction products have been determined. Complex hydrated 
solid solutions of CaO, SiOs and AI2O3 are believed to be the major constituents. 

T A B L E 1 

PHYSICAL PROPERTIES O F FLYASHES 

Total' Ignited^ Mean^ Eiiecific* 
Flyash Specific Specific Passing' Diam. Surface, 
No. Gravity Gravity 325 Sieve (%) (mm) (cmVgm) 

10 2.56 2.65 93.1 0.0305 3479 
11 2.25 2 53 48.2 0.0380 N.D. 
12 2 42 2.55 81.0 0.0310 3370 
13 2.93 3.21 65.1 0.0320 N.D. 
14 2.67 2.96 94.3 0.0265 3470 
15 2.43 2.54 82.3 0.0333 3649 

PROPERTIES OF THE MATERIALS USED 

Six samples of flyash were selected fo r 
this study. These samples did not repre­
sent a l l of the property variations found 
with this material , but i t was fe l t that the 
major factors were represented. Physical 
and chemical properties of the f lyash used 
are given in Tables 1 and 2. 

I t w i l l be noted that the mean diameter 
values are based on hydrometer and sieve 
analyses. The di f f icul ty in determining the 
particle size distribution of flyashes has 
been discussed by Holton and Reynolds (J7); 
on the basis of their conclusions, the order 
of magnitude of the mean diameter s i s prob­

ably close enough f o r the comparisons made in this study. Ignited samples were used 
because the combustible portion of flyash has a specific gravity of one or less. 

In addition to the physical and chemical analysis, a sodium hydroxide solubility test 
s imi lar to that used by the Bureau of Reclamation was performed on the flyashes. The 
results of these tests are shown i n Table 3. 

Because of the impuri t ies present in commercial l imes, reagent grade calcium 
hydroxide was used to make up a l l of the l ime solutions used in this study. 

I Total sample as received was used. 
^ Total sample ignited in a muffel at 600 deg C was used. 
' Based on hydrometer and sieve analysis of ignited samples. 

Supplied by Robert W. Hunt Co . , Chicago, L I . Based on a 
gas adsorption method, total sample used. 

TEST PROCEDURE 
T A B L E 2 

CHEMICAL PROPERTIES O F FLYASHES USED 

FLYASH NO. 
Chemical Analysis' 

10 11 13 14 
C 3.20 27.67 10.18 2.90 2.10 15.59 
S03 3.04 0.41 1.47 2.93 2.00 1.86 
CaO 7.30 2.52 5.34 11 22 8.36 6.89 
MgO 0.43 1.16 0.77 2.65 0.52 0.85 
FejOs 19.30 13.41 21.23 10.75 21.20 19.63 
AhOs 20.10 13.23 18.39 29.25 22.92 18 19 
SiOi 43.40 39.18 41.16 39.20 38.90 35.94 
H2O 0.30 N.D. N.D. N.D. 0.17 N.D. 
PH' 11.50 12.30 12.10 11.80 11.60 11.90 

Absorption methods were explored to 
determine the rate of reaction between the 
l ime and the flyashes. An electroconduct-
Ivl ty method was used to determine the 
rate of calcium absorption. This method 
enabled the reaction rate of a single sample 
to be traced without altering the solution 
or the material being tested. At certain 
periods the absorption of calcium was 
checked by t i t ra t ion procedures. 

Hie test procedure was to place a 
known amount of material along with 90 m l 
of l ime solution of known concentration in 
a 10 by 1 i n . glass test tube. Each test 
tube was sealed with a two-holed rubber 
stopper equipped wi th two glass tubes. One tube reached about 7 i n . into the test tube 
so that the lime solution could be withdrawn, tested, and returned to the test tube. The 
other tube was rather short and acted as a vent while the l ime solution was being wi th ­
drawn and returned to the test tube. Both tubes extended about % i n . above the top of 
the stopper. A piece of rubber tubing connecting the upper ends of the glass tubes serv­
ed to keep the test tubes air tight during the reaction period. During testing periods the 
rubber tube served as a connector between the test tube and the conductivity pipettes. 
The vent tube was connected to a calcium chloride tube containing barium hydroxide to 
prevent the formation of calcium carbonate in the solution. Figure 1 shows a test tube 
in position f o r testing. 

' Reported as percent by weight. 
'Based on 10 gm of total sample m 25 ml of water. 



T A B L E 3 

P E R C E N T REDUCTION IN ALKALINITY OF THE FLYASHES 

Flyash No. Percent Reduction in Alkalinity, R^ 

10 62.80 
11 39.36 
12 50.60 
13 61 34 
14 59.79 
15 56.17 

Ba[OH]-

Because of the dpcrease in solubility of Ca(0H)2 with increased temperature and 
alkalinity, the concentration of Ca(0H)2 solutions used were well below the maximum 
solubility values. This was done to insure against the precipitation of Ca(0H)2 in the 
test tube during the reaction period. Concentrations of about 1 .1, 1.0, 0.9 and0.8 gm 
per l i te r were used fo r reaction temperatures of 20, 40, 60 and 80 deg C respectively. 
At f i r s t deionized water was used to make up the solutions, but later i t was found that 
more satisfactory solutions could be made by double f i l t e r ing Ca(OH)2 solutions made 
with disti l led water. Fi l ter ing was necessary to remove small amounts of CaCOs which 
was formed by calcium combining with small amounts of CO2 in the dist i l led water. 

After f i l t e r ing , the concentrations of the 
Ca( OH) 2 solutions were checked by t i t ra t ion 
methods. 

Test tubes were escposedto concentrated 
Ca( OH) 2 solutions at the specified tempera­
ture before being used. A check of the r e ­
actions by electroconductivity methods 
showed very l i t t l e reaction between the p re -
treated glass and Ca(0H)2. 

The samples were placed in constant 
temperature baths and ovens. Constant 

temperature baths were used to maintain reaction temperatures of 2 0 ± l d e g C and 
40 + 1 deg C. Ovens were used to maintain the higher temperatures of 6 0 ± 1 degC and 
8 0 + l d e g C . 

Cementation of particles of the reactive material had to be prevented so that the 
complete sample would remain exposed. In order to prevent cementation the samples 
were rodded and shaken frequently during 
the testing period. 

Conductivity readings were taken at 
specified intervals by means of a pipette 
type conducticity cel l (Cenco 700-72). 
The cell was part ial ly encased in a small 
water tight plastic box ( F i g . 1 ) . Water 
f r o m the constant temperature bath was 
pumped through the box to insure a con­
stant temperature during the conductivity 
reading operation. Samples in the con­
stant temperature baths were tested at 
their respective temperatures, whereas 
samples f r o m the ovens were placed in 
the 40 + 1 deg C bath and tested at this t em­
perature . 

The set-up fo r testing a sample is 
shown in Figure 1. Conductivity readings 
were taken using a nul l point conductivity 
bridge ( Indust r ia l Instruments Type 
RC16 B ) . Readings were taken at 1,000 
cycles per sec in order to prevent r e ­
actions at the electrodes. A l l a i r coming 
in contact with the solution passed through 
calcium chloride tubes containing barium hydroxide to prevent the formation of calcium 
carbonate during the testing period. Immediately after testing, the 60 and 80 deg C 
samples were placed in their respective ovens. About two hours was required f o r the 
oven samples to reach the bath temperature and be tested and returned to the oven. 

Cell constants of the conductivity pipettes were determined using K C l solutions of 
known specific conductance. Curves giving the relationship between measured resist­
ances and Ca(OH) 2 concentrations were prepared f o r each testing temperature. Speci­
f i c conductivity data given by Lea {10) f o r Ca(0H)2 solutions were uti l ized f o r these 
curves. 

Conductivity 
pipette Leods to conductivity 

bridge 

Test tube in 
position 

-Water both 

Figure 1. Calcium abBorptian test appa­
ratus in position for testing. 



For a given reaction temperature, three test tubes of each material were prepared. 
These samples were used to obtain a set of average readings fo r the in i t ia l reaction 
period and to provide samples f o r testing the solutions at given time intervals, usually 
15, 30 and 45 days after being exposed to the solid material . At the end of the given 
time intervals, a sample was removed and judiciously f i l te red to separate the solution 
f r o m the solid material . The lime concentration of each f i l t e red solution was deter­
mined by means of Versenate t i t rat ions. The solid material was oven dried at 60 deg C 
in contact with barium hydroxide to prevent the formation of calcium carbonate. 

DISCUSSION OF RESULTS 

Three gram samples of each flyash were allowed to react with Ca(OH)2 solutions at 
20 deg C f o r a period of one year. The absorption of l ime was followed by electrocon­
ductivity methods and checked by Versenate titrations at 90, 180 and 365 days. The 
values obtained by these two methods checked to within 5 percent. The results of these 
absorption tests are shown in Figures 2 and 3. 

Flyash 10 absorbed the most lime over the 365 day test period and also had the 
highest rate of l ime absorption. The differences between the flyashes were less ap­
parent at the end of the test period than in the in i t ia l stages because of the original 
concentration factor . The absorption by flyash 11, the high carbon flyash, was p a r t i ­
cularly slow during the in i t ia l period, but at the end of 365 days i t had absorbed approx­
imately the same amount of l ime as samples 12, 13, 14 and 15. The amounts absorbed 
were l imited by the amount of calcium put into solution. Thus, the major differences 
between the flyashes at this temperature were shown most readily during the in i t ia l 
l ime absorption testing period of about 45 days. 

It w i l l be noted that negative values of 
lime absorption were observed. These 
negative values can be explained by the 
solubility of compounds in the flyash and 
perhaps by cation exchange. Sodium, mag­
nesium and calcium compoimds reported 
in flyashes are soluble in part ia l ly saturat­
ed Ca(OH)2 solutions. According to Lerch 
(12), alkali solutions cannot exist in equi­
l ib r ium with saturated lime solutions. Re­
fe r r ing to Table 2, i t i s seen that flyash 13 
has the largest amount of calcium and 

Figure 2 . Absorption of calcium by flyash 
samples 10, 11 and 12 at 20 deg C over a 

one year period. 

magnesium compoimds, 13.87 percent 
(reported as oxides); the greatest amount 
of negative absorption is observed with 
sample 13. Sample 11 has the smallest 
amount of calcium and magnesium oxides, 
3.68 percent, and only a slight amount of 
negative absorption was observed f o r 
sample 11 . Samples 10, 12, 14 and 15 
had approximately the same amounts of 
calcium and magnesium compounds, 7.73, 
6.11, 8.88 and 7.45 percent respectively, 
and these have intermediate negative absorption values. 

If the absorption results are compared with the compressive strength results shown 
in Figure 4, i t w i l l be noted that the in i t ia l 45 day absorption results seem to agree 
with the compressive strength results. In some cases the compressive strength and 
absorption curves are very s imi lar in shape. The corresponding s imi la r i ty between 
the slopes of the compression curves and the absorption curves is par t icular i ly s t r ik ing. 

Figure 3. Absorption of calcium by flyash 
samples 13, l l ^ and 15 at 20 deg C over a 

one year period. 



It i s evident that flyash 10 is the best pozzolan cn the basis of compressive strength 
and lime absorption. The second best pozzolan appears to be sample 12; this con­
clusion is reached f r o m both the absorption and the compressive strength results. 
Sample 15 had a rather f la t and constant slope in both absorption and compressive 
strength curves. Sample 11 did not achieve an apparent equilibrium unt i l after about 

300 days. The very shallow constant slope 
of the absorption curve for sample 11 
agrees very well with the slope of the 
strength curve fo r this f lyash. 

From the compressive strength and ab­
sorption data i t appears that a quantitative 
or semi-quantitative relationship exists 
between calcium absorption by flyash and 
its compressive strength in l ime-flyash 

Figure k. Ifticonfined coirpresslve strengths 
of four flyash mortars with 8 percent 
Ca(0H)2 cured at 20 deg C (^). Strengths 
are for 2 i n . diameter hy 2 i n . specimenB 
at near standard Proctor density which 
were moist cured at 20 deg C for indicated 
times, then Iimnersed in water Zh hours 

before testing. 

Sl20 

2 4 6 e 10 12 

Mammum absorbtlon roll > 10*, g of Co |OH{^ of sompta/dsy 
mixtures. By comparing the maximum 
slope of the compressive strength curves 
to the maximum slope of the absorption 
curves in the figures previously discussed, 
the relationship given in Figure 5 was ob­
tained. The relationship given in this f i g ­
ure is significant in that i t indicates a cor­
relation between absorption and strength; however this relationship i s l ikely to vary 
with temperature and concentration factors and other physical factors . If a relation­
ship is to be established i t should be on the basis of standardized tests. 

Figure 5- Maximum rate of conrpresslve 
strength development versus maximum rate 
of Ca(0H)2 absorption based on stand­

ardized t e s t s . 

15 20 25 
Time In doys 

Figure 6. Absorption of calcium at 20 deg 
C by flyash samples 10. 11 and 12 (3 gm 

saniples). 

INFLUENCE OF TEMPERATURE 

Each sample of f lyash was tested by 
means of the lime absorption method at 
20, 40, 60 and 80 deg C. The results of 
these tests are shown in Figures 6 through 
13. 

Although 20 deg C absorption curves f o r 
the six flyashes have been discussed prev­
iously, the cui^es presented in Figures 6 
and 7 represent another set of test data. 
One day readings are shown in these curves. 
I t w i l l be noted that there was an apparent 
in i t i a l absorption of calcium before the neg­
ative absorption that was evident in Figures 
2 and 3. There are two plausible explana-



15 20 25 30 
Time in doyt 

Figure 7. Absorption of calcium at 20 deg 
C by flyash Bamples 13, ik and 15 (3 gm 

sasiples). 

15 20 25 30 
Time in days 

Figure 8. Absorption of calcium at hO deg 
C by flyash samples 10. 11 and 12 (3 gm 

samples). 
lions f o r the in i t i a l up-take of calcium. Possibly i t is due to an ion exchange reaction, 
such as calcium ions replacing other ions in the f lyash. Another possibility i s that i t 
is due to charge deficiencies that exist with the flyash as a consequence of i t non-crys­
talline glassy nature. 

The influence of temperature on the rate of absorption of Ca(OH)2 by the flyashes 
was very pronounced with a l l flyashes. In a l l cases, after in i t i a l reactions, the rate 
of absorption increased with temperature. After examining these figures, i t is obvious 
that the pozzolanic reaction or reactions observed were endothermic reactions, that is, 
f lyash Ca(OH)2, and H2O pozzolanic reaction products. Increasing the amount of heat 
drives the reaction faster to the r ight . This increase in reaction rate due to an increase 
in temperature has been termed the Arrhenius effect (6). 

It w i l l be noted that the periods of in i t i a l and negative absorption decrease as the 
temperature increases. At 60 deg C very 

„ short periods of negative absorption were 
observed. Neither in i t i a l reactions or neg­
ative absorptions were evident during the 
80 deg C test period. A l l curves at 80 deg 
C have the same shape and the maximum 
ordinates are essentially the same. High 
temperature results are of l i t t le use fo r 
the selection of desirable pozzolans be­
cause of the rapidity of the reaction. 

-

— 0 
* 13 

1 1 1 1 1 1 

10 15 20 25 30 
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35 40 45 
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Figure 9. Absorption of calclxmi at 1+0 deg 
C by flyash samples 13. l ^ ^ and 15 (3 gm 

saniples;. 

The curves shown in Figure 14 i l l u s ­
trate the over-a l l effect of the temperature 
range used on the six flyashes studied. 
Because of the in i t i a l reactions and solu­
b i l i ty effects observed, the times given 
f o r one-half of the original Ca(0H)2 
concentrations to be depleted are not 
true half ILfes. By means of Figure 14 
i t is possible to estimate the effect of 
temperature on the pozzolanic reaction 
for the flyashes beyond the range of tem­
perature used in this study. Relatively 
speaking, l i t t le was gained by raising the reaction temperature above 50 deg C. However, 

_ n U 0 0 0 

-
n a ' »>• — 

^ 1 0 
— 8 — 0 — ^ 

J 1 1 L _ 1 
20 25 30 

Time in days 
35 40 45 

Figure 10. Absorption of calcium at 60 
deg C by flyash samples 10, 11 and 12 

(3 gm saarples). 
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Figure 11. Absorption of calcium at 6o 
dfig C by flyash samples 13, I't and 15 

(3 gm samples). 

15 20 25 30 35 40 45 
Time in dayt 

Figure 12. Absorption of calcium at 80 
deg C by flyash samples 10, 11 and 12 

(3 gm sanqples). 

between 20 and 50 deg C the influence of temperature on the reactions was quite notice­
able. Only at temperatures less than 50 deg C was i t possible to distinquish between 
the flyashes f r o m their absorption rates. The curves shown in Figure 14 asymptoti­
cally approach time inf ini ty as the temperature decreases below 20 deg C. For p rac t i ­
cal purposes, at temperatures below 20 deg C most of the flyashes can be assumed to 
be almost non-reactive. 

Compressive strengths of l ime-flyash mortars at 60 deg C using four of the six f l y ­
ashes are shown in Figure 15. The strength differences between the flyashes at this 
temperature are more pronounced than at 20 deg C ( F i g . 4 ) . F rom the figure i t is 

noted that samples 10 and 11 are respec­
tively the most satisfactory and the most 
unsatisfactory pozzolans; this is also the 
case when the mortars were cured at 20 
deg C. Unlike the compressive strengths 
at the 20 deg C curing temperature, a l l 
samples reached about 90 percent of their 
strengths in about seven days. From F i g -

is 20 25 30 35 40 45 

Time in doys 

Figure 13. Absorption of calcium at 80 
deg C by flyash samples 13, l'*- and 15 

(3 gm santples). 

ures 10 and 11, i t can be seen that the 
major portion of the lime absorption oc­
curred within the f i r s t ten days. The 
rates of in i t ia l strength gains correspond 
with the rates of in i t ia l calcium absorption 
for each flyash. However, the maximum 
ordinates of the absorption curves are 
nearly the same, due to calcium depletion 
whereas the maximum ordinates of the 
compressive strength curves are consider­
ably different . Hierefore, i t i s evident that there i s a relationship between the ab­
sorption of lime and the compressive strength, but the total strength development of 
lime-pozzolan mortars is dependent on factors in additions to the pozzolanic reaction. 

INFLUENCE OF PARTICLE SIZE ON THE REACTION 

The influence of particle size on the reaction was studied by using material passing 
the number 200 sieve (0.074 mm) and the number 325 sieve (0.044 mm) f r o m flyashes 

50 SO 70 so 90 100 110 ItO 130 HO 
T I m t In d d y » 

Figure ik. Effect of temperature on time 
required for one-half of Ca(0H)2 to be 

absorbed. 
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Figure 15. Uaconflned compressive 
strengths of four flyash mortars with 8 
percent Ca.(,aE)^ cured at 60 deg C (^). 
Strengths ere tor 2 In. diameter by 2 i n . 
specimens at near standard Proctor density 
which were moist cured at 60 deg C for 
indicated times, then immersed i n water 

Zh hours before testing. 

The major i ty of the larger particles i n 
flyashes are composed of unburned coal 
and coke which is reported as loss-on-
ignition in Table 4. From this table the 
decrease in organic content with grain size 
is very evident. The larger flyash p a r t i ­
cles are not very active. Also, the larger 
particles have low specific gravity, less 

10 and 11 . Flyash 10 was used because 
a l l tests indicated i t was the most reactive 
flyash of the six tested, whereas flyash 11 
was used because a l l tests indicated i t was 
unsuitable as a pozzolan. Ca(0H)2 solu­
tions used at each temperature were of 
equal concentrations. Three gram samples 
were used. 

Figures 16 and 17 are two sets of curves 
given to illustrate the influence of particle 
size on Ca{ OH) 2 absorption at a given tem­
perature. Practically speaking, there was 
l i t t le difference between the rates of ab­
sorption and the maximum amounts of ab­
sorption f o r the different fractions at a 
given temperature. 

An increase in reaction rate with i n ­
creasing surface area was not evident in 
these tests; this may be explained on the 
basis of another property of the flyashes. 

« 16 

o » 

l o 
u 
•S 4 

- jv-O-*' " ~ ° 

1 

1 Total tomple 
2 Passing no 2 0 0 
3 Passing no. 32 5 

- J 1 1 1 1 

sieve 
sieve 

J 1 
15 20 25 

Time in days 
30 35 40 45 

116 

r 
1 Total somple 
2 Passing no. 200 sieve 
3 Potsing no 32 5 sieve 

Figure l 6 . Influence of grain size of 
flyash sample 10 on calcium absorption 

at 1̂ 0 deg C. 

than 1.0. Hence, there was l i t t le change 
in the amount of active surface area p re ­
sent when the particle size samples used 
were compared on the basis of weight. 
Although the presence of organic material 
had l i t t le effect on the chemical activity 
of the flyashes, there is reason to believe 
that i t influences the compressive strength 
results; this w i l l be discussed later . 

INFLUENCE OF THE U M E -
FLYASH RATIO 

The influence of the l ime-f lyash ratio 
on the reaction was studied by decreasing 
sample weights one-half while keeping 
Ca( OH) 2 concentrations constant. The 

curves obtained had essentially the same characteristicsasthe 3gram sample curves. 
However, at any t ime interval, the amount of Ca(OH)2 absorbed per gram by the 1̂ /2 
gram samples was nearly twice that absorbed by the 3 gram samples. Hie influence 
of concentration on the reaction w i l l be discussed on the basis of diffusion later in th i s 
report . 

Time 

Figure 17. Influence of grain size of 
flyash sample 11 on calcium absorption 

at kO deg C. 
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T A B L E 4 

INFLUENCE O F P A R T I C L E SIZE ON LOSS-ON-IGNITION 

Percent increases in compressive 
strengths due to doubling the amount of 
Ca(OH)2 at two temperatures are shown 
in Tables 5 and 6. At 20 deg C negative 
values were obtained f o r some of the 7 and 
14 day test periods. This probably indi ­
cates that cementation had not taken place 
to a significant extent during the test period 
and that the Ca( OH) 2 decreased the shear 
strength by acting as a lubricant during the 

in i t i a l period. Although a l l of the 45 daypercenta^e increases in compressive strengths 
are positive they are erratic and do not correspond to the increases in absorption. The 
compressive strengths of the l ime-flyash mixtures increased with increasing amounts 
of Ca( OH) 2, but the amount of increase was dependent on other factors in addition to 
absorption factors. 

Size Fraction Percent Loss on-lgnition 
Finer Hian Flyash 10 Flyash 11 

0.420 mm 3.20 27.67 
0.074 mm 2 34 19.55 
0.044 mm 2.11 10.32 

REACTION PRODUCTS 

Af te r flyash samples had been tested by means of the absorption test procedure, 
they were removed f r o m the solutions. 
The solid material was f i l t e red f r o m the 
solutions and dried in the presence of 
barium hydroxide to prevent carbonation. 
Af te r being dried, the flyash samples 
were subjected to optical, differential 
thermal analysis and x- ray diffract ion 
procedures in order to determine the 
nature of the reaction products formed. 

T A B L E 5 

P E R C E N T INCREASE IN COMPRESSIVE STRENGTH A T THE 
END O F VARIOUS T E S T PERIODS DUE TO INCREASING 

Ca(0H )2 CONTENT FROM 2 TO 4 P E R C E N T AT 
20 AND 60 D E G C (5) 

Flyash 
Sample 

No. 

Percent Increase in Compressive Strength 

20 Deg C 60 Dee C 

Test Period, Days 
14 28 45 

Test Period, Days 
7 14 28 45 

10 
11 
12 
15 

-31.1 24.7 
0.8 2.7 

-51.2 0.2 
4.3 7.5 

41.6 
2.2 
6.2 
6.3 

62.0 
15.1 
47.2 
25.8 

41.6 
43.3 
44.1 
15.7 

54.4 56.7 19.8 
38.0 45.2 36.4 
49.1 36.5 46.1 

6.3 23.3 15 5 

I i I 
treatment 
treatment 

I I 
otter CoR)H 

—before Co 

14 13 12 10 9 8 7 
2 6 in d e g r e e s 

Figure l 8 . X-ray spectrometer curves for 
flyash samples used i n the absorption 

t e s t s . 

No differences between treated and un­
treated samples could be ascertained by 
the use of the petrographic microscope. 
Previous research i n the f i e l d of cement 
chemistry has also indicated that petrographic techniques are of l i t t le value fo r this type 
of work because of the small amounts of reaction products and their minute colloidal 
size. 

For the most part, the differential thermal analysis results were not as satisfactory 
as the x- ray diffract ion results. The presence of unreacted flyash in the absorption 
samples part ia l ly masked the peaks of the small amounts of reaction products. Also, 
the lack of established data about the reaction products as determined by this method 
tended to l i m i t the applications of the apparatus. 

X - r a y diffract ion patterns of the Ca(OH)2 treated fljrash samples were compared 
with patterns f o r untreated samples. A l l samples were treated with ethylene glycol 
before x- ray examination. 

Flyash samples that had been exposed to Ca(OH)2 in solution f o r 365 days at 20 deg C 
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yielded x- ray diffract ion patterns that indicated a reaction product. The significant 
peaks obtained for the six fljrashes tested are shown in Figure 1 8 . The dotted lines 
indicate the x- ray diffract ion pattern obtained f r o m untreated samples of the same f l y ­
ash. From the f igure, i t i s obvious that a reaction product was formed and that i t is 
crystalline, as shown by the definite peaks indicating an orderly arrangement of atoms. 
Two distinct spacings are shown in Figure 1 5 , one at 1 2 . 6 A and another at 1 2 . 3 A ; 
these spacings may be transitional as evidenced by the broad peaks obtained f r o m sam­
ples 1 1 and 1 2 . In addition to the peaks in Figure 18 , faint peaks were obtained for 
samples 1 0 and 1 4 at 29 deg. This corresponds to a spacing of about 3 . 0 8 A - Carbonate 
peaks that were obtained f r o m the untreated samples were not obtained f r o m the treated 
samples. Ca(0H)2 peaks were not obtained f r o m the x-ray diffract ion of the treated 
samples. 

The x- ray diffract ion pattern obtained 
TABLE 6 lor the 365 day samples is s imilar to the 

PERCENT INCREASE IN COMPRESSIVE STRENGTH AT THE two major peaks of calcium silicate hydrate 
END OF VARIOUS TEST PERIODS DUE TO INCREASING j . s n a o i n j s o f t h i s o n m n o u n d a r p ffivpn 

ca(OH). CMNTENT FROM 4 TO 8 PERCENT AT ^' ^tte spacmgs 01 tnis compouno are given 
20 AND 60 DEG c (5) ui Table 7. Calcium silicate hydrate I has 

been studied and reported by several 
Flyash 
Sample 

No. 

Percent increase m Compressive Strength 
Flyash 
Sample 

No. 
20 DeK C 60 Deg C 

Flyash 
Sample 

No. 
7 

Test Period, Days 
14 28 45 

Test Period, Days 
7 14 28 45 

10 
11 
12 
15 

-3.7 
-4.5 
8.6 

60.8 

-10.8 6.0 11.0 
9.8 15.8 30.0 

34.4 12.5 18.2 
32.0 33.4 40.3 

6.9 17.6 19.0 36.6 
11.7 21.2 17.7 27.3 
25.4 34.4 78.0 86.0 
45.9 39.9 39.6 73.1 

investigators in connection with portland 
cement hydration products ( J , 1 1 ) . I t is 
frequently observed at temperatures below 
100 deg C with various molar ratios of 
CaO to Si02 ( 2 ) . The diffuse scattering 
of x-rays by calcium silicate hydrate I has 

T A B L E 7 
POWDER X - R A Y DIFFRACTION PEAKS FOR 

CALCIUM SILICATE HYDRATE I (J^) 
0 

d l^acings in A Relative Intensity 
9-14 (highly variable) 10 
3.06 10 
2.81 8 
1.83 8 
1.67 4 
1.53 2 
1.40 4 
1.17 1 
1.11 2 
1.07 1 

been attributed to water. Previous research indicates that i t i s a layer type mineral 
s imi lar in structure to montmorillonite and other swelling clay minerals ( 2 ) . The 
basal reflections vary with the amount of water between the layers. Treatment of the 
samples with ethylene glycol permits a shift in the C-dimension of the mineral due to 
the absorption of the organic molecules between the individual layers. This usually 
results in sharper x- ray diffract ion peaks. 

Examination of x- ray diffract ion patterns f o r the flyash samples f r o m the higher 
temperature absorption tests did not reveal a crystalline reaction product. Also, r e ­
action product peaks were not observed in the diffract ion patterns f o r 2 0 deg C absorp­
tion samples that were removed f r o m the Ca(OH)2 solutions at 45 days and less. A l l 
absorption test results indicated that the reaction period f o r most samples was over at 
the end of 4 5 days. Furthermore, normally imder hydrothermal conditions, crystals 
grow in thickness with time and the largest crystal growths occur, though more slowly, 
at ordinary temperatures. Hence, i t appears that a crystalline product did not f o r m as 
the reaction proceeded and that the crystalline product developedfromanon-crystalline 
reaction product. This Intermediate product i s probably a gel. Aside f r o m the existence 
of regular atomic order in the calcium silicate hydrate crystal l i tes, there probably is 
l i t t le difference between the crystall i tes and the amorphous gels. According to Bemal 
(2), the size of the particles that make up some classical gels are well within the range 
of the calculated dimensions of calcium silicate hydrate I . 

FACTORS AND MECHANISM OF THE REACTION 

The presence of cementitious reaction products was proved indirectly by the com­
pressive strength tests and the absorption tests. Apparently the compressive strength 
of l ime-f lyash mortars is dependent on the amount and number of contacts of the ce­
mentitious mater ia l . The presence of coke and other organic, non-reacting materials 
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K CONSTANTS FOR FLYASH SAMPLES 

1 1 

prevents contacts of the cementitious ma­
te r i a l that fo rms on the surface of the poz-
zolan and may be a gel that later fo rms a 
cyrstalline product. 

H the desired cementitious product fo rms 
on the surface, i t follows that in order f o r 
any more reaction product to be formed, 
the necessary calcium must pass through 
the reacted layer to react with the enclosed 
pozzolan. Thus, the mechanism of the 
pozzolanic reaction is one of simultaneous 
diffusion and chemical reaction of the cal ­
cium . The activity of the reacting material 
i s l imi ted by the rate of diffusion of calcium 
through the reaction product. 

The mathematical theory of diffusion in 
isotropic substances, according to Crank 
( 4 ) and Bar re r (_1) , i s based on the hypo­
thesis that the rate of diffusion t h r o u ^ a 
unit area of section is proportional to the 
concentration gradient normal to the sec­
tion, that is , dQ p. £ where dQ is the 

d f " " " x dt 
rate of transfer per unit area of section, 
c is the concentration of the diffusing sub­
stance, X is the space coordinate measured 

normal to the section, and D is called the diffusion coefficient. 
I t i s assumed that the ra te- l imi t ing step is diffusion of calcium through the reaction 

zone. Hie reacting material i s assumed to be in the f o r m of a sphere. I t i s also as­
sumed that the thickness of the reaction zone is negligible in comparison to the diameter 
of the reacting material so the surface can be considered a plane, and the following 
mathematical development can be made. 

Ryash 
Sample 

No. 

Solution 
Temperature, 

deg C 

Constant K x 10' 
cm'/day/gm/liter 

3gm Sample iVi gm Sample 

10 20 5.88 16.52 
40 7.37 21.50 
60 9.80 37.40 
80 14.15 55.40 

11 20 1.43 3.25 
40 3.02 9.60 
60 6.10 20.60 
80 8. S3 27.60 

12 20 3.43 7.64 
40 4.66 16.00 
60 6.40 20.90 
80 9.10 25.60 

13 20 0.00 0.00 
40 4.91 19.58 
60 9.98 24.90 
80 12.00 31.00 

14 20 3.48 14.45 
40 5.18 18.20 
60 8.05 32.50 
80 11.25 49.80 

15 20 3.95 14.10 
40 7.02 18.45 
60 9.98 29.80 
80 14.03 49.10 

Let 

If 
then 

X = 
Q = 
V = 
c = 
Cb = 
R = 

X = 

thickness of reacting zone 
amount of Ca(OH)2 which has reacted/unit area 
molar volume of the product 
concentration of Ca(OH)2 at any time 
in i t i a l concentration of Ca(OH)a 
total amount of Ca(OH)2 reacting 
specific surface of solid 

QV 

dQ 
dt 

D C DC 
= — = • 

X QV 
The amount removed by reaction w i l l be V (Co 

V (Co - C) = a QS 

where a i s a "rat io of small whole numbers." Hence 

C = C o - - 5 ^ = C o - p Q 

where p = a ^ 

C ) . By reaction stoichiometry 

hence dQ 
dt 

thus D t 
V 

D ( C o - PQ) 



12 

Expanding the equation by M a c L a u r i n ' s power s e r i e s the equation becomes 

_ _ _ _ | ^ 0 + / 2 ^ - c ^ ^ - j + +^Co>/ n ^ 

H _ P Q i s l e s s than 0.1 then a l l t e r m s greater than the th ird t e r m a r e negligible. 
Co 

Then Dt 
V 

and Q 

If K = 

and R = 

2Co 

(t) 

The following relationship i s obtained 

R = K S (t) ^' 

Assuming that the reacting part ic les are spher ica l in shape and heterogeneous, the 

following equation may be used for the specif ic surface . 

^ " 4-irr^X X r 
3 

where Y and r a r e , respectively, the specif ic gravity of the mater ia l and the mean 
radius of the reacting matter. Hence, the following relationship can be obtained 

R = 3K(t ) '^ ' 

T h i s equation i s va l id only for c a s e s where the concentration i s high. The K values 
given in this report are for the in i t ia l portion of the reaction. The relationship for the 
lower concentrations can be developed using the adjustable parameters p and D 
instead of K . 

Absorption data for the f lyashes in Ca( OH) 2 solutions satisf ied the relationship 
given previously since l inear plots of R v e r s u s ^ t ~ were obtained until the concentra­
tion of C a ( O H ) 2 dropped to about 0.1 g m / l i t e r . F r o m the slopes of these plots, average 
values of K were calculated. The K values obtained for the f lyash samples are given 
in Table 8. 

The K values indicated a r e not diffusion coefficients, but they do indicate the trend 
of the diffusion coeff icients . It w i l l be noted, f rom Table 8, that the rate of diffusion 
increases with temperature. The relationship 

log KCo = C i + ^ 

where T i s the absolute temperature, may be used to express the influence of temper­
ature on the rate of diffusion. Secondly, the rate of diffusion was increased by d e c r e a s ­
ing the amount of reacting sample while keeping the concentration of the Ca( OH) 2 
constant. 

It w i l l be further noted that the better f lyashes , a s determined by the other tests , 
also give the higher K values . Probably, this resu l t s f rom the fact that there i s 
normally more reactive mater ia l in these san9>les and they have a higher specif ic 
surface a r e a . 

C O N C L U S I O N S 

The rate of compress ive strength development by l lme- f lyash mortars i s direct ly 
related to the rate of l ime absorption of the f l yash . The greater the rate of l ime ab-
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sorption, the greater the rate of compress ive strength development. The rate of l ime 
absorption i s l imited by the rate of diffusion of the ca lc ium through the reaction p r o ­
duct. The rate of diffusion, which i s increased by increas ing the temperature and the 
l ime concentration, v a r i e s with the type of f lyash used. At temperatures l e s s than 
20 deg C most f lyashes may be considered non-react ive. 

The source of the strength of l ime- f lyash mortars i s the reaction products thatform 
as the result of the pozzolanic reaction. F r o m x - r a y diffraction studies, it appears 
that a crystal l ine product does not f o r m at f i r s t , but develops f r o m a non-crystal l ine 
reaction product. The in i t ia l product i s probably a gel . Hie f ina l crystal l ine product 
i s believed to be ca lc ium si l icate hydrate I , a reaction product that has been found in 
set Portland cement pastes . 

Unbumed organic mater ia l that i s found in most f lyashes i s nonreactive with ca lc ium 
hydroxide and its presence seems to indicate a f lyash of coarse grain s ize in both the 
organic and inorganic phases . Since the total mortar strength developed depends on 
the number of contacts of the cementitious reaction products, the organic mater ia l 
breaks the continuity of this system and thus decreases the total strength. 
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Discussion 
Z . C . MOH, Massachusetts Institute of Technology — In the past few y e a r s considerable 
increase in the interest in using pozzolanic mater ia l s , both natural and synthetic, has 
led to the recognition of the importance of understanding the nature of the pozzolanic 
activity and the reaction products. The authors have made an important contribution 
in this respect . However, some of the conclusions described in the paper seem to be 
somewhat inconsistent with the data presented. The wri ter wishes to d i scuss these 
inconsistencies . 

The authors interpreted the products of the reaction between lime and f lyash after 
one year a s ca lc ium si l icate hydrate I ( C S H - I ) based on their x - r a y diffraction pattern. 
However, the evidence, a s shown in F igure 18 ,o i s not conclusive. The x - r a y patterns 
revea l only the presence of one l ine, the 12.6 A l ine,which i s onlyo one of thegstrong 
l ines of C S H - I (Table 9 ) . The two strongest l ines of C S H - I , 3.06 A^and 2.80A {15j 
16,_19), are not present in the authors' data. Furthermore , the 17.3 A of f lyash 
No. 10 does not correspond with any ca lc ium si l icate hydrate pattern reported in the 
l i terature . Moreover, C S H - I has a v e r y large exothermic peak at about 830 to 900 deg 
C on the D T A pattern ( 1 7 ) . The authors did not indicate such. 

According to B o g u e T l S ) , Taylor {19), and others, the calc ium si l icate hydrates 
formed in a lime solution of concentration wel l below saturation are low in l ime . If 
one accepts the authors' interpretation of the end products a s C S H - I , this naturally 
would be the low l ime hydrous s i l icate , that i s , CaO- SiOs aq. The maximum lime ab­
sorption after one year at 20 deg C , a s reported in the paper, was 2 .5 gm Ca(0H)2 /gm 
of f lyash x 10* ( f lyash No. 10 in F i g . 2 ) . T h i s value i s equivalent to 0.0189 gm 
C a O / g m of f lyash . With CaO-to-Si02 ratio of one, this means only 0.0435 gm/gm of 
the f lyash was reacted ( f lyash No. 10 has 43.4 percent SiOs); that i s , only 4 percent 
of the pozzolan participated in the reaction in a period of one year . Furthermore , in 

the authors' experiments the f lyash was 
prevented f rom cementation. Hie total 
surface a r e a exposed to the reaction would 
undoubtedly be much greater than that in a 
compacted l ime- f lyash mortar . In other 
words, if the experiments described rea l ly 
represent the type of reaction postulated 
by the authors in a l ime- f lyash mixture, it 
i s inconceivable that such a s m a l l percentage 
of reactants was able to bind a l l the fine 
part i c l e s providing f a i r l y high compress ive 
strength. (Although there are no strength 
data of mixtures with 2 to 4 percent l ime 

T A B L E 9 

X - R A Y DIFFRACTION PATTERNS O F CALCIUM S I U C A T E I 

0 Relative 
References d Spacing m A Intensity 
Taylor (,15) 10.0 - 11.5 Strong 

3.03 Very strong 
2.80 Medium strong 
1.81 Medium strong 

Bogue (,19) 13.72 100 
3.06 100 
2.80 100 

Bemal ( J ^ ) ' 10 - 15 7 Bemal ( J ^ ) ' 
3.1 10 
2.8 9 

'Interpreted from ime diagram. presented in the paper, however, it can be 
deduced f r o m Figure 4 and from Tables 5 

and 6 that the one-year strength of such mixtures would be fa i r ly high.) 
F u r t h e r m o r e , the decreases in strength (20 deg C) at 7 and 14 days by increasing 

the ca lc ium hydroxide contents in the mixture ( T a b l e s 5 and 6) contradict the absorption 
data d iscussed. The increase in absorption by l ime at a l l curing ages would indicate to 
the wr i t er an increase in the total amount of reaction product at a l l curing ages. Hence, 
higher strength would be expected—as stated by the authors: "The strength of l i m e - f l y ­
ash m o r t a r s i s dependent on the amount and number of contacts of the cementitious 
m a t e r i a l s . " Therefore , it seems l ikely that the absorption test i s not adequate to a c ­
count for the proposed mechanism. 

The authors explained the reaction rate on the bas i s of diffusion. It i s c l ear ly stated 
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by the authors that rate of diffusion i s a function of Ca(OH)g concentration. Therefore , 
at higher l ime content the rate of calc ium ion diffusion i s faster; the reaction rate be­
tween lime and f lyash should then be fas ter . In other words, the strength development 
should also be faster at high l ime content than at low l ime content, but the data in Tables 
5 and 6 do not agree with this explanation. 

The negative absorption and also the init ial absorption at temperatures above 20 deg 
C cannot be sat isfactori ly explained by exchange reaction or due to soluble components 
of the f lyash as stated by the authors. Otherwise, the conductivity measurement would 
not represent the l ime concentration in solution and definitely would not agree with t i ­
tration data if titrations were c a r r i e d out at those ages. The r e v e r s e absorption phe­
nomena may be explained by the view of uneven distribution of ions on the f lyash p a r t i ­
c l e s a s described for cements (_18). 

The majority of large part i c l e s in f lyashes are composed of tmburned coal and coke 
which generally have little effect on the chemical reactivity of the pozzolans, as stated 
by the authors. Yet , a s shown in F igure 6, Sample No. 10 has a pronounced negative 
absorption by using the entire sample, while the No. 200 and No. 325 fract ions ex­
hibited positive absorption (the sample has 93 percent passing No. 325) . It would seem 
that a more plausible explanation for this difference of 8 gm of Ca(OH) 2 absorption per 
gm of f lyash x 10^ i s due to the s m a l l percentage of the coarse fract ion. 
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R . J . L E O N A R D and D . T . DAVIDSON, C l o s u r e - A l t h o u g h M r . Moh's discussion does 
not make known any new information about the l ime- f lyash pozzolanic reaction, it i s 
appreciated for it offers the authors an opportunity to c lar i fy and d iscuss further some 
of the major points of their study. 

Although x - r a y spectrometer curves were obtained for the absorption test f lyashes 
for a ,range of 26 of 2 to 100 deg, only that portion showing the interesting peaks at 
1 2 . 6 A and 1 7 . 3 ^ were shown in F igure 14. The other significant peaks that were ob­
served at 3 . 0 8 A and 2.81 A were reported in the text of the paper. The data for 
CSH(I) reported in Table 7 of the paper a r e more recent than that presented by M r . Moh 
and it may be significant to give D r . L e a ' s addendum to these data, "This i s the data for 
the poorly crysta l l ine mater ia l . The long spacing can v a r y considerably and may also 
be imdetected." It should be noted that the peaks appear to be transitional; this i s 
part icu lar ly evident with sample 11. Sample pretreatment and the s m a l l amount of r e ­
action product available in any part icu lar sample probably play major r o l e s in the 
location of the f i r s t peak. On the bas i s of the evidence of the 12.6 A to 17.3 A peak and 
the presence of the second peaks it seems reasonable to identify one of the reaction 
products a s CSH(I) . 

The s ize of the D T A exothermic peak at about 830 to 900 deg C reportedby Kalousek 
(22) for C S H ( I ) i s a function of the m a s s of this reaction product. Since only a s m a l l 
amount of reaction product was available for each f lyash s a n ^ l e this affected the D T A 
resu l t s . Peaks were observed at 830 to 900 deg C , but they were not very significant. 
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A l s o , the large amounts of unbumed carbonaceous mater ia l in some of the f lyashes 
caused some drift despite the fact that a nitrogen atmosfphere was used in the furnace . 
In addition to Kalousek's (22) work, Greenberg (21) and others have done D T A work 
on C S H ( I ) ; however, most r e s e a r c h e r s pre fer the use of x - r a y diffraction procedures 
for the examination of crysta l l ine minera l s of this type. None of these reports include 
information on the reaction of line with f lyash and the resulting products; also most of 
the reports dealt with pure mixtures of Ca(OH)2 with s i l i c a gel or minera l s that had 
been e^Qiosed to solutions of high concentrations of Ca(OH)2 for long periods of t ime. 

At the 38th Annual Meeting of the Highway R e s e a r c h Board, Benton (JO) of the 
Bureau of Reclamation, presented some information on the reaction products of poz-
zolans. M r . Benton indicated that there were two reaction products of the l ime- f lyash 
reaction, one product i s C S H ( I ) and the other i s a calc ium-alumino-hydrate . The 
latter product may or may not contribute to the strength of the l ime- f lyash mixture. 

The l ime-absorption reported in F igure 2 should not be misconstrued to be the 
maximum amount of Ca(OH) 2 that these f lyashes can possibly absorb in that length of 
t ime and at that temperature. The curves shown in F i g u r e s 2 and 3 represent the 
amounts absorbed f r o m an original Ca(0H)2 solution of slightly l e s s than saturated 
concentration. At 20 deg C a saturated Ca(OH)a solution i s 0.165 gm per 100 gm of 
water (23). The concentrations of the solutions used were kept below the saturated 
concentration because of the presence of soluble constituents in the f l jrashes. Any p r e ­
cipitation of ca lc ium in the solution would make the absorption test meaningless. 

Since the pozzolanic reaction i s between calc ium and the reactive constituents that 
occur on the surface of the f lyash part i c l e s , total exposure of the f lyash surface a r e a 
i s necessary for the absorption test resu l t s to be s i ^ i f i c a n t . Although No. 10 f lyash 
has 43 .4 percent SiOs not a l l of this Si02 wi l l be available for immediate reaction. 
The amount reacted for a part icu lar pozzolan wi l l be dependent on the surface a r e a of 
the f lyash , the rate of diffusion of ca lc ium through the reaction product that f o r m s on 
the surface of the par t i c l e s and the availabil ity of ca lc ium in the sys tem. L e a (24) , 
among others, has estimated that under normal conditions a pozzolan wi l l not react in 
a year with more than about 20 percent of i ts weight of l ime . 

Due to concentration res tr ic t ions only a s m a l l amount of the f lyash was reacted in 
the absorption tests , nevertheless , there was enough ca lc ium present to cause cemen­
tation of the p a r t i c l e s . The samples were s t i r r e d to prevent this cementation f r o m 
forming aggregates. Some of the f lyashes have enough calc ium to provide significant 
compress ive strength without the addition of l ime . 

M r . Moh has confused the t e r m mechanism; it i s not c l ear whether he means 
chemica l or mechanical mechanism. The authors sought to explain the chemical 
mechanism of the pozzolanic react ion. B y the use of absorption tests and x - r a y spec­
trometer methods the chemical react ions were investigated. H there were no reactions 
that produced the cementitious mater ia l there would be no strength development, hence 
the importance of the chemica l mechanism should be obvious. 

D i e r e are var ious phys ica l factors in addition to the chemical factors that affect the 
development of compress ive strength. Hie strength of l ime- f lyash mortars i s depend­
ent on the amount and number of contacts of the cementitious mater ia l ; therefore, any­
thing that affects either the amount or number of contacts wi l l affect the strength. 
P h y s i c a l effects such a s the depletion of l ime at certain points in the mortar , or an 
excess of l ime may even prevent the cementitious mater ia l f r o m making contact; these 
factors may a r i s e f r o m inadequate mixing of the m o r t a r s . Non-reactive mater ia l may 
prevent contact of the cementitious mater ia l . Density i s another phys ica l factor that 
may affect the strength (26 ) ; increasing the density of the mortar increases its c o m ­
pres s ive strength. However, despite the phys ica l effects it seems reasonable there 
must be a relationship between the chemical reactions and the strength development of 
the l i m e - f l y a s h m o r t a r s . 

H i e rate of compress ive strength development of l ime- f lyash m o r t a r s at ordinary 
temperatures generally i s low init ial ly, then the strength development i s rapid and 
f inal ly the rate decreases significantly, but the strength continues to increase; this was 
shown tn F igure 4 of the paper. The rate of absorption of f lyashes in Ca(OH)i solutions pro­
ceeds in the same manner. The rapid increase in s tre i^th i s due to the cementitious 
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mater ia l produced by the l ime- f lyash reaction, and the decrease in compress ive 
strength i s due to the local depletion of l ime and limitation due to the diffusion of c a l ­
c ium through the reaction products. By increasing the concentration of the l ime the 
rate of strength development wi l l be increased after the init ial period, but the rate of 
strength development wi l l not be exactly the same as the rate of absorption. T h i s i s 
due to the phys ica l factors that are not involved in the absorption tests . It was noted 
in the paper that f lyashes having a high rate of ca lc ium absorption also have a high 
rate of compressive s tre i^th development. Therefore , the correlat ion between the 
rate of absorption and the rate of s tre i^th development must be made on the bas i s of 
standardized tests if it i s to have interpretation meaning. 

The negative absorption can be sat isfactori ly explained by the presence of soluble 
components in the f lyashes . The presence of ca lc ium compounds in the f lyashes w i l l 
be noted in the chemical analys i s of the f lyashes given in Table 2 of the paper. Some 
of the f lyashes possess enough soluble ca lc ium to be weakly cementitious without the 
addition of l ime . The solubility of these f lyash compounds i s of little importance to 
the pozzolanic chemical mechanism<- The inconsequental init ial absorption values may 
be due to charge deficiencies that are associated with g lasses , or other phenomena; 
they do not enter into any of the calculations. L e a (24) chooses to ignore the init ial 
reactions in h i s studies. 

F r o m the phys ica l data given in Table 4 and the discussion given in the paper it 
should be obvious that the minor differences are due to the coarse fraction; the major 
role of the coarse fraction, containing the majority of the unbumed coal and coke, i s 
not in the chemical reactivity of the pozzolans, but in the phys ica l factor of preventing 
the contact of cementitious mater ia l . The presence of unbumed coal and coke also 
generally indicates a c o a r s e r f lyash and hence a lower specif ic surface . 
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Impact of Stabilization of Loess with 
Quicklime on Highway Construction 

W. B R A N D , Head, Soil Research Laboratory, National L i m e Associat ion of Germany 
and W. S C H O E N B E R G , Head, Autobahn-Neubauamt Northeim, Germany 

The poss ibi l i t ies of improving the properties of highly 
water-sensit ive loess through the addition of quicklime 
( C a O ) a r e discussed. Results of laboratory tests are 
given to show the influence on the mechanical and p h y s i ­
c a l propert ies of the so i l through the addition of l ime . 
Tliese include the modification of grain s ize distribution 
(coagulation), modification of plasticity, change in c o m ­
paction character i s t i c s , and influencing of water absorp­
tion capacity and dependent strength propert ies . Addi ­
tion of 3 percent by weight of CaO improves the soi l so 
that a new and better construction mater ia l re su l t s . 

Improvements in construction progress result by u s ­
ing l ime stabilization. Whereas construction work a s a 
rule would have to be stopped during periods of ra in , 
building activit ies can be continued during such periods 
when l ime i s used. The cost of l ime stabilization i s only 
a fract ion of the losses \rtiich resul t f rom such delay. 

Use of l ime stabilization has resulted in an increase of 
quality, building progress , and efficiency in the case of 
the road construction work done on the section of the 
Northeim-Hannover, Autobahn. 

• I T HAS B E E N N O T E D that major earth construction diff iculties are e3q)erienced in 
loess a r e a s when this v e r y water sensitive soi l changes to a liquid state through p r e c i ­
pitation or through a water bearing stratum. The haul roads become impassable and 
also expert placing and compacting of the overly wet loess into embankments i s no 
longer poss ible . 

A rad ica l solution consists in removing such so i l s and replacing them by some other 
suitable mater ia l . But this solution i s a s uneconomical a s it i s technically unsat i s fac­
tory even if such mater ia l s a r e available in sufficient quantity close to the construction 
site . If such a substitution cannot be made, another solution must be found in any c a s e . 

F o r the construction of the section Northeim-Seesen of the North-South Autobahn 
f r o m Hamburg to Goettingen, the local loess has improved and stabilized with l i m e . 
The following i s a report on the experience gained on this job. 

G E O L O G I C A L S U R V E Y O F T H E J O B S I T E 

The Autobahn section Northeim-Seesen runs through the foreland of the Harz which 
i s a hi l ly country. The h i l l s belong to the T r i a s s i c and J u r a s s i c formations. The lower 
plains , where the Autobahn runs entirely, are covered by immense loess deposits with 
underlying mar ly c l a y s . 

P R O P E R T I E S O F T H E R A W S O I L 

Based on test resu l t s , the properties of a so i l sample, typical for the above-men­
tioned job s i te , are described in the following: 

Table 1 shows the chemical and mineralogical composition of the tested so i l . 
F igure 1 shows the grain s ize distribution. According to this the tested loess i s 

almost s ingle-s ize s i l t . It should be noted that the raw so i l contains 15 percent of c lay 
minera l s (Tab le 1) although s ize fraction "clay" amounts to 6 percent only. 

18 
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CHEMICAL AND MINERAL COMPOSITION 
O F THE RAW SOIL 

Percent Percent 
Constituent by Weiglit Constituent by Weight 

Chemical Mineral 
Loss on ignition 6.32 Quartz 54 
SiCh 75.45 Feldspars 18 
R2O3 10.83 Calcite 8 
CaO 5.18 Dolomite 5 
MgO 1.36 Kaolinite and 

niite 15 
Not determined 0.86 Total 100 

The average specific gravity was de­
termined to be 2.585 g/cm^. 

The plasticity test (according to Atter-
berg) gave the following results: 

Liquid Limit L L 
Plastic Limit PL 
Plasticity Index PI 

22. 8 percent 
18. 0 percent 
4.8 

PROPERTIES OF LIME USED 
The lime used was a calcitic quicklime 

according to German specification DIN 
1060 with 97.75 percent passing sieve 

0.09 mm and the following chemical composition (in percent by weight related to the 
oven-dried material): 

Loss on ignition 
CO2 
Non-soluble in HCL 
Total CaO 
Available CaO 
MgO 
S i 0 2 

FejOa 
AI2O3 
Not determined 

3.78 

0.94 
92.39 

0.55 
1.29 
0.52 
0.25 
0.28 

2.01 

).83 

Figure 2 . FloeculatIon of loess by lime. 
Above: Raw s o i l . Below: Soil treated 

v i t h 3 percent lime. 

Figure 1. Grain-size distribution. 

MODIFICATION OF LOESS PROPERTIES 
BY ADDITION OF UME 

In order to study the possibilities of 
soil property modification, the raw soil 
was mixed with 1, 3 and 5 percent re­
spectively of the calcitic quicklime de­
scribed in Properties of Lime Used. Then 
the properties of the soil-lime mixtures 
were examined. 

Modification of Grain Size Distribution 
(Flocculation) 

Immediately after mixing lime with the 
humid raw soil, a considerable floccula­
tion was observed (Fig. 2). As shown in 
Figure 3, this flocculation proved be be 
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L i m e p e r c e n t by we igh t 

Figure 1*. Flocculatlon of loess by 
addition of (luicklime. 

water-resistant. Figure 4 shows the re­
lation between intensity of flocculation and 
the amount of lime added as well as curing 
time. The uncompacted soil-lime mixture 
was cured in airtight containers until siev­
ing; then sieving with a 0.06 mm sieve 
took place under water. As shown in Fig­
ure 4, the soil-binder content was reduced 
considerably by the addition of lime. 

In the course of this examination it turn­
ed out that the soil had acquired hydrophobic 
properties through the addition of lime. 

Figure 5 shows the ready absorption of water by the raw soil (left half of the photograph) 
while the hydrophobic lime-stabilized soil repels the water drop like quicksilver (right 
half of the photograph). The reason for this behavior could not yet be satisfactorily ex­
plained. 

Modification of Plastic Behavior 
The modification of plastic behavior through addition of lime is shown in Figure 6. 

The Plastic Limit rose from 18.0 to 22.0, the Liquid Limit rose from 22.8 to 24.0 
which reduced the Plasticity Index from 
4.8 to 2.0. The soil-lime mixtures were 
tested 24 hours after addition of lime. 

Figure 3. Water resistance of flocculation 
(Left: raw s o i l ; Right: lime treated s o i l ) 
Above: Particles before influence of water. 
Below: Particles 5 min after Influence of 

water. 

Figure 5. Water repellency of s o i l by 
lime treatment. 

Left: Raw s o i l ; Right: Lime treated s o i l . 

3 5 
Limecontent percent by weight 

Figure 6. Changement of plastic properties 
by addition of lime. 
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t2 M 1S n 20 
Moisture content percent by weigtit 

Figure 7. Molsture -d f i i iB l ty relationship 
(proctor t e a t ) . 

1% L i m e 

Lime - destroyed by wster-curing 

Testing Age 

Figure 8. linmersed unconfined ccmpressive 
strength related to age and amount of lljne. 

Modification of Dry Density-Moisture Content Relationship 

The moisture-density curves of the Proctor test are plotted in F igure 7 for the raw 
so i l and the tested so i l - l ime mixtures . Hie mixtures were tested 24 hours after addi­
tion of l ime . 

Maximum dry densities were somewhat reduced by l ime whereas the optimum 
moisture contents were noticeably increased . F o r high water contents, so i l - l ime mix­
tures show a greater compactibility than the raw so i l . 

Modification of I m m e r s e d Strength 

Cyl inders , 3 by 3 in . , were used as specimens. The raw soi l and the so i l - l ime mix­
tures were compacted at optimum water content to 100 percent Proctor density. The 
specimens were cured at f i r s t in moisture-saturated a i r and i m m e r s e d in water p r i o r 
to the imconfined compression test. Loading speed during the unconfined compression 
test was 14 p s i per sec . 

In F igure 8, immersed strength i s plotted against curing t ime. H i e raw so i l s p e c i ­
mens were decomposed without exception during immers ion in water . The specimens 
treated with 1 percent l ime were water resistant and showed a compress ive strength of 
98 p s i after 28 days; upon further curing, no additional increase of compress ive 
strength was noticed. H i i s indicates that the s m a l l amount of 1 percent of l ime had 
already been used up for flocculation and an init ia l hydraulic strengthening. F o r a f u r ­
ther hydraulic strengthening no more l ime was available (_1). The specimens treated 
with 3 percent l ime showed a steady further strengthening up to 500 p s i after s ix months 
and i t i s safe to assume that this p r o c e s s would have continued fur ther . 

The above test resu l t s c l ear ly show that loess may be improved considerably by 
adding s m a l l amounts of l i m e . In part icu lar , the following propert ies can be improved: 
(a) so i l s tructure; (b) plasticity; (c) compactibility at high water content; (d) water 
res i s tance; and (e) strength and bearing capacity. 

Jn the following the effects of a soi l treatment with l ime upon the performance at the 
above mentioned earth-work job wi l l be described. 

E F F E C T S O F U M E S T A B I L I Z A T I O N ON C O N S T R U C T I O N P E R F O R M A N C E 

E x a c t data on the c l imat ic conditions, earthwork performance and use of l ime at the 
job site are plotted in F igure 9. 

During the months of August and September 1957 there had been v e r y heavy ra ins , 
amoimting to up to 224 percent of the mean value taken over a number of y e a r s and 
reached the unusual level of 245 mm in September. Therefore , the earthworks had to 
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be stopped because of impassabil ity of the haul roads. The soi l was soaked to a point 
where, even after s evera l sunny days, no construction traff ic was possible . The water 
content of the soi l had increased f rom a normal amount of 14 to 16 percent to 20 to 22 
percent, in some c a s e s even 26 percent, and therefore exceeded the Liquid L i m i t 
( F i g . 6 ) . 

At the beginning of October, lime stabilization was used in order to allow a resump­
tion of work. A r e a s of application were as follows: (a) construction of haul roads; 
(b) improvement of soaked so i l for embanking; and (c) stabilization of the subgrade 
for fine grading. 

Stabilization of Loess with Quicklime 
NORD - SUD - AUTOBAHN 

km 34,7^20 - 38,0+00 

N o v e m b e r 1957 0 k t o b e r S e p t e m b e r A u g u s t 

i 
n — m i . 1: 111 i i i i i 11 i i — n r n 
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Figure 9. Effects of lime stabilization on construction performance. 
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Lime-stabilized haul road after 
r a i n f a l l s . 

Figure 10. Situation of the job site after 
r a i n f a l l s (untreated s o i l ) . 

The water content of the soaked soil 
had been reduced by about 5 percent by 
adding 3 percent of calcitic quicklime. 
Desiccation was effected by slaking of the 
lime and the heat generated by this as Figure 11. 
well as the improved aeration through 
flocculation. While the raw soil at 21 
percent moisture content was nearly in liquid state ( LL=22.8 percent) and incompacti-
ble (Optimum Moisture Content =12.5 percent), the soil-lime mixture with 3 percent 
of lime at 16 percent moisture content was in solid state (PL =21 percent) and in opti­
mum condition for compaction (Optimum Moisture Content = 16 percent). 

One hour after mixing soil with lime, the haul roads were passable for heavy 
trucks, the lime-treated soil used for embankments was in optimum condition for com­
paction, and the required quality of fine grading was assured. As shown in Figure 9, 
it was made possible by lime stabilization to resume continuous construction work. 
Independent of rainfalls and greatly lowered temperatures, a soil could be employed asi 
construction material which ordinarily would not have been used under the prevailing 
weather conditions. The decline in daily average performance as compared to the 
August performance was caused by the suppression of double shift work because of the 
earlier fall of darkness and a reduction in equipment. 

A comparison of the additional costs arising from lime stabilization with the plant 
hire rates for temporary shut-down of the construction site proved that there are im­
portant economic advantages for the contractor as well as for the sponsor in employing 
lime stabilization. 
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Experimental Lime Stabilization in Nebraska 
O. L . L U N D , Assistant Engineer, and W . J . R A M S E Y , Geologist, 
Divis ion of Mater ia l s and Tes t s , Nebraska Department of Roads 

The Nebraska Department of Roads in 1956 performed 
an experiment involving the use of hydrated l ime in the 
stabilization of plast ic so i l s , and in the upgrading of 
inferior base course mater ia l s . The experiment i n ­
cluded a pre l iminary laboratory study and a f ie ld con­
struction project . 

T h i s paper reports and summar izes the tests p e r ­
formed on the various mater ia ls before and after adding 
hydrated l ime, and presents the resul ts of deflection 
measurements at hal f -year intervals s ince the constru­
ction of the f ie ld project . 

• W I D E S P R E A D experimentation in the use of hydrated l ime for stabilization of so i l s 
and base mater ia ls has apparently established that this mater ia l has a place in the con­
struction of highways. E a c h year , new r e s e a r c h on this subject i s reported. The p r i n ­
c ipal uses of the hydrated l ime appear to be in two categories a s follows: (a) to i m ­
prove highly plast ic subgrade soi l s and (b) to improve the performance of inferior base 
course mater ia l s . 

The State of Nebraska has large areas within its borders where the subgrade and 
embankment so i l s used in the construction of highways a r e highly plast ic , and poor in 
load supporting ability, when wet. The two pr inc ipal areas of undesirable so i l s a r e : 
(a) g lac ia l t i l l a r e a of eastern Nebraska and (b) the clay and shale areas in the northern 
part of the state. 

In general , base course materials available in Nebraska are considered to be of 
mediocre quality. Mater ia ls which must be used in the construction of highways i n ­
clude principal ly the following: 

1. The rounded coarse sands and gravels of the Platte and other r i v e r s , and those 
of g lacial origin. 

2. Wind-blown, fine sands. 
3. Mortar beds (low quaUty l imey sandstone) f rom tert iary deposits. 
4. Grave l s composed of soft, l imey sandstone. 
5. L imi ted quantities of l imestone. 

Of these base mater ia l s , only the limestones of the eastern part of the state are 
considered to provide base courses of superior quality. 

If the permanent stabilization of the heavy plast ic so i l s of Nebraska i s possible by 
the addition of s m a l l percentages of l ime, or if it i s found that the inferior base course 
mater ia ls can be improved by this method, a great benefit would resul t for the highway 
program. F o r this reason, it was proposed that an experiment be conducted using 
hydrated l ime in the improvement of subgrades and base courses . 

The experiment was a combined effort of the engineering staffs of the Bureau of 
Public Roads and the Nebraska Department of Roads. The authors appreciate the op­
portunity to summarize and report the resul ts of this cooperative effort. 

P R E L I M I N A R Y I N V E S T I G A T I O N 

P r e l i m i n a r y F i e l d Investigation 

The experimental project (Project No. F-43(4)) i s located in Johnson County, about 
60 m i south and east of Linco ln , in the southeastern part of Nebraska. T h i s project, 
a part of State Highway No. 3, begins about one m i north of Vesta and extends in an 
easter ly direction for a distance of about seven m i , ending at the concrete pavement on 
the west edge of Tecumseh. About two m i were included in the experiment. 

24 
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T A B L E 1 

L A B O R A T O R Y T E S T R E S U L T S F O R P R E U M I N A R Y S U B G R A D E 
S O I L S A M P L E S , L I M E - T R E A T E D S U B G R A D E S O I L S E C T I O N 

Location^ 
Plast ic i ty T e s t s Hydrometer Ana lys i s % Ret . 

No.200 
Sieve 

AASHO 
Soil 

C l a s s . 
Location^ 

L L P L P I Sand Silt* Clay 

% Ret . 
No.200 

Sieve 

AASHO 
Soil 

C l a s s . 

1047400 45 19 26 34 29 37 29 A-7 -6 (15 ) 
1056400 50 23 27 20 38 42 13 A - 7 - 6 ( 1 7 ) 
1059400 51 21 30 26 33 41 18 A - 7 - 6 ( 1 8 ) 
1077400 48 19 29 32 36 32 16 A - 7 - 6 ( 1 7 ) 
1086400 46 20 26 30 34 36 20 A - 7 - 6 ( 1 6 ) 
10924O0 51 21 30 17 46 37 5 A - 7 - 6 ( 1 8 ) 
1101400 49 21 28 18 43 39 10 A - 7 - 6 ( 1 7 ) 
1107400 45 21 24 25 39 36 11 A - 7 - 6 ( 1 5 ) 

^Depth of samples approximately 7 to 31 in . below f in ish grade elevation. 
*0.005 mm to 0 .05 mm. 

The area traversed by the project i s in a d ivers i f ied farming region, with corn, 
sorghums, and s m a l l grains as the pr incipal crops . The temperatures in the a r e a 
range f rom 103 F in the summer to -10 F in the winter, with an annual average of 5 1 F . 
The annual precipitation averages about 31 in . of which about 7 in . i s in the f o r m of 
snow. The frost normally penetrates f r o m 12 to 18 i n . , however, during prolonged 
cold periods the frost may penetrate to as much as 24 in . 

Upon completion of the subgrade survey and laboratory tests of the subgrade so i l s , 
study indicated that the so i l s and situation between Station 1047 and Station 1107 and 
between Station 1148 and Station 1200 were typical, and sufficiently uniform to s erve 
as the experimental sections. 

The 6, 000 ft section between Station 1047 and Station 1107 was selected for the l ime 
treated subgrade so i l section. The t erra in traversed by this section i s a hilly upland 
plain, with good surface drainage due to the h i l l s and poor subsurface drainage due to 
the impervious so i l s . The soi l s encountered in the subgrade, through this section 
were predominantly g lac ia l c lays . Table 1 shows the laboratory test resul ts of the 
pre l iminary samples in this section. 

T A B L E 2 

L A B O R A T O R Y T E S T R E S U L T S F O R P R E L I M I N A R Y S U B G R A D E S O I L 
S A M P L E S ; U M E - T R E A T E D B A S E C O U R S E S E C T I O N 

Location^ 
Plast ic i ty T e s t s Hydrometer A n a l y s i s % Ret . 

No.200 
Sieve 

AASHO 
Soil 

C l a s s . 
Location^ 

L L P L P I Sand Si l t ' Clay 

% Ret . 
No.200 

Sieve 

AASHO 
Soil 

C l a s s . 

1149400 58 25 33 4 45 51 2 A - 7 - 6 ( 2 0 ) 
1155400 58 24 34 2 47 51 1 A - 7 - 6 ( 2 0 ) 
1164400 70 26 44 4 41 55 3 A - 7 - 6 ( 20) 
1173400 50 25 25 7 47 46 2 A - 7 - 6 ( 1 6 ) 
1191400 61 23 38 7 45 48 2 A - 7 - 6 ( 2 0 ) 

^Depth of samples approximately 14 to 38 in . below f inish grade 
elevation. 
' 0 . 0 0 5 m m to 0 .05 m m . 
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T A B L E 3 

L A B O R A T O R Y T E S T R E S U L T S F O R P R E U M I N A R Y S A M P L E S 
C O A R S E SAND AND A F T O N I A N S I L T 

Coarse Sand 

Sieve Number l i n . y « i n . V . i n . 4 10 20 30 40 50 80 100 200 

Percent Ret . 0-4 0-9 0-20 0-30 1-42 4-65 11-74 19-81 44-90 69-94 71-95 74-96 

Percent Calcareous ( e s t . ) Ni l 
Percent Shale ( e s t . ) N i l 

Aftonian Silt 

Plast ic i ty T e s t s Hydrometer Ana lys i s G r a d . % Ret . 

L L P L P I Sand Silt^ Clay No. 100 No.200 

28-31 22-25 4-7 33-46 38-51 14-18 0 1-4 

^0.005 m m to 0.05 m m . 

The 5,200 ft section between Station 1148 and Station 1200 was selected for the l ime 
treated base course section. Surface drainage between Station 1148 and Station 1192 
i s slow due to the leve l t e r r a i n , while drainage between Station 1192 and Station 1200 
i s f a i r due to the slope toward the B i g Nemaha R i v e r . Subsurface drainage throughout 
the section i s poor due to the Impervious so i l s . The so i l s in this section a r e subsoils 
of g lac ia l origin and parent g lac ia l c lays . Table 2 shows their laboratory test r e ­
sul ts . 

At the time of the s o i l survey the a r e a in the vicinity of the project was thoroughly 
prospected for loca l aggregates. The available aggregates include f ine sand, g lac ia l 
coarse sand, so i l binder and aftonian s i l t . Of these, the coarse sand and aftonian s i l t 
were selected for use in the l ime treated base course mixtures . Table 3 shows the 
test resu l t s for the pre l iminary samples of these two mater ia l s . It w i l l be noted that 
the coarse sand i s not a favorable mater ia l for use in base course construction. 
Aftonian s i l t i s an ui terglacial wind-blown layer which was deposited between the 
Nebraskan and Kansan g lac ia l stages. A s encoimtered at this location it was a white 
f lour - l ike mater ia l . 

P r e l i m i n a r y Laboratory Test ing 

Upon completion of the pre l iminary 
f ie ld investigation a comprehensive labora­
tory study was undertaken. This invest i ­
gation was divided into the following parts: 

1. Treatment of a f ine-grained sub-
grade so i l with hydrated l ime . 

2 . Treatment of sand-aftonian s i l t 
mixtures with hydrated l ime . 

3. Comparison of four pozzolans 
(aftonian s i l t , volcanic ash , f lyash and 
peorian loess) when mixed with sand and 
hydrated l ime . 

In the following paragraphs each of the 
three laboratory studies i s d iscussed. 

T A B L E 4 

ROUTINE METHODS O F T E S T PERFORMED ON 
UNTREATED AND L I M E - T R E A T E D SOILS 

Test Method 

Preparation of sample AASHO T87 49 
Sieve analysis AASHO T i l 49 
Hydrometer analysis AASHO TBS 54 
Liquid limit AASHO T89 54 
Plastic limit AASHO T90 54 
Plasticity index AASHO T91 54 
Shrinkage limit, shrinkage 

ratio, lineal shrinkage, and 
volumetric change AASHO T92 -54 

Field moisture equivalent AASHO T93 -54 
Maximum density and 

optimum moisture AASHO T99 -49 optimum moisture 
(Except that new material 
was used for each point on 
the curve) 

Capillarity, absorption Nebraska procedure 
failure, and cementation (see Appendix A) 



T A B L E 5 

LABORATORY T E S T RESULTS FOR PRELIMINARY S O I L - L I M E MIXTURES 

Tests 

1 
One Hour Cure 2 Day Oire 14 Day Cure 240 Dav Cure 

Tests 

1 
0% 

Lime' 
1% 

Lime 
3% 

' Lime 
6% 

' Lime' 
10% 

Lime' 
0% 

Lime' 
1% 

Lime' 
3% 

Lime' 
6% 

Lime' 
10% 

Lime 
0% 

Lime' 
1% 

Lime' 
3% 

lame' 
6% 

Lime' 
10% 

Lime' 
0% 

Lime' 
1% 

Lime 
3% 

' Lime' 
6% 

Lime' 
10% 

Lime' 
Sieve Analysis, % Ret. 

No. 10 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
20 1 1 1 1 1 1 1 1 1 2 5 1 1 1 3 6 1 1 2 13 17 
40 4 4 4 4 4 4 4 3 5 9 16 4 4 4 10 16 4 4 8 28 31 
50 7 6 6 6 7 8 9 6 8 IS 22 7 7 7 15 22 7 7 15 35 39 

100 14 13 13 14 17 18 14 13 18 27 36 14 13 16 28 35 13 14 30 49 53 
200 19 18 18 20 24 24 20 18 27 36 46 18 18 23 37 43 19 20 42 60 62 

Hydrometer Analysis • 

Sand 31 27 29 48 67 74 29 31 57 78 77 27 30 56 76 77 26 30 70 83 90 
Silt' 33 38 42 42 30 24 35 45 34 21 23 37 47 34 27 23 37 47 25 16 10 
Clay 36 35 29 10 3 2 36 24 9 1 0 36 23 10 2 0 37 23 5 1 0 
Colloids 31 32 15 5 1 0 33 11 4 0 0 33 10 4 1 0 34 10 2 0 0 

E^ecUic Gravity 2.63 2.70 2.70 2 70 2.66 2.66 2.67 2.69 2.70 2.69 2.69 2.69 2.69 2.69 2.67 2.67 2.67 2.67 2.66 2.67 2.66 
Liquid Limit 47 51 44 35 32 32 45 38 35 NP NP 48 37 36 NP NP 49 38 35 NP NP 
Plastic Limit 21 21 23 27 31 32 21 23 29 34 37 20 23 28 NP NP 22 23 30 NP NP 
Plasticity Index 26 30 21 8 1 NP 24 15 6 NP NP 28 14 8 NP NP 27 15 5 NP NP 
Capillarity 5'4" 4'26" 12'4" 23'52" 8'37" 6'39" 6'43" 14'03" 18'48" 5'02" 5'09" 5'29" 15'02" 18'55" 6'01" 3'32" 5'28" 12'11' 15'54" 6'16" 2'49" 
Absorption Failure 5'4" 4'26" 12'34' 2hr+ 2 hr+ 2hr+ 6'43" 14'56" 2hr+ 2hr+ 2hr+ 5'29" 31'02" 2hr+ 2hr+ 2hr+ 5'28" 55'28' 2hr+ 2hr+ 2hr+ 
Cementation 200+ 200+ 200+ 200+ 180 145 200+ 200+ 200+ 101 119 200+ 200+ 200+ 147 108 200+ 200+ 200+ 200+ 169 
Shrinkage Limit 12.5 11.8 16.3 26.5 27.5 29.7 11.1 18.9 25 8 27.3 30.7 11.3 15.1 25.7 27.6 28.9 9.2 12 9 22.8 26.2 27.9 
Shrinkage Ratio 1.87 1.91 1.74 1.48 1.46 1.45 1.93 1.68 1.51 1.45 1.39 1.92 1.81 1.50 1.45 1.43 1.99 1.85 1.58 1.49 1.38 
Lineal Shrinkage 5.1 6.3 4.9 1.9 3.9 3.1 6.2 2.1 1.1 3.3 3.3 6.8 5.7 1.9 2.6 4 1 9.8 9.5 5.1 5.4 5.6 
Volumetric Change 17.1 21.7 16.2 6.07 12.83 9.9 21.3 6.6 3.4 10.6 10.7 23.5 19.2 5.8 8.2 13 4 35.8 34.2 16.7 17.9 18.8 
Field Moist. Equivalent 21.6 23.1 25.6 30.6 36.6 36.5 22.1 22.8 28.0 34.6 38.4 23.6 25.7 29.5 33.2 38.3 27.0 31.4 33.4 38.2 41.5 
Optimum Moisture, % 19.5 _ _ „ _ 19.0 19.0 21.0 21.0 22.0 
Maximum Density, gm/cc 1.65 - - - - - 1.67 1.65 1.62 1.56 1.54 — _ _ _ _ _ _ _ _ _ 
Stability, Total Load, lb - 278 635 942 1185 1483 263 712 1497 2013 2498 292 812 2130 3360 4020 198 362 1458 3133 5027 
Percent Moist, as Tested - 18.1 18.0 18.0 18.1 17.9 18.8 18.5 18.6 18.8 18.4 18.6 18.6 17.6 17.3 17.8 18.8 18.6 18.3 18.5 18.6 
Unconfmed Compressive 

Strength, 4-by 4-in. 
Cylinders, P . S . I . — — — — — — _ _ _ 45 62 253 586 758 

Percent Moist, as Tested — - - - - - - - - - - — — - — — 19.2 69.1 19.4 19.2 18.3 
Unconfmed Compressive 

Strength, 2-by2-in. 
Cylmders, P . S . I . — — — — — — _ 50 74 346 772 1377 

Percent Moist, as Tested — - - - - - 19.0 19.0 18.8 19.3 19.0 
AASHOSoi iaass A-7-6 A-7-6 A-7-6 A-4(8) A-4(8) A-4(8) A-7-6 A-6( 10) A-4(8) A-4(6) A-4(4) A-7-6 A-6 A-4 A-4(6) A-4 A-7-6 A-6 A-4 A - 4 ( l ) A-4 

(16) (18) (13) (15) (17) (10) (8) 
A-4(6) 

(4) (17) (10) (5) 
A - 4 ( l ) 

(1) 

Lime added, percent by weight. 
0.005 mm to 0.05 mm. 

-4 
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E x p e r i m e n t a l T r e a t m e n t o f a F i n e - G r a i n e d Subgrade So i l w i t h H y d r a t e d L i m e . — The 
f i r s t of the t h r ee s tudies presents data showing changes i n tes t r e su l t s observed when 
hydra ted l i m e was added to p l a s t i c s o i l i n the f o l l o w i n g percentages by we igh t : 1, 3, 
6 and 10. A l l tes ts w e r e made to dupl ica te , as nea r ly as poss ib le , the ac tua l f i e l d 
condi t ions of the so i l s as to m o i s t u r e , densi ty and c u r i n g . 

The s o i l used i n t h i s phase of the s tudy was sampled f r o m the l e f t backslope a t 
Stat ion 1085. I t was a p l a s t i c r e d d i s h - b r o w n g l a c i a l c lay AASHO s o i l c l a s s i f i c a t i o n 
A - 7 - 6 ( 1 6 ) r ep resen ta t ive of the subgrade s o i l on t h i s p r o j e c t . Table 4 indicates the 
p rocedures used i n the s o i l t e s t s . 

Upon r e c e i p t of the s o i l sample at the l a b o r a t o r y i t was d r i e d i n an oven f o r a p p r o x i ­
ma te ly 48 hours a t 140 F , then p u l v e r i z e d to pass the N o . 4 s i eve . A rep resen ta t ive 
sample was taken f r o m th i s m a t e r i a l and rou t i ne s o i l tes ts i nc lud ing m o i s t u r e - d e n s i t y 
d e t e r m i n a t i o n , w e r e p e r f o r m e d on the s o i l sample as p r e p a r e d i n the l a b o r a t o r y . 
These t es t r e s u l t s a re shown i n Tab le 5. 

Upon comple t ion of the r o u t i n e s o i l t es t s , s o i l - l i m e m i x t u r e s w e r e p r e p a r e d by d r y 
m i x i n g 1, 3, 6 and 10 percen t hydra ted l i m e (by weight ) w i t h f o u r p o r t i o n s of the s o i l 
p r e v i o u s l y p r e p a r e d to pass the N o . 4 s i eve . C y l i n d e r s (4 - by 4 - i n . ) w e r e molded 
f r o m each s o i l - l i m e m i x t u r e , as w e l l as the unt rea ted s o i l , to the app rox ima te o p t i m u m 
m o i s t u r e content and the m a x i m u m densi ty p r e v i o u s l y de t e rmined on the im t r ea t ed 
s o i l . A f t e r m o l d i n g , each c y l i n d e r was i m m e d i a t e l y wrapped i n a l u m i n u m f o i l to p r e ­
vent loss of m o i s t u r e and p laced i n c losed containers i n the m o i s t r o o m at a t e m p e r a ­
t u r e of 70 F + 2 F , f o r c u r i n g . The c y l i n d e r s w e r e then r e m o v e d to p e r f o r m the rou t i ne 
s o i l t es t s , as ou t l i ned i n Table 4, (exc luding the m a x i m u m d e n s i t y - o p t i m u m m o i s t u r e 
t es t s ) , a t i n t e r v a l s of one hour , 2 days, 14 days and 240 days . The r e s u l t s of these 
tes ts a r e shown i n Table 5 and F i g u r e s 1 t h rough 8. 

I t w i l l be noted f r o m Table 5 tha t the add i t ion of hydra ted l i m e to p l a s t i c s o i l has a 
m a r k e d e f f e c t on the s o i l c h a r a c t e r . S m a l l amounts change the na ture of the p l a s t i c 
s o i l s somewhat , w h i l e the add i t ion of 6 o r 10 percent shows a r a d i c a l change i n t h e i r 
p h y s i c a l c h a r a c t e r i s t i c s . 

F i g u r e s 1 t h rough 4 indica te tha t the l i m e t r ea tmen t apparent ly causes the a g g l o m ­
e r a t i o n of some of the s i l t and c lay s i zed p a r t i c l e s w i t h the net r e s u l t that the s o i l i s 
somewhat coarsened. The biggest t e x t u r a l changes caused by the l i m e appear to have 
taken p lace i n the p a r t i c l e s ize range cove red by the h y d r o m e t e r t e s t . Th i s p h y s i c a l 
change r e f l e c t s not on ly the percentage of l i m e added but a l so the length of c u r i n g t i m e . 
T h i s phenomenon i s such tha t a c l ay was so changed by the add i t ion of l i m e that a f t e r 
14 days i t was r e c l a s s i f i e d as l o a m to sandy l o a m , and a f t e r 240 days ' c u r i n g i t was 
c l a s s i f i e d as c lay l o a m to sand. However , i t should be po in ted out tha t the p a r t i c l e s 
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Figure 1. Effect of lime-treatment on Figure 2. Effect of lime-treatment on 
grain size of s o i l — 1 hour ciire. grain size of s o i l — 2 day cure. 
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1 , 
- LIQUID LIMIT 

P L A S T I C LIMIT 

1 1 HOUR CURE 

^PLASTICITY INDEX 

appeared to be weak ly bonded. F o r th i s reason, i t was necessary t o es tab l i sh a 
s tandard 5 - m i n ag i ta t ion p e r i o d i n the mechan ica l m i x e r as p a r t of the s ieve ana lys i s 
p r o c e d u r e . 

One of the m o s t p u b l i c i z e d f ea tu re s of l i m e i s i t s a b i l i t y t o reduce the p l a s t i c i t y 
index of s o i l s . The l a b o r a t o r y tes ts on 
th i s expe r imen t show that the add i t ion of 
as l i t t l e as 6 pe rcen t l i m e reduces the 
p l a s t i c i t y index f r o m 30 to 1 i n only one 
h r and to 0 i n 2 days ( F i g . 5) . The a d d i ­
t i o n of 10 percen t l i m e reduced the p l a s t i ­
c i t y index of the p l a s t i c s o i l t o 0 i n one h r . 
Th i s r educ t ion i n p l a s t i c i t y index i s the 
r e s u l t of l o w e r i n g the l i q u i d l i m i t and 
r a i s i n g the p l a s t i c l i m i t . 

F i g u r e s 6 and 7 show the e f f e c t of l i m e , 
when added to a p l a s t i c s o i l on the f i e l d 
m o i s t u r e equivalent , c a p i l l a r i t y t i m e , 
sh r inkage r a t i o , and v o l u m e t r i c change. 
I n F i g u r e 6 i t w i l l be noted tha t the cap­
i l l a r i t y t i m e of 1 and 3 pe rcen t l i m e - t r e a t e d 
specimens show an increase over the u n ­
t r ea t ed s o i l s , w h i l e the 6 and 10 percen t 
specimens show v e r y l i t t l e change over 
the un t rea ted s o i l . The f i e l d m o i s t u r e 
equivalent tes ts show an increase as g rea te r 
percentages of l i m e a r e added, but s h r i n k ­
age r a t i o values a r e l o w e r e d by the a d d i ­
t i o n o f l i m e . I t i s i n t e r e s t i n g t o note tha t 
3 pe rcen t l i m e reduces the v o l u m e t r i c 
change of the s o i l m o r e than 6 o r 10 p e r ­
cent l i m e . 

I t w i l l be noted on F igu re s 6 and 7 that 
the pa t t e rns of the changes i n s o i l t e s t r e ­
su l t s due to the l i m e a r e s i m i l a r , r e g a r d ­
less of t h i s p e r i o d of c u r e . However , the 
curves f o r the 240 days ' cu re do show some 
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P L A S T C L MIT 
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P L A S T I C I T Y NDEX 

PERCENT LIME , BY WEIGHT 

Figure 5. Pla s t i c i t y tests 
s o i l . 

of lime-treated 
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FIELD MOISTURE EQUIVALENT 
VS ADOEO LIME 

2 4 0 DAY CURE 

HOUR CURE 

14 DAY CURE 

2 DAY CURE 

SHRINKAGE RATIO VS ADDED LIME 

\ 240 DAY CURE 

I HOUR CURE 

14 DAY CURE 
2 DAY CURE 

PERCENT L I M E , BY WEIGHT 

2 4 
PERCENT L I M E , 

6 8 
BY WEIGHT 

CAPILLARITY TIME VS ADDED LIME 

I I 4 DAY CURE 

I HOUR CURE 

2 DAY CURE 

VOLUMETRIC CHANGE VS ADDED LIME 

240 DAY CURE 

I HOUR CURE 

2 DAY CURE 

14 DAY CURE 

PERCENT LIME , BY WEIGHT 

PERCENT LIME , BY WEIGHT 

Figure 6 
moisture 

Effect of line on the f i e l d 
equivalent and c a p i l l a r i t y on 

pl a s t i c s o i l . 

Figure 7. Effect of lime on the shrinkage 
properties of pla s t i c s o i l . 

var iance f r o m those of the other c u r i n g 
p e r i o d s . Th i s va r iance i s p a r t i c u l a r l y 

no t iceab le i n the v o l u m e t r i c change c u r v e and th i s i s the accumula t i ve e f f e c t o f the 
h igher f i e l d m o i s t u r e equivalent and shr inkage r a t i o values and the l o w e r shr inkage 

l i m i t va lues . A poss ib le explanat ion f o r 
the devia t ions of the 240-day tes ts i s that 
they w e r e p e r f o r m e d by a d i f f e r e n t l a b o r a ­
t o r y technic ian , than the tes ts f o r the other 
c u r i n g p e r i o d s . 

I n connection w i t h the c a p i l l a r i t y tes t , 
a t ten t ion i s i n v i t e d to the absorp t ion f a i l u r e 
t e s t (Table 5) . I t w i l l be noted tha t the ab ­
s o r p t i o n f a i l u r e t i m e has inc reased f r o m a 
m a t t e r of minutes to over two hours , w i t h 
the addi t ion of 3 o r m o r e percent l i m e . 
T h i s indicates tha t the add i t ion of l i m e to 
a p l a s t i c s o i l increases i t s r e s i s t ance to 
s l a k i n g . 

M a x i m u m densi ty and o p t i m u m m o i s t u r e 
values w e r e de t e rmined on the s o i l - l i m e 
m i x t u r e s , as w e l l as on the un t rea ted s o i l , 
w h i c h had c u r e d i n the m o i s t r o o m f o r a 
p e r i o d of 48 h r . The r e s u l t s of these tes ts 
a r e shown i n Table 5. I t w i l l be noted tha t 
^ g rea te r percentages of hydra ted l i m e 
a r e added the m a x i m u m dens i ty decreases 

F i g u r e s . Extrusion (strength) tests of and the o p t i m u m m o i s t u r e inc reases . 
soil-lime mixtures. The f i n a l tes t p e r f o r m e d on the s o i l -

240 DAY CURE 

14 DAY CURE 

2 DAY CURE 

I HOUR CURE 
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TABLE 6 

TEST RESULTS FOR MATERIALS USED IN PRELIMINARY 
LABORATORY MIXTURES 

l i m e m i x t u r e s was the s t r eng th o r s t a b i l i t y 
t e s t . Th i s tes t was p e r f o r m e d as n e a r l y 
as poss ib le i n accordance w i t h A S T M D e ­
s igna t ion D 9 1 5 - 4 9 T . The f o l l o w i n g ex­
ceptions i n equipment w e r e made: 

F o r m i n g M o l d — A f o r m i n g m o l d w i t h an 
ins ide d iamete r of 2 .00 i n . and 5.00 i n . 
i n height r ep laced the s p e c i f i e d m o l d . 

Compact ion T a m p e r — A compac t ion 
t ampe r we igh ing 1.930 g m , 12 i n . i n length, 
w i t h a t amp ing f ace d i ame te r of 1.10 i n . 
r ep laced the s p e c i f i e d compac t ion t a m p e r . 

S o i l - l i m e m i x t u r e s w e r e p r e p a r e d by 
m i x i n g 1, 3, 6 and 10 percen t by weigh t of 
hydra ted l i m e , w i t h po r t ions of s o i l p u l v e r ­
i z e d t o pass the N o . 10 s i eve . C y l i n d e r s 
w e r e then mo lded f r o m each m i x t u r e and 
f r o m un t rea ted s o i l u s ing the o p t i m u m 
m o i s t u r e and m a x i m u m densi ty values de­
t e r m i n e d i n the r ou t i ne compac t ion tes ts 
of the s o i l a lone . I n i t i a l compac t ion was 
accompl i shed by p l a c i n g the m a t e r i a l i n 
the m o l d i n two equal l aye r s and g i v i n g 
each l a y e r 12 b lows w i t h the compac t ing 
t a m p e r . The m o l d was then p laced i n the 
t e s t i ng machine and molded to a height of 
2 .00 + 0.02 i n . a t a r a t e of 0 . 1 i n . per 
m i n . The f i n a l l oad was h e l d f o r 2 m i n . 
Each c y l i n d e r was then wrapped i n a l u m i ­

n u m f o i l and p laced i n c losed conta iners i n the m o i s t r o o m a t a t e m p e r a t u r e of 70 F + 
2 F f o r c u r i n g . The c y l i n d e r s w e r e r e m o v e d f r o m the m o i s t r o o m at i n t e r v a l s of 1 h r , 
2 days, 14 days and 240 days f o r s t r eng th o r ex t ru s ion t e s t i n g . Upon r e m o v a l f r o m 
the m o i s t r o o m each c y l i n d e r was weighed and measured , then loaded at a r a t e of 1 i n . 
pe r m i n . The ex t ru s ion o r s t r eng th values w e r e taken at the m a x i m u m load r e q u i r e d 
to cause f a i l u r e of the t e s t spec imen . A m o i s t u r e sample was taken f r o m each c y l i n d e r 
at comple t ion of the tes t to de t e rmine ac tua l m o i s t u r e content . The s t r eng th values a r e 
shown i n Table 5 and F i g u r e 8. I t w i l l be noted f r o m F i g u r e 8 tha t the add i t ion of l i m e 
g rea t l y increases the s t r eng th of the s o i l when tes ted i n the e x t r u s i o n t e s t . 

Tests 
Aftonian 

Silt Sand 
Hydrated 

Lime 
Sieve Analysis: (AASHO T l l - 4 9 ) 

(Total percent retained) 
V.In . _ 0 
V.In . — 1 _ 
No. 4 _ 2 _ 

10 _ 5 _ 
20 — 14 
40 _ 61 _ 
50 81 _ 
100 0 90 
200 8 92 0 

Hydrometer Analysis: (AASHO T88-54) 

Sand, percent 55 _ _ 
Silt ' , percent 36 — — 
Clay, percent 9 — _ 
Colloids, percent S - -

%)ecific Gravity 2 66 - -
Liquid L imi t (AASHO T89-S4) 24 _ _ 
nas t i c L i m i t (AASHO T90-54) 23 _ _ 
Plasticity Index (AASHO T91-54) 1 - -
Cementation (Nebr. Method) 15 - -
Chemical Composition: (ASTM 025-47) 

Calcium oxide, CaO, percent _ _ 97.8 
Magnexiumoxide, MgO, percent — — 0.1 
Silica, S1O2, percent — — 0.9 
Iron oxide, FeaOa _ _ 0.1 
Aluminum oxide, AlaOa - - 0.2 

Loss on Ignition, percent _ 30.8 
Carbon Dioxide, COa, percent — — 5.7 

'0 .005 mm to 0.05 mm 

TABLE 7 

TEST RESULTS FOR SAND-AFTONIAN SILT-LIME MIXTURES 16 DAY CURING TIME 

Composition of Mixture 
Percent by Weight 

Hydrated 
Lime 

AftonianI 
Silt Sand 

Density as Molded 

gm/cc 

Moisture Percent 

As 
Molded 

As 
Tested 

Unconlined Compressive Strength, 
Pounds 

Computed Gradation, 
Percent Retained 

Sieve Number 

In . 10 20 40 
20 
20 
20 
20 

2.00 
1.97 
1 96 
1 94 

10 5 
10.4 
10.6 
10.5 

10.3 
9.9 

10.2 
10.6 

160 
500 
703 

1110 

75 
74 
72 

15 
15 
15 
15 

85 1 99 
1.98 
1.97 
1.94 

10.5 
10.5 
10.5 
10.7 

10.2 

10.2 
10.1 

150 
550 
620 
855 48 

79 
77 
76 
73 

10 
10 
10 
10 

90 

83 

1.84 
1.97 
1.98 
1.95 

7.1 
10.8 
10.5 
10.4 

7.1 
9.7 

10.0 
10.0 

80 
430 
525 

84 
82 
80 
77 
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o 
< 6 0 0 
O 

^ 4 0 0 

E x p e r i m e n t a l T r e a t m e n t of Sand-Af ton ian S i l t M i x t u r e s w i t h Hydra ted L i m e . — The 
second of the p r e l i m i n a r y l a b o r a t o r y inves t iga t ions was concerned w i t h the use of 
hydra ted l i m e to i m p r o v e a base course m a t e r i a l of i n f e r i o r q u a l i t y . Th i s type of m a ­
t e r i a l (coarse sand) has been used ex tens ive ly i n Nebraska i n the cons t ruc t ion of sub-
bases. The ob jec t was to de t e rmine i f a s a t i s f a c t o r y base course m a t e r i a l can be de­
veloped by the add i t ion of hydra ted l i m e and a pozzolan to the coarse sands. Since i n 
t h i s case an a f ton ian s i l t was found on the p r o j e c t , i t was decided to use i t as the p o z ­
zo lan . Another phase of the l a b o r a t o r y w o r k was concerned w i t h the compar i son of 
t h i s m a t e r i a l w i t h o ther ava i l ab le m a t e r i a l s f o r use as a pozzo lan . 

W i t h the except ion of the hydra ted l i m e 
the m a t e r i a l s used i n t h i s p a r t of the p r e ­
l i m i n a r y i nves t iga t ion w e r e obta ined f r o m 
sources located i n the v i c i n i t y of the p r o ­
j e c t . The t es t r e s u l t s f o r the samples 
ac tua l ly used i n the l a b o r a t o r y exper imen t s 
a r e shown i n Table 6. 

The f i r s t s tep i n t h i s i nves t iga t ion was 
to p r epa re th ree m a x i m u m d e n s i t y - o p t i m u m 
m o i s t u r e ciu-ves us ing the coarse sand and 
10, 15 and 20 percen t a f t on i an s i l t w i t h 
4 pe rcen t hydra ted l i m e added to each 
m i x t u r e . These tes ts w e r e conducted i n 
accordance w i t h AASHO Des igna t ion T 9 9 -
49. The 10 pe rcen t m i x t u r e had an o p t i ­
m u m moist iu-e of 10.3 pe rcen t and m a x ­
i m u m densi ty of 1.98 g m per c c . The 15 
pe rcen t m i x t u r e had an o p t i m u m m o i s t u r e 
of 10.2 pe rcen t and m a x i m u m densi ty of 
1.98 g m p e r cc and the 20 percen t m i x t u r e 
had an o p t i m u m m o i s t u r e of 9 .8 pe rcen t 
and m a x i m u m densi ty of 1.96 g m per cc . 

The second phase o f t h i s p a r t o f the 
l a b o r a t o r y expe r imen t was to m o l d 4 - by 
4 - i n . c y l i n d e r s , i n accordance w i t h AASHO 
Designat ion T 99-49, u s ing coarse sand 
and a f ton ian s i l t m i x t u r e s w i t h and w i thou t 
hyd ra t ed l i m e . These c y l i n d e r s w e r e 
mo lded to the app rox ima te o p t i m u m m o i s ­

t u r e and m a x i m u m dens i ty values d e t e r m i n e d i n the tes ts ment ioned i n the p reced ing 
p a r a g r a p h . The percentages of each m a t e r i a l i n these c y l i n d e r s a r e shown i n Tab le 7. 

A f t e r m o l d i n g , each c y l i n d e r was wrapped i n a l u m i n u m f o i l t o p r even t loss of m o i s ­
t u r e and p l aced i n c losed conta iners i n the m o i s t r o o m at a t e m p e r a t u r e of 70 F + 2 F , 
f o r c u r i n g . The c y l i n d e r s w e r e c u r e d i n t h i s manner f o r a p e r i o d of 16 days a t w h i c h 
t i m e t h e i r unconf ined c o m p r e s s i v e s t rengths w e r e d e t e r m i n e d . The r e s u l t s of these 
tes ts a r e shown i n Table 7 and F i g u r e 9. The m o i s t u r e content of the specimens at 
the t i m e of the t e s t w e r e v e r y n e a r l y the same as those at the t i m e of m o l d i n g . F r o m 
F i g u r e 9, i t w i l l be noted tha t 20 percent a f t on i an s i l t was p robab ly m o r e than the o p t i ­
m u m , i f on ly 2 percen t hyd ra t ed l i m e i s added, but when 4 and 7 pe rcen t of hydra ted 
l i m e was used, the highest pe rcen t of a f ton ian s i l t r e s u l t e d i n the highest s t r eng ths . 

Unconf ined Compres s ive St rength of S a n d - L i m e M i x t u r e s Combined w i t h A f t o n i a n 
S i l t , Vo lcan ic A s h , F l y a s h o r Peo r i an L o e s s . — T h i s p a r t of the l a b o r a t o r y inves t iga t ion 
cove r s tes ts w h i c h w e r e conducted to compare the unconf ined compres s ive s t rengths 
w h i c h develop when a f ton ian s i l t , vo lcan ic ash, f l y a s h , and p e o r i a n loess a r e m i x e d 
separa te ly w i t h s t andard Ottawa sand and v a r i o u s percentages of hyd ra t ed l i m e . 

The sand used i n a l l of the unconf ined compres s ive s t r eng th tes ts was a graded 
s t anda rd Ottawa sand. The a f ton ian s i l t , vo lcan ic ash, and p e o r i a n loess w e r e obtained 
f r o m v a r i o u s locat ions i n the s ta te . The f l y a s h and hydra ted l i m e w e r e obtained f r o m 
c o m m e r c i a l sou rces . The analyses of these m a t e r i a l s a r e shown i n Table 8. 

Z 0 % AFTC >NIAN SILT-

/ 
15% AFTONI AN SILTi y 

/ 

/ 

.• 
/ 

/// r •••10% AFTONIAN SILT 

/ ' 
// / / f 0 

16 DAY C 

MOISTURE 

URE 

C O N T E N T 

PERCENT L I M E , BY WEIGHT 

Figure 9. Unconfined compression tests 
of sand-aftonlan s i l t - l i m e mixtures. 
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The f i r s t phase of the l a b o r a t o r y study was to p repa re eight d r y m i x t u r e s hav ing 
the compos i t ions shown i n Table 9. 

O p t i m u m m o i s t u r e - m a x i m u m densi ty de te rmina t ions w e r e then made on each of the 
d r y m i x e s . These tes ts w e r e conducted i n accordance w i t h the p rocedure ou t l i ned i n 
AASHO Designat ion: T 9 9 - 4 9 . The r e s u l t s of these tes ts a r e shown i n Table 9. 

Us ing the approx ima te m a x i m u m densi ty and o p t i m u m m o i s t u r e values d e t e r m i n e d 
i n the f i r s t phase of t h i s p a r t of the l a b o r a t o r y inves t iga t ion , 2 - by 2 - i n . c y l i n d e r s 
w e r e molded w i t h each m i x t u r e . These cy l i nde r s w e r e molded i n accordance w i t h the 
p rocedure desc r ibed i n A S T M Designat ion: D 9 1 5 - 4 9 T . Th i s p rocedure and exceptions 
to the s t andard p rocedure w e r e p r e v i o u s l y desc r ibed i n the sec t ion of t h i s r e p o r t con­
c e r n i n g the e x p e r i m e n t a l t r e a t m e n t of a f i n e - g r a i n e d subgrade s o i l w i t h hydra ted l i m e . 
A f t e r m o l d i n g , the c y l i n d e r s w e r e wrapped i n a l u m i n u m f o i l , and p laced i n c losed c o n ­
t a ine r s i n the m o i s t r o o m at a t e m p e r a t u r e of 70 F + 2 F , f o r c u r i n g . 

The c y l i n d e r s w e r e r e m o v e d f r o m the m o i s t r o o m f o r unconf ined compres s ive 
s t r eng th tes ts at i n t e r v a l s of 2, 7, 14 and 90 days . Upon r e m o v a l f r o m the m o i s t r o o m 
each cy l i nde r was weighed and measured and i m m e d i a t e l y tes ted i n unconf ined c o m ­
p r e s s i o n at a loading r a t e of 0 . 1 i n . pe r m i n . The r e s u l t s of the unconf ined c o m p r e s ­
s ive s t r eng th tes ts a re shown i n Table 9 and F i g u r e 10. A t the 90 day t e s t i n g p e r i o d 
the compres s ive s t r eng th developed i n both f l y a s h m i x t u r e s i s cons iderab ly g rea te r 
than that developed i n the o ther m i x t u r e s . F r o m F i g u r e 10 i t w i l l a l so be noted that 
i n a l l cases the s t r eng th developed i n the m i x t u r e s w i t h 6 pe rcen t of hydra ted l i m e i s 
g rea t e r than the s t r eng th developed i n m i x t u r e s having 4 pe rcen t hyd ra t ed l i m e . 

T A B L E S 

TEST RESULTS FOR M A T E R I A I f USED IN PRELIMINARY LABORATORY MIXTURES 

Hydrated Aftoman Volcanic Peorian Ottawa 
Tests Lime Silt Flyash Ash Loess Sand 

Sieve Analysis: (AASHO T l l - 4 9 ) 
(Total Percent Retained) 

No. 20 _ _ 1 _ 0 
30 — _ — 1 _ 2 
40 — _ 2 _ 35 
50 — — 0 5 0 69 

100 — 0 1 19 1 98 
200 0 8 5 40 1 100 

Hydrometer Analysis: (AASHO T88-54) 
Sand — 55 13 54 11 
Si l t ' _ 36 71 42 67 _ 
Clay - 9 16 4 22 -

^ e c i f i c Gravity _ 2.66 2.45 2.44 2.70 _ 
Liquid L i m i t : (AASHO T89-54) — 24 27 NP 35 — 
Plastic L i m i t : (AASHO T90-54) — 23 26 NP 24 _ 
Plasticity Index: (AASHO T91-54) — 1 1 NP 11 _ 
Cementation (Nebr. Procedure) - 15 2 8 200+ -
Chemical Analysis 

Silicon Dioxide, Percent 0.9 — 44.3 _ — — 
Aluminum Oxide, Percent 0.2 — 24.1 _ _ _ 
F e m e Oxide, Percent 0 .1 17.2 _ — _ 
Calcium Oxide, Percent 97.8 — 4.3 _ — _ 
Magnesium Oxide, Percent 0 .1 — 0.5 — — _ 
Sulfur Trioxide, Percent — — 1.4 — — 
Loss on Ignition, Percent 30.8 — 3.5 — _ 
Carbon Dioxide, Percent 5.7 — — — — 
Insoluble Residue, Percent — — 74.2 — _ _ 
Ratio of AlsOs to Fe203 — — 1.4 _ _ 
Tricalcium Aluminate, Percent — — 35 — _ 
Sodium Oxide, Percent _ 0.67 — _ _ 
Potassium Oxide, Percent _ _ 2.18 _ _ _ 
Total A l k a l i , Percent — — 2.85 _ _ _ 
Equiv. A lk a l i , Percent _ _ 2.10 _ _ 
Water Soluble A lka l i , Percent — — 0.12 _ _ _ 
Phosphorus Pentoxide, Percent — — 0.05 — _ _ 
Manganic Oxide, Percent — — 0 08 — — 
Chloroform Soluble Orgamc 

Substances, Percent — — 0.0005 — _ — 
Free Lime, Percent _ 0.6 — — 
Free Carbon, Percent - - 2.8 - - -

'0 .005 mm to 0.05 mm 



TABLE 9 

TESTS RESULTS FOR SAND-LIME MIXTURES COMBINED WITH AFTONIAN SILT, VOLCANIC ASH, FLYASH OR PEORIAN LOESS 

Mix 
No. 

Cbmposition of Mixes 
Maximum 

Density 
of 

Mixture, 
gm/cc 

Optimum 
Moisture 

of 
Mixture, 
Percent 

2 Day Curmg Time 7 Day Curini : Time 14 Day Curmg Time 90 Day O i r i n t Time 

Mix 
No. 

Sand 
Percent 

Hydrated 
Lime, 

Percent 

Other Ingredient 

Maximum 
Density 

of 
Mixture, 
gm/cc 

Optimum 
Moisture 

of 
Mixture, 
Percent 

Den. as 
Molded, 
gm/cc 

Moist . 
as 

Tested, 
Percent 

Unconfined 
Compressive 

Strength, 
Pounds 

Den. as 
Molded, 
gm/cc 

Moist. 
as 

Tested, 
Percent 

Unconfined 
Compressive 

Strength, 
Pounds 

Den. as 
Molded, 
gm/cc 

Moist . 
as 

Tested, 
Percent 

Unconfmed 
Compressive 

Strength, 
Pounds 

Den. as 
Molded, 
gm/cc 

Moist . 
as 

Tested, 
Percent 

Unconfmed 
Compressive 

Strength, 
Pounds 

Mix 
No. 

Sand 
Percent 

Hydrated 
Lime, 

Percent Percent 
Type of 
Material 

Maximum 
Density 

of 
Mixture, 
gm/cc 

Optimum 
Moisture 

of 
Mixture, 
Percent 

Den. as 
Molded, 
gm/cc 

Moist . 
as 

Tested, 
Percent 

Unconfined 
Compressive 

Strength, 
Pounds 

Den. as 
Molded, 
gm/cc 

Moist. 
as 

Tested, 
Percent 

Unconfined 
Compressive 

Strength, 
Pounds 

Den. as 
Molded, 
gm/cc 

Moist . 
as 

Tested, 
Percent 

Unconfmed 
Compressive 

Strength, 
Pounds 

Den. as 
Molded, 
gm/cc 

Moist . 
as 

Tested, 
Percent 

Unconfmed 
Compressive 

Strength, 
Pounds 

1 

2 

80 

70 

4 

6 

16 

24 

Aftonian 
Silt 

1.93 

2.00 

9.0 

8.0 

1.91 

1.99 

8.0 

8.0 

45 

177 

1.92 

1.99 

8.4 

7.9 

63 

252 

1.92 

1.99 

8.7 

8.2 

80 

362 

1.93 

2.00 

8.2 

7.7 

467 

1442 

3 

4 

80 

70 

4 

6 

16 

24 

Flyash 1.96 

1.95 

9.5 

9.5 

1.95 

1.95 

8.6 

8.3 

87 

268 

1.96 

1.96 

8.2 

8.3 

172 

445 

1.96 

1.95 

8.6 

8.6 

445 

1245 

1.97 

1.96 

8.3 

8.7 

4353 

6113 

5 

6 

80 

70 

4 

6 

16 

24 

Volcanic 
Ash 

1.84 

1.82 

11.0 

11.6 

1.80 

1.81 

10.7 

11.6 

25 

112 

1.81 

1.81 

10.5 

11.3 

90 

353 

1.83 

1.82 

10.4 

11.3 

198 

575 

1.83 

1.82 

10.3 

11.1 

787 

1760 

7 

8 

80 

70 

4 

6 

16 

24 

Peorian 
Loess 

2.00 

1.98 

10.0 

10.3 

1.95 

1.95 

8.9 

10.3 

55 

153 

1.96 

1.97 

8.8 

9.8 

85 

242 

1.97 

1.97 

8.7 

9.7 

122 

310 

1.98 

1.98 

8.4 

9.3 

785 

1373 
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DESIGN A N D PRECONSTRUCTION S A M P L I N G O F E X P E R I M E N T A L P R O J E C T 
Design of the E x p e r i m e n t a l L i m e - T r e a t e d Sections 

The data obtained i n the p r e l i m i n a r y f i e l d and l a b o r a t o r y s tudies seemed to j u s t i f y 
the cons t ruc t ion of an e x p e r i m e n t a l p r o j e c t , i nc lud ing a l i m e - t r e a t e d subgrade s o i l 
sec t ion and a l i m e - t r e a t e d base course sec t ion . 

The s tandard design th icknesses of the bases and s u r f a c i n g f o r the proposed p r o j e c t 

7000 

6 0 0 0 

MIX DATA 
M I X T U R E S A N D H Y D R A T E D 

L I M E 
% % % % 

1 8 0 16 
2 ro 6 a4 
3 eo A- 16 
4 70 6 24 
S BO A 16 
6 TO 6 24 
7 S O 4 16 
e TO 6 24 

O T H E R I N G R E D I E N T 
T Y P E O F M A T E R I A L 
A F T O N I A N S I L T 

F L Y A S H 

V O L C A N I C A S H 

P E O R I A N L O E S S 

5 5 0 0 0 

MIX NO 4 

4 0 0 0 

MIX NO 3 
S 3 0 0 0 

y 2 0 0 0 
MIX NO 6 

M I X ^ O 2 

MIX NO 8 

MIX NO. 5 
MIX NO. 7 

MIXNO 

4 0 60 

AGE , DAYS 

100 

Figure 10. Uaconfined compressive strength of sand-lime mixtures combined with 
aftonian s i l t , volcanic ash, flyash, or peorian loess. 
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T A B L E 10 

T R A F F I C I N F O R M A T I O N 

1956 D a i l y Average - E s t i m a t e d T o t a l V e h i c l e s 485 

1956 D a i l y Average — E s t i m a t e d T o t a l C o m m e r c i a l V e h i c l e s , 
Inc lud ing T r u c k s , S e m i - T r a i l e r s , T r u c k - T r a i l e r Combinat ions and Busses 105 

1956 D a i l y Average — E s t i m a t e d T o t a l S e m i - T r a i l e r s and T r u c k - T r a i l e r 
Combinat ions ( i n c l u d e d i n the above f i g u r e ) 12 

30th Highes t Hour of the Y e a r (1956) E s t i m a t e d 70 

E s t i m a t e d Number of A x l e s p e r Day exceeding 5 Tons 22 

E s t i m a t e d Number of A x l e s p e r Day exceeding 7 Tons 11 

E s t i m a t e d Number of A x l e s p e r Day exceeding 8 Tons 5 

E s t i m a t e d Number of A x l e s p e r Day exceeding 9 Tons 1 

w e r e based on the Nebraska f l e x i b l e pavement th ickness cu rves , w h i c h take in to con­
s i d e r a t i o n the s o i l s , t r a f f i c , s i t ua t ion and p r e c i p i t a t i o n . These design data w e r e : (a) 
g roup index of 20 (A.ASHO C l a s s i f i c a t i o n ) ; (b) e s t ima ted t o t a l of 485 vehic les per day 
(Table 10); (c) good to f a i r su r f ace drainage and poor subsur face dra inage; and (d) ap­
p r o x i m a t e l y 31 i n . of p r e c i p i t a t i o n pe r y e a r . F r o m th i s i n f o r m a t i o n the s tandard de­
s i g n th ickness f o r the base was 11 i n . and f o r the su r f ace course 3 i n . I t was f u r t h e r 
decided that these thicknesses w o u l d be he ld constant throughout the e x p e r i m e n t a l 
sect ions ( F i g . 11). 

Table 11 shows the loca t ion and design of each sec t ion i n the e x p e r i m e n t a l p o r t i o n 
of the p r o j e c t . 

Subdivis ions No . 1 and 5 w e r e es tabl i shed as c o n t r o l sect ions i n o r d e r tha t the p e r ­
f o r m a n c e of the sect ions i n w h i c h l i m e was used could be compared w i t h the s tandard 
design f o r the p r o j e c t . Each sec t ion a lso includes a subd iv i s ion , No . 3 and 7, whe re 
the l i m e add i t ion i s about equal to the average amount r ecommended i n the l i t e r a t u r e . 
Inc luded , a l so , i n each of the t w o e x p e r i m e n t a l sect ions a r e subd iv i s ions hav ing l i m e 
percentages s i g n i f i c a n t l y h igher and l o w e r than the average f o r the m a t e r i a l . 

P r e - C o n s t r u c t i o n Sampl ing 

P r i o r to cons t ruc t i on permanent tes t s i t es w e r e se lec ted and app rop r i a t e ly m a r k e d 
i n each subd iv i s ion of the e x p e r i m e n t a l sec t ions . The locat ions of these permanent 
tes t s i t es a r e shown i n Tables 23 and 24. 

A t the t i m e the permanent t e s t s i tes w e r e selected, samples of the subgrade s o i l 
w e r e taken a t each s i t e . I n the l i m e - t r e a t e d subgrade s o i l sec t ion the subgrade s o i l 
was s amp led a t two depths: (a) 7 to 14 i n . below f i n i s h grade e levat ion; and (b) 14 to 
26 i n . below f i n i s h grade e l eva t ion . 

The 7- to 1 4 - i n . depth represen t s the subgrade s o i l that w o u l d be l i m e - t r e a t e d and 
a l l s o i l tes ts as ou t l i ned i n Table 4, i nc lud ing unconf ined compres s ive s t r eng th tes ts 
w e r e p e r f o r m e d . The m o i s t u r e - d e n s i t y r e l a t i onsh ip was d e t e r m i n e d on the im t r ea t ed 
s o i l as w e l l as on the l i m e - t r e a t e d s o i l ( l i m e - s o i l - w a t e r m i x t u r e s w e r e a l l owed to cure 
f o r 24 h r i n the m o i s t r o o m p r i o r to compac t ion) . The r e s u l t s of these tes ts a r e shown 
i n Ta.bles 17, 18 and 19. The subgrade s o i l samples f r o m the 1 4 - t o 2 6 - i n . depth r e ­
p resen t the s u l ^ r a d e i m m e d i a t e l y below the l i m e t r e a t m e n t . Table 23 shows the r e ­
su l t s of the tes ts of these subgrade samples . 

I n the l i m e - t r e a t e d base course sec t ion the subgrade s o i l was sampled between the 
depths of 1 4 - a n d 2 6 - i n . below f i n i s h grade e leva t ion . T h i s r epresen t s the subgrade 
i m m e d i a t e l y below the g ranu la r subbase cou r se . The r e s u l t s of tes ts of these samples 
a r e shown i n Table 24. The m o i s t u r e - d e n s i t y r e l a t ionsh ips of the coarse sand-af ton ian 
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s i l t - l i m e m i x t u r e w e r e a lso de t e rmined (the m i x t u r e was a l l owed to cu re f o r 24 h r i n 
the m o i s t r o o m p r i o r to compac t ion) . The cu rve data a r e shown i n Table 20 . 

CONSTRUCTION PROCEDURES A N D COST D A T A 

L i m e - T r e a t e d Subgrade So i l 

On August 8, 1956 cons t ruc t ion began on the l i m e - t r e a t e d subgrade s o i l s ec t ion . 
Each of the th ree l i m e - t r e a t e d sect ions w e r e cons t ruc ted separa te ly . In the f o l l o w i n g 
paragraphs the cons t ruc t ion p rocedures a r e d iscussed . 

S c a r i f y i n g and P u l v e r i z i n g the Subgrade S o i l . —In p r e p a r i n g the subgrade f o r l i m e 
s t a b i l i z a t i o n the w i d t h of the roadbed was ad jus t ed t o a u n i f o r m 41 f t . A s c a r i f i e r a t ­
tached to a m o t o r g rader then loosened the subgrade s o i l the e n t i r e w i d t h of the roadbed 

S T A N D A R D D E S I G N 

4 " x 2 7 ' S o i ) - A q q r e q o f e B o s e C o u r s e 

^ " x 2 2 A s p h o l f i c C o n c r e t e S u r f o c e C o u r s e I'S" 
3 /8" per « 1/4" par ft 

1/4" per « 6 S u b g r o d e R e c o n s t r u c t i o n 
7 " y 3 0 ' G r o n u l o r S u b b o s e C o u r s e 

4 4 ' 

E X P E R / M E N T A L L i M E T R E A T E D S U B G R A D E SOIL S E C T I O N 

4 " x 2 7 ' S o i l - A g g r e g o t e B o s e C o u r s e 

8' | . 3 " x 2 2 ' A s p h o l f i c C o n c r e t e S u r f o c e C o u r s e i r s " 
1/4" p»r f l I ' 

1/4" par f t 

7 " x 3 3 ' L i m e Treated S u b g r o d e 

4 r 

E X P E R I M E N T A L L I M E T R E A T E D B A S E COURSE S E C T I O N 

8' 
6 " x 2 7 ' L i m e - A f t o n i o n Si l t T rea ted B a s e Course 

3 " x 2 2 ' Asphaltic C o n c r e t e S u r f a c e C o u r s e , I ' S ' / 
3/8"par f t 

1/4" par ft 6 S u b g r o d e R e c o n s t r u c t / o n 
5 " x 3 0 ' Granular S u b b o s e C o u r s e 

_ 4 4 1 

Figure 11. 'Typical cross-sections. 
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T A B L E 11 

DESIGN O F E X P E I U M E N T A L SECTIONS 

L i m e - T r e a t e d Subgrade Soi l Section 

Subdivis ion Number 1 2 3 4 

Stat ion to Stat ion 
Surface Course 
Base Course 
Subbase Course 
Subgrade T r e a t m e n t 
Pe rcen t L i m e 
R e m a r k s 

1047 to 1062 
3 i n . Asph Cone 
4 i n . S o i l ^ g 
7 i n . G r a n u l a r 
None 
None 
Standard Des ign 

1062 to 1077 
S i n . AsphCone 
4 i n . S o i l A g g 
None 
7 i n . 
3 % 

1077 to 1092 
3 i n . A s p h Cone 
4 i n . S o i l A g g 
Nonp 
7 i n . 
6 % 

1092 to 1107 
S i n . A s p h Cone 
4 i n . S o i l A g g 
None 
7 i n . 
1 0 % 

L i m e - T r e a t e d Base Course Section 

Subdivis ion N u m b e r 5 6 7 8 

Station to Stat ion 
Surface Course 
S o i l A g g . Base Co. 
L i m e - A f t o n i a n Si l t 

Base Course 
Percent A f t o n i a n 

Si l t 
Pe rcen t L i m e 
G r a n u l a r Subbase 

Course 
R e m a r k s 

1148 to 1161 
S i n . AsphCone 
4 i n . 

None 

None 
None 

7 i n . 
Standard Des ign 

1161 to 1174 
S i n . AsfphConc 
None 

6 i n . 

1 5 % 
2 % 

5 i n . 

1174 to 1187 
3 I n . A s p h Cone 
None 

6 i n . 

2 0 % 
4 % 

S i n . 

1187 to 1200 
S i n . Asph Cone 
None 

6 i n . 

2 0 % 
7 % 

5 i n . 

t o a depth of a p p r o x i m a t e l y 6 i n . The r e m a i n d e r of the s o i l was loosened d u r i n g m i x i n g 
ope ra t ions . A f t e r s c a r i f i c a t i o n the loosened s o i l was p u l v e r i z e d w i t h a r o t a r y t i l l e r to 
the extent tha t no chunks r e m a i n e d l a r g e r than 3 i n . i n grea tes t d imens ion , and so that 
not m o r e than 40 percen t of the s o i l r e m a i n e d i n chunks w h i c h w o u l d be r e t a ined on the 
1 - in . s i eve . A f t e r p u l v e r i z a t i o n the s o i l was p laced i n a w i n d r o w . 

Spreading L i m e . — P r i o r to p l a c i n g the l i m e the w i n d r o w w a s f l a t t e n e d t o a S O - f t w i d t h . 
The 5 0 - l b l i m e bags w e r e then spot ted by hand, on the f l a t t e n e d w i n d r o w i n t r ansve r se 
r o w s , i n c o n f o r m i t y w i t h the i n d i v i d u a l l i m e r e q u i r e m e n t s f o r the p a r t i c u l a r subd iv i s ions . 
A f t e r 300 to 400 f t of bags had been p laced , the bags w e r e s p l i t open and the contents 
dumped i n p i l e s . Tab le 12 shows the d i s t r i b u t i o n of the s o i l and l i m e . 

Since t h i s p r o j e c t was of an e x p e r i m e n t a l na tu re and cons iderab le c o n t r o l was de ­
s i r e d when p l a c i n g the l i m e , the method employed was su i t ab le . However , i f c o n s t r u c ­
t i n g a p r o j e c t of cons iderable l eng th t h i s method migh t be too i n e f f i c i e n t and f a s t e r 
methods of handl ing the l i m e w o u l d be d e s i r a b l e . 

M i x i n g . — T h e f i r s t s tep i n the m i x i n g p rocedure consis ted of p u l l i n g a f a r m h a r r o w 
th rough the p i l e s of l i m e t o l e v e l and sp read i t evenly ac ross the f l a t t e n e d w i n d r o w . A 
m o t o r g rade r w i t h s c a r i f i e r a t tachment made one pass t h rough the f l a t t ened w i n d r o w , 
and a s m a l l amount of wa te r was added. T h i s p rocedure was f o l l o w e d to reduce w i n d 
l o s s . A f t e r s e v e r a l passes t h rough the d r y m a t e r i a l w i t h a r o t a r y t i l l e r , m o t o r g raders 
w e r e used to b r i n g up the sides of the f l a t t ened w i n d r o w . Some wa te r was added to the 
m i x t u r e at t h i s t i m e . A f t e r the m i x t u r e had been w i n d r o w e d the m o t o r g raders cu t out 
s m a l l w i n d r o w s f o r f u r t h e r m i x i n g w i t h the t i l l e r . Enov^h wa te r was added d u r i n g th i s 
opera t ion so that the m o i s t u r e content was between the o p t i m u m value and two pe rcen t ­
age poin ts above. Th i s p rocedure was f o l l o w e d u n t i l the w i n d r o w had been comple t e ly 
t u r n e d . Check of the w i n d r o w showed tha t the l i m e and s o i l w e r e w e l l m i x e d and tha t 
the m o i s t u r e content was w i t h i n the spec i a l p r o v i s i o n l i m i t s . 
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Compac t ion . — A f t e r the s o i l - l i m e m i x t u r e had c u r e d i n the w i n d r o w f o r app rox ima te ly 
12 h r , m o t o r g rade r s w e r e used t o sp read the m i x t u r e u n i f o r m l y ac ross the roadbed 
and the sheepsfoot r o l l e r s w e r e s t a r t e d . Wate r was added d u r i n g th i s opera t ion to c o m ­
pensate f o r evapora t ion l o s s . The spec ia l p r o v i s i o n s r e q u i r e d that the m i x t u r e s be c o m ­
pacted to not less than 95 percent of m a x i m u m dens i ty . No d i f f i c u l t i e s w e r e encountered 
i n a t t a in ing the r e q u i r e d densi ty except i n Subdivis ion No . 2 (3 percen t l i m e ) . I n th i s 
subd iv i s ion too m u c h w a t e r was added and the r e s u l t i n g m o i s t u r e contents w e r e between 
2 3 . 1 and 25 .8 pe rcen t . A t t h i s h igh m o i s t u r e content the densi ty d i d not r i s e above 90 
percen t of m a x i m u m . Subsequently the compacted m i x t u r e was s c a r i f i e d to a depth of 
about 4 i n . , d r i e d , and r ecompac ted . In -p lace densi ty tes ts taken a f t e r r e c o m p a c t i n g 
showed that the m a t e r i a l was compacted to the r equ i r emen t s of the spec ia l p r o v i s i o n s . 
F r o m exper ience i t i s be l i eved tha t the m o i s t u r e content of the m i x t u r e d u r i n g c o m -
ac t ion should be no g rea t e r than 2 pe rcen t above o p t i m u m . Table 13 shows the range 
of f i n a l densi t ies obtained i n the compacted m a t e r i a l i n t h i s s ec t ion . 

T A B L E 12 

D I S T R I B U T I O N O F SOIL A N D U M E I N 
T H E L I M E - T R E A T E D SUBGRADE SOIL SECTION 

Hydra t ed L i m e Subgrade So i l Combined W i n d r o w 
Subdivis ion Percent A p p r o x . No . of A p p r o x . N o . of 

Number B y Weight Ton/Sta Tons/Sta Tons/Sta 

2 3 2 .8 9 0 . 2 93 
3 6 5.3 83 .7 89 
4 10 8.8 79 .2 88 

C u r i n g . —Upon comple t ion of laydown opera t ion i n the l i m e - t r e a t e d subgrade s u b d i ­
v i s i o n s no loaded veh ic l e s , o the r than s p r i n k l i n g equipment , w e r e a l l o w e d on the sub-
grade f o r a 5-day c u r i n g p e r i o d . D u r i n g th i s p e r i o d the s u r f a c e was s p r i n k l e d w i t h 
w a t e r a t f r equen t i n t e r v a l s to o f f s e t the e f f ec t s of evapora t ion . Due to the e x t r e m e l y 
hot d r y weather , s p r i n k l i n g was cont inued u n t i l the s o i l aggregate base course was 
p laced . 

L i m e - T r e a t e d Base Course 

On August 30, 1956, cons t ruc t ion began on the l i m e - t r e a t e d base course . Each of 
the t h r ee l i m e - t r e a t e d sect ions w e r e cons t ruc ted separa te ly . I n the f o l l o w i n g p a r a ­
graphs the cons t ruc t ion p rocedures a r e d i scussed . 

P l ac ing the S a n d - L i m e - A f t o n i a n S i l t . —In the method employed the sand was p laced 
and w u i d r o w e d . The a f ton ian s i l t was w i n d r o w e d alongside the sand and the two m a t e ­
r i a l s combined and thoroughly m i x e d . A f t e r the sand and a f ton ian s i l t m a t e r i a l s had 
been m i x e d and w i n d r o w e d , the w i n d r o w was f l a t t ened to about a 3 0 - f t t o p . F i f t y l b bags 
of hydra ted l i m e w e r e then p laced , opened and dumped i n the same manner as desc r ibed 
i n the l i m e - t r e a t e d subgrade s o i l s ec t i on . Table 14 shows the percentages and tonnages 
of each of the m a t e r i a l s used i n each s u b d i v i s i o n . 

M i x i n g . — A f t e r dumping the l i m e bags a f a r m h a r r o w was p u l l e d th rough the p i l e s of 
l i m e to l e v e l and sp read i t evenly ac ross the f l a t t ened w i n d r o w . The s u r f a c e was l i g h t l y 
s p r i n k l e d and the m a t e r i a l b laded i n f r o m the edges to p reven t l i m e loss by w i n d . D r y 
m i x i n g was accompl i shed w i t h a r o t a r y t i l l e r and m o t o r g rade r and i t was cont inued 
i m t i l the e n t i r e w i n d r o w was a homogeneous m i x t u r e . Upon comple t i on of d r y m i x i n g , 
wa te r was added i m i f o r m l y and m i x i n g was cont inued u n t i l a l l the m a t e r i a l was a p p r o x i ­
ma te ly at o p t i m u m m o i s t u r e content . P r i o r to laydown the m i x t u r e was a l l o w e d to cure 
i n the w i n d r o w f o r a p p r o x i m a t e l y 14 h o u r s . 

Compac t ion . —In t h i s sec t ion the m i x t u r e was spread evenly ac ross the roadbed, 
s p r i n k l e d to m a i n t a i n the m o i s t u r e at near o p t i m u m and compacted w i t h a pneumat i c -
t i r e d r o l l e r . The spec ia l p r o v i s i o n s r e q u i r e d that the densi ty a t ta ined be not less than 
100 pe rcen t of m a x i m u m . The range of dens i t ies on the compacted m a t e r i a l i s shown 
i n Table 15. 
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Figure 12. Average flexible pavement deflection; lime-treated s o i l section. 

C u r i n g . — A f t e r the base course was compacted and shaped to the t y p i c a l c ross sec­
t i o n , i t was s p r i n k l e d f o r a p e r i o d of 4 days . F o l l o w i n g th i s c u r i n g p e r i o d the base 
was a l l o w e d to d r y f o r 3 days, d u r i n g w h i c h t i m e i t was s p r i n k l e d only enough to p r e ­
vent c r a c k i n g o r r a v e l i n g of the s u r f a c e . When the m o i s t u r e content of the base course 
was s a t i s f a c t o r y a p r i m e coat was app l i ed . 

P r i m e Coat . —The p r i m e coat, M c - 1 asphal t ic o i l , was app l i ed at the r a t e of 0 .30 
g a l . p e r s q y d . However , t he re was p r a c t i c a l l y no pene t ra t ion of the p r i m e o i l in to the 
base course m a t e r i a l . Since the re m i g h t be d e t r i m e n t a l e f f ec t s to the asphal t ic c o n ­
c re t e f r o m the excess p r i m e o i l , i t was bladed o f f and the base was r e - p r i m e d . The 
r a t e of app l i ca t ion of the new p r i m e coat was a p p r o x i m a t e l y one-ha l f the o r i g i n a l o r 0 .15 g a l . 
pe r sq y d . W i t h the reduced r a t e no excess asphal t r e m a i n e d on the s u r f a c e . I t appears that 
a l i m e s t a b i l i z e d base w i l l absorb v e r y l i t t l e asphal t ic o i l , and the amount should be reduced 
by a p p r o x i m a t e l y 50 percen t of that r e q u i r e d on a convent ional s t a b i l i z e d base. 

Cost E s t i m a t e 

A cost s tudy on the square y a r d basis was made on the e x p e r i m e n t a l l i m e subdiv is ions and 
the s t anda rd design subd iv i s ions (Table 16). When r e v i e w i n g t h i s es t imate i t should be kept 
i n m i n d tha t the l i m e s t a b i l i z a t i o n i n Nebraska was of an e x p e r i m e n t a l na tu re , and t h e r e f o r e , 
the b i d p r i c e s w e r e p robab ly h igher than n o r m a l . 

T A B L E 13 
CONSTRUCTION DENSITIES O F T H E U M E - T R E A T E D SUBGRADE SOIL 

Subdivis ion 
Number 

Pe rcen t 
l i m e 

O p t i m u m 
M o i s t u r e 

M a x i m u m 
Dens i ty 

Range of 
Dens i ty 

( P e r c e n t Max) 

Range of 
M o i s t u r e 
( P e r c e n t ) 

2 
3 
4 

3 
6 

10 

17 .7 
18 .8 
19 .3 

1.72 
1.66 
1.64 

9 6 % to 9 8 % 
9 6 % to 1 0 5 % 
96%, to 1 0 3 % 

1 8 . 2 % to 2 0 . 6 % 
1 8 . 1 % to 1 9 . 1 % 
2 1 . 0 % to 2 1 . 2 % 
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T A B L E 14 

D I S T R I B U T I O N O F AGGREGATES I N T H E U M E - T R E A T E D BASE COURSE SECTION 

Subdivis ion 
Number 

L i m e Coarse Sand A f t o n i a n S i l t Combined 
W i n d r o w 
(Tons/Sta) 

Subdivis ion 
Number % Tons /S ta /o Tons/Sta /o Tons/Sta 

Combined 
W i n d r o w 
(Tons/Sta) 

6 2 1.7 83 68 .9 15 1 2 . 4 83 
7 4 3.3 76 6 3 . 1 20 16 .6 83 
8 7 5.8 73 60 .6 20 16 .6 83 

T A B L E 15 

CONSTRUCTION DENSITIES OF T H E L I M E - T R E A T E D BASE COURSE 

Subdivis ion 
Number 

Percent 
L i m e 

O p t i m u m 
M o i s t u r e 

M a x i m u m 
Dens i ty 

Range of 
Dens i ty 

( P e r c e n t of Max) 

Range of 
M o i s t u r e 
( P e r c e n t ) 

6 
7 
8 

2 
4 
7 

10 .5 
9 .5 

10 .0 

1.92 
1.93 
1.97 

1 0 5 % to 1 0 6 % 
1 0 4 % to 1 0 7 % 
1 0 1 % to 1 0 7 % 

6 . 3 % to 8 . 0 % 
8 . 6 % to 9 . 1 % 
6 . 4 % to 6 . 8 % 

1 OWPAVE 
0 % LIME • 
2 % L I M E » 
4 % LIME — • • • — — 4 
7 % L I M E • » 

3 E F L E C T I 0 N 

/ 

A 

i / . 

i -.̂ ^^ 
- o . — 0 

100 

0 2 0 

0 I 2 0 0 I 4 0 0 I 
9 /1712 /8 6/14 11/26 

0 0 01 

IWP AVE D E F L E C T I O N 

-„ ' 

6 0 0 , 3 0 0 . I 
6 / 3 9 / 2 2 9/17 12/8 

1996 I 1997 

2 0 0 I 4 0 0 | 
6/14 11/26 

1997 I 

6 0 0 I 8 0 0 

6 / 3 9 / 2 2 

T I M E - D A Y S T I M E - DAYS 

Figure 13. Average flexible pavenent deflection; lime-treated base course section. 
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T A B L E 16 

COST D A T A BASED O N B I D O F L O W B I D D E R FOR PROJECT 

L i m e - T r e a t e d Subgrade Soi l Section 

Type of 
Cons t ruc t ion 

Subdivis ion 
N o . r 

Subdivis ion 
No . 2 

Subdivis ion 
N o . 3 

Subdivis ion 
N o . 4 

Type of 
Cons t ruc t ion 

STA1047 To 
STA 1062 

STA 1062 To 
STA 1077 

STA 1077 To 
STA 1092 

STA 1092 To 
STA 1107 

Type of 
Cons t ruc t ion 0 % U m e 3 % l i m e 6 % L i m e 1 0 % L i m e 

G r a n u l a r Subbase Course 
D i m e n s i o n 
Cost p e r Sq Y d 

Soi l Aggrega te Base Course 
D i m e n s i o n 
Cost p e r Sq Y d 

L i m e T r e a t e d Subgrade So i l 
D i m e n s i o n 
Cost p e r Sq Y d 

T o t a l Cost p e r Sq Y d 

7 i n . X 30 f t 
$ 0 . 4 5 

4 i n . X 27 f t 
$ 0 . 5 2 

$ 0 . 9 7 

4 i n . X 27 f t 
$ 0 . 5 2 

7 i n . X S3 f t 
$ 0 . 4 3 
$ 0 . 9 5 

4 i n . X 27 f t 
$ 0 . 5 2 

7 X 33 f t 
$ 0 . 6 5 
$1 .17 

4 i n . X 27 f t 
$ 0 . 5 2 

7 i n . X 33 f t 
$0 .96 
$1 .48 

L i m e - T r e a t e d Base Course Section 

Type of 
Cons t ruc t ion 

Subdivis ion 
No 5^ 

Subdivis ion 
N o . 6 

Subdivis ion 
N o . 7 

Subdivis ion 
N o . 8 

Type of 
Cons t ruc t ion 

STA 1148 To 
STA 1161 

STA 1161 To 
STA 1174 

STA 1174 To 
STA 1187 

STA 1187 To 
STA 1200 

Type of 
Cons t ruc t ion 0 % L i m e 2 % U m e 4 % L i m e 7 % L i m e 

G r a n u l a r Subbase Course 
D i m e n s i o n 
Cost p e r Sq Y d 

Soi l Aggrega te Base Course 
D i m e n s i o n 
Cost p e r Sq Y d 

L i m e T r e a t e d Base Course 
D i m e n s i o n 
Cost p e r Sq Y d 

T o t a l Cost p e r Sq Y d 

7 i n . X SO f t 
$ 0 . 4 5 

4 i n . 27 f t 
$ 0 . 5 2 

$ 0 . 9 7 

5 i n . X 30 f t 
$ 0 . 3 5 

6 i n . X 27 f t 
$ 0 . 6 4 

$ 0 . 9 9 

5 i n . X 30 f t 
$ 0 . 3 5 

6 i n . X 27 f t 
$ 0 . 8 1 

$ 1 . 1 6 

5 i n . X 30 f t 
$ 0 . 3 5 

6 i n . X 27 f t 
$1 .07 

$ 1 . 4 2 

Standard Des ign 

POST CONSTRUCTION S A M P L I N G , T E S T I N G , A N D DISCUSSION O F RESULTS 

Sampl ing 

The f i r s t s e r i e s of samples of the l i m e - t r e a t e d subgrade s o i l w e r e taken 16 days 
a f t e r c o n s t r u c t i o n . A t t h i s t i m e an a t t empt was made t o take und i s tu rbed co res o f the 
m a t e r i a l . Th i s a t t empt was unsuccess fu l but d i s t u rbed samples , as w e l l as i n -p l ace 
densi ty t es t s , w e r e t aken . The r e s u l t s of these tests a r e shown i n Tables 17, 18 and 
19. No a t t empt was made t o take co res of the l i m e - t r e a t e d base course a t a s i m i l a r 
c u r i n g p e r i o d . 
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I n December 1956, another unsuccess fu l a t t empt was made to take und i s tu rbed cores 
of both the l i m e - t r e a t e d subgrade s o i l and l i m e - t r e a t e d base cou r se . No samples of 
e i t he r m a t e r i a l w e r e obta ined a t t h i s t i m e . 

No f u r t h e r s amp l ing was a t tempted u n t i l April 1958 (600 day c u r i n g t i m e ) . A t t h i s 
t i m e the re was modera te success i n ob ta in ing p a r t i a l cores of the m a t e r i a l i n both l i m e -
t r e a t e d sec t ions . The und i s tu rbed pieces of the m a t e r i a l w e r e l a r g e enough f o r dens i ty 
d e t e r m i n a t i o n and some cores w e r e s u f f i c i e n t i n s ize so that 2 - by 2 - i n . cubes cou ld be 

TABLE 17 
TABULATION OF LABORATORY TEST RESULTS SUBDIVISION NO. 2 STATION 1062 +00 TO STATION 1077+00 

3 PERCENT UME-TREATED SUBGRADE SOIL 

lUntreatedl 
Soil 

Testa 

Test Site No. 2a ( F i l l ) Station 1066 + 0 0 ' 

Pr ior to 
Const. 

9 'Rt . 

Test Site No. 2b ( Q i t ) Station 1076 + 0 0 ' 

3% Lime-Treated Subgrade Soil 
Untreated 

Soil 

16 Days Af te r Const 

Cents I 9' Rt. I 14' Rt. 

600 Days 
Af te r Const. 

Pr io r to 
Const. 

9 ' L t . 

3%Lime-Treated Subgrade Soil 

16 Days Af t e r Const. 

Cents I 9- L t . I 14' U 

600 Days 
Al te r Const. 

9 ' L t . 14' Lt . 
Sieve Analysis, %Ret. 

1 i n . 
V. m . 0 
No. 4 2 

10 2 
20 4 
40 7 
50 9 

100 15 
200 19 

Hydrometer Analysis 
Sand 24 
Si l t ' 37 
CUy 39 

%iecific Gravity 2.67 
Liquid U m i t 47 
Plastic L i m i t 23 
Plasticity Index 24 
capi l la r i ty l O ' l S " 
Absorption Failure 34'42" 
Cementation 200 + 
Shrinkage L i m i t 12.23 
Shrinkage Ratio 1.86 
Lineal Shrinkage 7.1 
Volumetric Change 22.64 

Field Moist . Equivalent 24.4 

ChemicalAnalysis, L i m i 
Top Half, Percent 1.0* 
Bottom Half, Percent -

Unconfined Compression 
Strength Test 

Total Load, lb 698* 
P . S . I . 56 
Percent, Moisture 18.7 

Optimum M6ishi re ,% 17.5 
Maximum Density, 

Gm/cc 1.73 
Actual Moisture, % 17.4 
Actual Density, 

Gm/cc 1.72 
Percent Optimum 99 
Percent Maximum 99 

AASHO Sou CUss. 

0 
1 

12 
24 
29 
40 
47 

57 
32 
11 
2.66| 
39 
29 
10 

17'25' 
2hr + 
200 + 

21.34 
589 

4.8 
15.71 

31.23 

2.7» 
2 . 7 ' 

17.7 

1.72 

0 
1 
8 

18 
24 
35 
42 

51 
37 
12 

2.66' 
40 
29 
11 

23'22' 
2hr + 
200 + 
23.21 
1.561 
|4.1 
13.47 

31.85 

2.8" 
2 . 6 ' 

17.7 

1.72 
17.7 

.67 
100 
97 

A-7-6 
1(15) 

0 
1 
8 

18 
24 
35 
42 

50 
38 
12 

2.66' 
39 
28 
11 

28'41" 
2hr + 
200 + 

17.54 
1.639 
6.7 
22.71 

31.39 

2 . 9 ' 
2 . 5 ' 

17.7 

1.72 

1 
3 
5 
8 

13 
17 
24 
30 

28 
6 

2.67' 
38 
32 
6 

3 '31" 
3'35" 
200 + 

19.7 
1.603 
6.9 
23.6 

34.4 

2 . 5 ' 
2 . 6 ' 

17.7 

1.72 
21.2 

120 
97 

6 A-4(4) A-6(5) k-6(5) A-4(7) U.6(5) 

'Depth of sample approximately 7 to 14 m . below fmish grade. 
0.005 mm to 0.05 m m . 

'Assumed. 
'Chemical analysis of percent l ime m untreated so i l . 

Lime content corrected f o r original l ime content. 
4 by 4 i n . molded cylmder. 

0 
7 

18 
25 
37 
45 

50 
42 

8 

2.66' 
40 
28 
12 

16'11" 
2hr + 
200 + 

21.2 
1.60 
5.2 
17.1 

31.90 

2.4" 
2 .6 ' 

17.7 

1.72 
22.7 

1.61 
128 
94 

0 
1 
3 
7 

10 
13 
16 

33 
36 
31 

2.66 
44 
20 
24 

12'23" 
20'26" 
200 + 

12.71 
1.84 
6.4 
21.69 

24.5 

0.7* 

540' 
43 

17.8 

17.5 

1.73 
9.8 

1.90 
56 

110 

0 
3 

11 
19 
24 
33 
40 

51 
37 
12 

2.66 
37 
28 

33'38' 
2hr + 
200 + 

19.51 
1.644 
5.2 
17.44 

30.12 

4.0* 
2 .6 ' 

17.7 

1.72 

A-7-6 A-4(5) 
1(10 I 

0 
2 

11 
21 
27 
37 
45 

55 
33 
12 

2.66' 
37 
30 

7 

27'4" 
2hr + 
200 + 

23.44 
1.522 
2.5 
7.90 

28.63 

4 . 0 ' 
2 . 6 ' 

17.7 

1.72 
17.8 

1.66 
101 
97 

0 
1 

10 
21 
27 
38 
47 

61 
31 
8 

2.66' 
37 
30 
7 

32'10" 
2hr + 
200 + 

23.04 
1.541 
4.6 
14.99 

32.74 

3.2" 
3 . 4 ' 

17.7 

1.72 

0 
2 
2 
4 
9 

15 
18 
27 
34 

64 
32 
4 

2.67' 
38 
31 

7 

7'53" 
27'42" 
200 + 

21.7 
1.568 
6.1 
20.5 

34.8 

3 .3 ' 
2 . 5 ' 

17.7 

1.72 
20.5 

1.58 
116 

A-4(4) k - 4 ( 6 ) 

0 
2 

12 
23 
28 
38 
45 

66 
30 
4 

2 .66 ' 
39 
32 
7 

21'7" 
2hr + 
200 + 

24.6 
1.49 
4.7 
15.3 

34.9 

3 . 1 ' 
2 . 5 ' 

17.7 

1.72 
24.2 

1.60 
137 
93 

|A-4(4) 
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sawed from them for unconfined compressive strength tests. Besides the cores enough 
material was obtained for soil testing. Also at this time in-place density tests and 
material for soil testing were taken from the soil aggregate base course (Table 21), 
granular subbase course (Table 22), and subgrade soil (Tables 23, 24, 25 and 26). A 
volumeasure was used in measuring the in-place densities of the two base course mate­
rials, while specimens for the density tests of the subgrade soil were taken by Shelby 
tube. 

Testing 
The tests performed on the post-construction samples of the lime-treated sul^ade 

TABLE 18 
TABULATION OF LABORATORY TEST RESULTS SUBDIVISION NO. 3 STATION 1077 +00 TO STATION 1092 + 00 

6 PERCENT LIME-TREATED SUBGRADE SOIL 

Tests 

Test Site No. 3a (Cut) Station 1084 +00' 
Untreatedl 

Sou 
Prior to 
Const. 
9'Rt. 

8 % Lime -Treated Subgrade Soil 
Untreatedl 

Soil 

16 Days Alter Const. 

Cents I 9'Rt. I 14'Rt. 

600 Days 
After Const. 

9'Rt. 14'Ht 

Test Site No. 3b (Fill) Stotionl089+00' 

Prior to 
Const. 

9'Lt. Cents 9'Lt. 

6% Lime-Treated Subgrade Soil 
600 Days 

16 Days Alter Const'. After Const. 
14'Lt. 9 'U. 

Sieve Analysis, % Ret. 
l i n . 
V . i n . 
No. 4 

10 
20 
40 
SO 

100 
200 

Hydrometer Analysis 
Sand 
Silt* 
Oay 

E^cific Gravity 
Liquid Limit 
Plastic Limit 
Plastic Index 
Capillarity 
Absorption Failure 
Cementabon 
Shrinkage Limit 
Shrinkage Ratio 
Lineal Shrinkage 
Volumetric Change 
Field Moist. Equivalent 
Chem. Analysis, Lime 

Top Half, % 
Bottom Half, % 

Unconfined Compressive] 
Strength Test 
Tbtal Loads, Lbs. 
P.S.I. 
% Moisture 

Optimum Molsture,% 
Maximum Density, 

Gm/cc 
Actual Moisture, % 
Actual Density, Gm/cc 

% Optimum 
% Maximum 

AASHO Soil Class. 

22 
S2 
26 
2.66 
40 
21 
19 
6'12" 
6'12" 
200+ 
17.75 
1.72 
3.8 
10.92 

24.1 

0.5* 

790* 
63 
16.9 
16.5 

1.76 
13.3 
1.83 
81 
104 
A-6 
(12L 

0 
1 
2 
7 

20 
30 
35 
44 
52 

79 
21 
0 

2.65 
31 
NP 
NP 

5'44" 
2hr.+ 
200+ 
28.39 
1.346 
2.3 

7.02 
33.59 

7.7' 
4.4' 

18.8 

1.66 

A-4(3) 
_ L _ 

0 
1 
2 

14 
26 
32 
42 
52 

78 
21 
1 

2.65' 
32 
31 

1 
5'35" 
2hr.+ 
200+ 
26.15 
1.369 
5.3 
17.57 
38.99 

6.0' 

18.8 

1.66 
16.4 
1.63 
87 
98 
A-4(S 

0 
1 
2 

18 
31 
37 
48 
58 

78 
22 
0 

2.65' 
31 
NP 
NP 
5'36" 
2hr.+ 
200+ 
23.77 
1.507 
6.3 
20.87 
37.61 

6.1" 
5.7' 

18.8 

1.66 

A-4(l) 

0 
3 

18 
31 
36 
48 
54 

82 
18 
0 

2.67' 
NP 
NP 
NP 
2'44" 
2hr.+ 
200+ 
28.5 
1.381 
4.3 
14.1 
38.7 

5.7' 
4.4' 

18.8 

1.66 
17.0 
1.67 
90 
101 

A-4(2) 

0 
1 

22 
36 
41 
53 
61 

82 
18 
0 

2.66' 
NP 
NP 
NP 
4'25" 
2hr.+ 
200+ 
28.9 
1.34 
5.2 
16.9 
41.5 

6.2' 
5.4» 

1100' 
275 
19.7 
18.8 

1.66 
19.8 
1.54 
105 
93 

A-4(l) 

0 
1 
3 
6 
9 

16 
23 

38 
31 
31 
2.67 
44 
20 
24 
9'05" 
9'05" 
200+ 
12.93 
1.84 
S.2 
18.16 

22.8 

1.2* 

703' 
56 
17.0 
16.5 
1.76 
12.2 
1.75 
74 

A-7-6 
(14) 

20 
0 

2.65' 
33 
NP 
NP 
7'30" 
2hr.+ 
200+ 
25.86 
1.440 
4.3 
15.54 
36.25 

5.6-
5.0' 

18.8 

1.66 

0 
1 

14 
26 
31 
48 
50 

78 
20 
2 

2.65' 
31 
30 
1 

8'59" 
2hr.+ 
200+ 
20.93 
1.576 
6.8 
23.16 
35.62 

5.6' 
5.6' 

18.8 

1.66 
19.1 
1.60 
102 

0 
1 
8 

17 
22 
33 
43 

84 
16 
0 

2.65' 
33 
NP 
NP 
8'42" 
2hr.+ 
200+ 
28.07 
1.489 
6.1 
20.33 
36.69 

6.4' 
6.2' 

A - 4 ( l ) A-4(3) A - 4 ( 4 ) 

18. { 

1.6 

'Depth of sample approximately 7 to 14 in. below finish grade. 
'0.005 mm to 0.05 mm 
'Assumed. 
'Chemical analysis of percent lime m untreated soil. 
'Lime content corrected lor origual lime content. 
• 4 by 4 in. molded cylinder. 
'2 by 2 m. cube cut from core. 

77 
20 
3 

2.67' 
34 
31 
3 

20'3" 
21'9" 
200+ 
24.24 
1.532 
4.5 
14.6 
33.9 

4.4' 
4.5' 

18.8 

1.66 
19.0 
1.66 
101 
100 

lA-2-4 

0 
2 

19 
33 
39 
SO 
S9 

84 
16 
0 

2.66' 
NP 
NP 
NP 
6'59" 
2hr.+ 
200+ 
28.4 
1.37 
4.4 
14.4 
38.9 

6 .1 ' 
6.5' 

18.8 

1.66 
20. S 
1.60 
109 
96 

A-4(l) 
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soil included those outlined in Table 4 (except AASHO T99-49) and also in-place 
moisture density determinations and chemical analyses for percentage of lime. 
Only sieve analysis, unconfined compressive strength tests, and chemical analyses 
for percentage of lime were performed on the lime-treated base course samples. 
Tests performed on the soil aggregate base course and granular subbase course 
samples included sieve and hydrometer analysis, determination of plasticity index, 
specific gravity, and in-place moisture density tests. Tests of the untreated sub-
grade soil samples in both lime-treated sections included those outlined in Table 
4 (except AASHO T99-49) and in-place moisture density determinations. 

TABLE 19 
TABULATION OF LABORATORY TEST RESULTS SUBDIVISION NO. 4 STATION 1092 +00 TO STAHON 1107 +00 

10 PERCENT LIME-TREATED SUBGRADE SOIL 

Test Site No.4a (Cut) Station 1096 + 00' Test Site No.4b (Fill) Station 1106+00* 
Untreated 1 

Jntreated Soil 10 /o Lime-Treated Suberade Soil Sou 10% Lime-Treated Subgrade Soil 
Prior to 600 Days Prior to 600 Days 

Tests 
Const. 16 Days After Const. After Const. Const. 16 Days After Const. After Const. 

Tests 9'Lt. Cents 9'Lt. 14' Lt. 9' L t 14'Lt 9' Rt. Cents 9' Rt. 14' Rt. 9'Rt. 14" Rt. 
Sieve Analysis, % Ret. 

1 in 
V . m . _ _ _ I I I 0 
No. 4 - — _ 0 0 0 0 1 0 1 

10 0 0 0 1 2 2 1 1 0 0 2 2 
20 1 9 7 11 20 33 1 7 6 5 20 22 
40 1 20 17 21 33 46 3 17 14 13 32 37 
50 1 24 22 25 37 50 4 22 19 18 37 42 

100 3 33 30 33 43 57 10 34 32 29 47 54 
200 6 40 39 41 48 63 20 46 44 41 55 63 

Hydrometer Analysis 
Sand 20 81 81 80 84 88 33 79 82 82 82 86 
Silt' 49 19 19 20 14 12 34 21 18 18 17 14 
Clay 31 0 0 0 2 0 33 0 0 0 1 0 

S^cific Gravity 2.67 2.65 2.65' 2.65' 2.67' 2.66' 2.65 2.65 2.65' 2.65' 2.67 2.66 
Liquid Limit 47 36 36 37 NP NP 40 31 32 30 NP NP 
Plastic Limit 22 NP NP NP NP NP 22 NP NP NP NP NP 
Plasticity Index 25 NP NP NP NP NP 18 NP NP NP NP NP 
Capillarity 15'4" 4'25" 4'3" 3*3" 19'12" 8'24" 15'7" 6'5" 5'44" 5'15" 3'13" 5'34" 
Absorption Failure 22'7" 2hr.+ 2hr.+ 2hr.+ 2hr.+ 2hr.+ 39'8" 2hr.+ 2hr.+ 2hr.+ 2hr.+ 2hr.+ 
Cementation 200+ 200+ 200+ 200+ 182 200+ 200+ 200+ 200+ 152 200+ 200+ 
Shrinkage Limit 14.96 27.09 27.41 27.82 29.7 33.2 14.03 24.65 25.70 25.99 27.6 28.1 
Shrinkage Ratio 1.80 1.449 1.375 1.331 1.358 1.30 1.80 1.361 1.351 1.366 1.314 1.30 
Lineal Shrinkage 4.8 5.5 5.6 6.5 5.6 4.2 4.70 5.2 5.00 5.1 5.3 3.6 
Volumetric Change 16.27 17.93 18.41 21.89 18.5 13.8 15.60 17.19 16.48 16.62 17.9 11.6 
Field Moist. Equivalent 24.0 39.47 40.79 44.26 43.3 43.8 22.70 37.27 37.88 38.15 41.2 37.0 
Chem. Analysis, Lime 

Top Half, % 1.0* 10.3* 9.8' 9.8' 8.6' 9.6' 0.5* 7.5' 7.5' 6.9' 6 .1 ' 7.0' 
Bottom Half, % - 9.7' 9.4' 8.7' 5.8' 10.1' - 7 .1 ' 7.0' 6.8' 6.8' 6.4" 

Unconfined Compression 
Strength Test 
Total load, lb 780' _ — _ _ 703' 
P. S.I. 62 _ _ _ _ _ 56 _ 
% Moisture 18.7 - - - - 17.7 - — — — _ 

Optimum Moisture, % 18.0 19.3 19.3 19.3 19.3 19.3 18.0 19.3 19.3 19.3 19.3 19.3 
Maximum Density, Gm/cc 1.69 1.64 1.64 1.64 1.64 1.64 1.69 1.64 1.64 1.64 1.64 1.64 
Actual Moisture, /o 19.3 - 20.6 — 23.5 26.6 10.2 _ 21.5 _ 18.3 20.5 
Actual Density, Gm/cc 1.76 — 1.62 — 1.56 1.37 1.81 1.58 1.65 1 58 

% Optimum 107 — 107 — 122 138 57 _ 111 _ 95 106 
/ d Maximum 104 - 99 - 95 84 107 - 97 - 101 96 

AASHO Soil Class. A-7-6 A -4(5) A-4(5) A-4(5) A-4(3) A-4(0) A-6 A-4(4) A-4(4) A-4(5) A-4(2) A-4(0) 
(15) (11) 

A-4(2) A-4(0) 

'Depth of samples approximately 7 to 14 m. below finish grade. 
0.005 mm to 0.05 mm. 

'Assumed. 
'chemical analysis of percent lime in untreated soil. 
Lime content corrected for origmal lime content. 

°4 by 4 in. molded cylinder. 



TABLE 20 
LABORATORY TEST RESULTS FOR LIME-TREATED BASE COURSE STATION 1161 TO STATION 1200 

Tests 

Subd. No. 6, SI A1161 to E Itall74, 2% Lime Subd. No.7, Stall74toSU1187,4% Lime Subd. No.8, Stall87toStal200,7% Lime 

Tests 

Sta 
1170 

Test Site 6a 
(Fill) Sta 1167 

Test Site 6b 
(Fill) Sta 1171 

Sta 
11800 

Test Site 7a 
(FiU) Sta 1178 

Test Site 7b 
(FiU) Sta 1183 

Sta 
1195 

Test Site 8a 
(Cut) Sta 1192 

Test Site 8b 
(Fill) Sta 1199 

Tests 

During 
Const. 

600 Days 
After Const. 

600 Days 
After Const. 

During 
Const. 

600 Days 
After Const. 

600 Days 
After Const. 

During 
Const. 

600 Days 
After Const. 

600 Days 
After Const. 

Tests 9'Rt 9'Rt 14'Rt 9'Lt 14'Lt 9'Lt 9'Lt 14'Lt 9'Rt 14'Rt 9'Lt 9'Lt 14'Lt 9'Rt 14'Rt 

Sieve Analysis, % Ret. 
1 in. 
%in. 

0 
Sieve Analysis, % Ret. 

1 in. 
%in. 0 0 1 0 0 0 0 0 0 0 0 — — 

No. 4 1 0 0 1 1 3 1 1 0 1 1 2 1 0 0 
10 3 2 2 3 2 5 3 2 1 2 3 3 4 1 1 
20 11 8 11 11 10 12 16 11 9 12 13 14 14 9 6 
30 27 25 28 30 27 23 35 26 25 29 24 31 28 23 20 
40 55 51 57 54 53 49 56 49 49 56 52 52 51 45 40 
50 69 68 72 69 67 63 70 62 65 70 66 67 65 58 55 
80 76 76 79 76 74 69 76 69 71 76 72 75 72 66 64 

100 77 78 81 77 76 71 78 70 73 78 74 77 74 68 67 
200 79 82 84 81 80 73 84 75 78 82 76 83 78 74 72 

CSiemical Analysis 
11.6 11.2 Lime, Percent — 3.8 3.6 4.0 4.2 - 6.1 4.9 6.3 6.1 — 7.8 7.4 11.6 11.2 

Optimum Moisture, % 10.5 10.5 10.5 10.5 10.5 10.5 9.5 9.5 9.5 9.5 10.0 10.0 10.0 10.0 10.0 
Maximum Density, 

1.97 gm/cc 1.92 1.92 1.92 1.92 1.92 1.93 1.93 1.93 1.93 1.93 1.97 1.97 1.97 1.97 1.97 
Actual Moisture, % 8.0 7.1 8.3 8.3 5.4 9.1 8.7 10.7 8.7 9.5 6.7 7.9 9.5 6.6 7.8 
Actual Density, 

gm/cc 2.01 1.92 1.88 1.93 1.98 2.00 1.92 1.95 1.87 1.89 2.03 1.96 1.94 1.88 1.99 
Percent of Optimum 76 68 79 79 51 96 92 113 92 100 67 79 95 66 78 
Percent of Maximum 105 100 98 100 103 104 99 101 97 98 103 99 99 96 101 
Unconfined Compressive 

Strength Test 
Total Load, lb — 660* — — — 1670 — 2980* — 3180* — 1620* — 

P.S . I . — 165 — — — 430 — 745 — 795 — 405 — 

% Moisture as Tested - - — 8.9 - - - 9.8 - 8.3 - 8.2 — 8.0 — 

'2 by 2 in. cube cut from core. 



TABLE 21 
TEST RESULTS FOR SOIL AGGREGATE BASE COURSE 

Tests 

Subd No. 1 Sta 10 17toSt: 1062' Subd No 2 Sbl062toSb 11077' Subd. No 3 Stal077toSta 1092* Subd. No. 4 Sta 1092 to Sb 1107* Subd No. 5 Sta 1148 to Sta 1161' 

Tests 

Sta 
1050 

Test Site l a 
( F i l l ) Sta 1052 

Test Site l b 
(Cut) Sta 1059 

Sta 
1070 

Test Site 2a 
Fi l l ) Stalloe 

Test Site 2b 
(Cut) Sta 1076 

Sta 
1080 

Test Site 3a 
(Cut) Sta 1084 

Test Site 3b 
:Fi11) Sta 1089 

Sb 
1100 

Test Site 4a 
(Cut) Sta 1096 

Test Site 4b 
; FiU) Sta 1106 

Sta 
1150 

Test 
(O i t ) 

nte 5a 
i t a l l S l 

Test Site 5b 
( F i l l ) Sta 1159 

Tests 

Durmg 
Const 

600 Days 
After Const. 

600 Days 
After Const. 

Durmg 
Const 

600 Days 
Af te r Const 

600 Days 
Af te r Const 

Durui{ 
Const. 

800 Days 
After Const. 

600 Days 
Af te r Const 

During 
Const 

600 Days 
After Const 

600 Days 
Af te r Const. 

Durmt 
Const. 

600 Days 
After Const 

600 Days 
After Const. 

Tests 9 ' U 9 'Lt 14'Lt 9'Rt 14'Rt 9'Rt 9'Rt 14'Rt 9 ' U 14'Lt 9'Rt 9'St 14'Rt 9 ' U 14'Lt 9 ' U 9 ' U 1 4 ' U »'Rt 14'Rt 9 ' U 9 ' U 14'Lt 9'Rt 14'Rt 
Sieve Analysis, % Ret. 

1 i n . 0 0 0 0 • 0 0 — 0 0 0 0 . 0 _ 0 0 0 0 0 0 0 4 0 0 
% l n . 5 4 3 9 11 3 9 13 8 6 5 4 10 2 6 4 5 6 4 6 4 4 8 6 4 
No 4 22 17 9 22 29 20 37 38 29 29 21 IS 29 15 18 22 16 22 20 18 16 19 15 18 17 

10 50 42 20 41 53 48 S9 60 55 57 49 41 57 46 34 50 43 51 52 46 45 45 29 48 39 
20 61 55 37 SO 62 59 65 66 64 66 62 55 69 58 45 62 55 63 66 60 58 57 41 63 51 
40 78 75 70 72 81 78 80 81 79 80 79 76 84 76 68 78 73 79 79 75 74 74 65 78 88 
90 85 82 80 81 87 84 85 87 8S 86 85 82 88 82 78 84 80 84 83 81 81 81 75 65 77 

100 90 88 87 87 91 89 89 90 89 89 90 87 92 87 85 90 85 89 88 86 87 87 84 90 86 
200 92 90 88 89 93 91 90 92 91 91 92 89 93 89 87 92 87 90 89 88 89 89 87 92 68 

Hydrometer Analysis 
Sand 94 94 90 92 94 93 93 94 93 93 94 93 94 91 91 94 89 91 92 00 93 93 92 95 90 
Silt* 2 2 4 3 3 3 3 2 3 3 2 3 3 4 4 2 5 S 4 5 3 3 3 2 5 
Clay 4 4 6 5 3 4 4 4 4 4 4 4 3 5 5 4 6 4 4 S 4 4 5 3 5 

S^c i f i c Gravity 2 65 2 67" 2.67' 2 67' 2.67' 2 65' 2 67' 2 67' 2.67' 2.67 2 65' 2.67' 2 67' 2.67' 2.67 2 65 2.67' 2.67' 2.67' 2.67 2.63 2 67' 2.67' 2.67' 2.66 
Liquid L imi t 19 19 20 21 20 21 23 22 21 23 17 22 20 22 21 18 23 24 21 24 21 20 21 18 19 
Plastic L imi t IS IS 16 17 16 16 17 14 17 15 15 17 16 16 15 17 17 17 17 16 15 IS 15 

6 
16 14 

Plasticity Index 4 4 4 4 4 9 6 8 4 8 2 S 4 6 6 1 6 7 4 8 6 5 
15 
6 2 5 

Optimum Moisture, % 7.0 7.0 7 0 7 0 7 0 7 0 7 0 7 0 7.0 7.0 7.0 7.0 7.0 7.0 7.0 7 0 7.0 7.0 7 0 7 0 7.0 7 0 7.0 7 0 7.0 
Maximum Density 

gm/cc 2.08 2.08 2.08 2.08 2.08 2.08 2.08 2.08 2.08 2.08 2.08 2.08 2.08 2.08 2.08 2.08 2.08 ! 08 2.08 2.08 2.08 2 08 2 08 2.08 !.08 
Actual Moisture, % 
Actual Density, gm/cc 

7.5 4.7 5.3 4 2 4 7 9 5 4 2 3 6 3.6 4 7 6 2 4.2 4 2 2 6 4.2 6.7 4 2 5 8 4.2 4 7 4.2 3.6 5 3 3 1 3 6 Actual Moisture, % 
Actual Density, gm/cc 2.20 2.16 1 82 2 04 2.05 2.24 2 32 1 85 1 62 2 14 2.26 2.02 2 OS 2 06 1.98 2 16 1 68 1.94 2.08 1 49 2.22 1 96 1.91 1 90 : 87 
Percent of Optimum 107 67 76 60 67 136 60 51 51 87 89 60 60 37 60 96 60 93 60 67 60 51 76 44 51 
Percent of Maximum 106 104 88 98 99 107 112 89 78 103 109 97 99 09 OS 104 81 83 09 72 107 94 92 91 90 
AASHO Soil Class. A - l - a A - l - b A - l - b A - l - b A - l - a A - l - b A - l - a A-2-4 A - l - a A-2-4 K-l-b A - l - b A - l - a A-l-b A - l - b A - l - a A - l - b A-2 -4 A - l - a A-2-4 A - l - b A - l - b A - l - b K-l-b A - l - b 

(0) (0) (0) (») (0) (0) (0) (0) (0) (0) (0) (0) (0) (0) (0) (0) (0) (») (0) (0) (0) (0) (0) (0) (0) 
'Depth of sample approximately 3 to 7 i n . below finish grade elevation 
0 005 mm to O.OS mm 

'Assumed 



TESTS RESULTS FOR GRANULAR SUBBASE COURSE 

Subd No 1 Sta 1047 to 1062' Subd. No 5 Sta 1148 to 1161' Subd. No 6 Sta 1161 to 1174' Subd. Mo 7 Sla 1174 to 1187' Subd. No. 8 Sta 11 7 to 1200' 

Sta Tests lite l a Test Site l b Sta T^st S tte 5a Test Site 5b Sta Tests kte6a Test Site 6b Sta Test Site 7a Test Site 7b Sta Test S ate 8a TestS] teSb 
1050 ( F i l l ) Sta 1052 (Cut) SU10S9 1150 (Cut) S t a l l S l (FiU) i t a l l 5 9 1170 F i l l ) S la 1167 (FiU) Sta 1171 1180 FiU) Sta l l78 (FiU) S t a l l 8 3 1190 (Cut) SU1192 F i l l ) Sta 1199 

During 600 Days 600 Days aurmg 600 Days 600 Days Durmg 600 Days 600 Days During 600 Days 600 Days Durmg 600 Days 600 Days 

Tests Const. Af te r Const. Alter Const. Coast. Af te r Const Af te r Const Const. After Const After Const. Const. Af te r Const. After Const. Const. After Const. Af te r Const 
Tests 

9 'Lt 9 ' U 14 'U 9'Rt 14'Rt 9 'Lt 9 'Lt 14'Lt 9'Bt 14'Rt 9'Rt 9'Rt 14'Rt 9 'Lt 14'Lt 9 ' U g ' u 1 4 ' U 9'Rt 14'Rt 9 'Lt 9 'Lt 1 4 ' U 9'Rt 14'Rt 

Sieve Analysis, % Ret. 
1 i n . 0 0 0 0 0 0 1 0 0 — . — — — 0 — — — — 0 0 0 0 0 
% i n . 1 2 0 6 4 3 1 5 6 3 0 — 0 0 0 1 0 1 0 — 2 1 4 1 1 
No 4 4 7 3 8 6 6 5 8 9 7 1 0 2 1 1 3 1 2 2 0 4 5 5 2 2 

10 10 16 7 18 11 11 11 14 16 14 4 2 3 2 2 7 3 4 5 2 8 8 9 5 6 
20 27 34 13 34 24 26 27 30 29 26 10 10 9 8 7 15 11 13 16 10 18 10 17 15 18 
40 63 68 66 72 56 63 60 64 57 56 99 56 55 53 51 55 57 61 63 50 57 56 51 54 58 
50 76 70 79 83 69 75 73 77 70 68 76 74 74 70 68 68 74 80 79 65 71 75 69 67 70 

100 83 85 86 88 76 85 83 84 85 83 83 81 80 78 76 82 82 87 87 72 83 84 77 76 79 
200 85 87 88 90 79 88 86 88 88 87 86 84 83 80 77 88 89 90 89 74 85 86 79 80 82 

Hydrometer Analysis 
93 91 87 85 Sand 88 89 91 94 82 go 91 91 92 91 85 87 87 84 82 90 88 93 91 — 87 89 85 85 88 

Silt 5 6 4 3 9 4 5 4 4 4 7 5 5 7 7 4 5 2 3 — 6 5 8 6 5 
Qay 7 5 5 3 9 6 4 5 4 5 8 8 8 9 11 6 7 5 6 — 7 6 7 9 7 

S^iecific Gravity 2 68 2 67" 2.67' 2.67' 2.67 2.65 2 67 2 67* 2 67 2.65" 2.85" 2.65' 2 65" 2.65" 2.65 2.89" 2.65" 2 65' 2.65" - 2.69' 2.69' 2.65' 2 65' 2.65 
Liquid Limi t 21 22 19 19 24 19 20 20 19 NP 26 25 24 28 27 19 18 NP 20 — 22 NP 21 25 23 
Plastic L imi t n 17 16 15 16 17 17 17 16 NP 16 15 15 16 16 15 16 NP 15 — 18 NP 16 17 15 
Plasticity Index 4 5 3 4 8 2 3 3 3 NP 10 10 9 12 11 4 2 NP 5 - 4 NP 9 8 8 

Optimum Moisture, % 12.3 12.3 12.3 12.3 12 3 12 3 12 3 12.3 12 3 12.3 13 0 13.0 13 0 13.0 13.0 13 0 13.0 13.0 13.0 13.0 13.0 13.0 13.0 13 0 13.0 
Maxumum Density, gm/cf 1.87 1.87 1 87 1.87 1.87 1 87 1 87 1.87 1.87 1.87 1 82 1 82 1 82 1.82 1.82 1.82 1 82 1 82 1.82 1.82 1.82 1.82 1.82 1.82 1.82 
Actual Moisture, /o 13 0 5.8 5.8 5.3 8 7 10 5 5.3 7 0 5 3 5 8 11.1 6.4 8.1 7 5 9.3 10 1 7.0 7.0 9 3 6 4 10 5 9.3 10.9 2.1 6 0 
Actual Density, gm/cc 2.01 1.98 1 87 1.88 1.77 2.06 1.90 1.64 1.83 1 85 1.82 2 17 1 97 2.08 1.85 1.76 1.98 1 88 1 97 1.94 2.01 2.10 1.98 1 97 2.16 
Percent of Optimum 106 47 47 43 71 85 43 57 43 47 85 49 62 58 72 78 94 54 72 40 81 41 81 16 46 
Percent of Maximum 107 106 100 100 95 110 102 88 98 99 100 119 108 114 102 97 109 102 108 107 110 115 109 108 119 

AASHO Sou Class. A - l - b A - l - b A - l - b A - l - b A-2-4 A - l - t A - l - b A - l - b A - l - b A - l - b A-2-4 A-2-4 A-2-4 A-2-6 A-2-6 A - l - b A - l - b A - l - b A - l - b A-2-4 A - l - b A - l - b A - l - b A-2-4 A-2-4 AASHO Sou Class. 
(0) (0) (») (0) (0) (0) (0) (0) (0) (0) (0) (») (0) (0) (0) (0) (0) (0) (») (») (0) (0) (0) (0) (0) 

'Sample depth i n subdivision 1 and 5 awroximately 7 to 14 in belowfmlsh grade, m subdivisicn 6, 7 and 8 aiiproxmiately 9 to 14 m below fmish grade. 
' 0 005 t o o 09 mm 
'Assumed. 



T A B L E 23 

T E S T R E S U L T S F O R U N T R E A T E D S U B G R A D E S O I L B E L O W L I M E T R E A T M E N T , L I M E - T R E A T E D S U B G R A D E S O I L S E C T I O N 

Subd. No 1 Sta 1047 to Sta 1062* Subd. No 2 Sta 1082 to Sta 1077' Subd. No. 3 Sta 1077 to Sta 1092' Subd. No. 4 Sta 1092 to 1107' 
Test Site l a Test Site l b Test Site 2a Teat Site 2b Test Site 3a Test Site 3b Test Site 4a Test Site 4b 

(FiU) Sta 1052 (cut) Sta 1059 ( F i l l ) SU 1066 (Cut) Sta 1076 (cut ) Sta 1084 (FIU) Sta 1089 (Cut) Sta 1096 (FIU) Sta 1106 
P n o r t o 600 Days Prior to 600 Days Prior to 600 Days P n o r t o 600 Days P n o r t o 600 Days P n o r t o 600 Days P n o r t o 800 Days P n o r t o 600 Days 

Tests 
Const Af te r Const. Const Af te r Const. Const. Af te r Const. Const. After Const. Const. Af te r Const Const After Const Ojnst Af te r Const Const. Af te r Const. 

Tests 9 ' U 9'Rt 9'Rt 9'Rt O'Rt 9 ' U 9 ' U 9'Rt 9'Rt 9 'L t 9 ' U 9 ' U 9 ' U O'Rt O'Rt 
Sieve Analysis, % Ret 

1 m 
Kin. - 0 _ _ _ _ _ _ _ _ _ _ I I 
No 4 0 1 — — — _ _ _ _ _ 0 _ _ _ 

10 2 2 0 0 0 0 0 0 _ _ 2 0 0 0 0 
20 5 9 1 1 1 1 1 1 — _ 4 1 1 0 1 1 
40 10 10 4 4 2 3 2 2 _ 9 6 1 1 • 2 2 
SO 14 14 7 7 3 4 3 2 — 0 13 13 1 1 3 3 

100 23 23 12 12 5 7 6 4 0 I 24 24 2 2 8 8 
200 28 28 16 16 7 9 9 8 I 1 31 31 5 4 14 13 

Hydrometer Analysis 
Sand 37 33 24 25 13 15 17 19 16 22 30 42 15 18 26 22 
Silt ' 24 31 37 20 46 49 44 45 88 68 24 23 48 51 36 41 
Clay 39 36 39 36 41 36 39 36 16 10 37 35 37 31 36 37 

Skiecific Gravity 2 69' 2 67' 2 67' 2.67' 2.66 2 67' 2.67' 2 67' 2.63' 2.68 2 66' 2.67' 2 63* 2.67' 2.63* 2 67' 
Liquid L imi t 44 47 41 39 44 43 44 42 20 31 41 46 46 47 40 47 
Plastic L imi t 22 22 21 23 23 24 23 24 24 28 21 22 20 24 19 22 
Plasticity Index 22 25 20 16 21 19 21 IB 5 3 20 24 26 23 21 25 
Capillarity _ 28'42" - 4'32" _ 6'3" _ 6'24" _ 1'15" _ 7'6" _ 9'19" _ 5'57" 
Absorption Failure — 40'53" — 4'33" 6'3" — 8'26" _ 2'9" _ 7'6" _ 9'19" _ 6'2" 
Cementation 200+ 200+ 200+ 200+ 200+ 200+ 20O+ 200+ 200+ 200+ 200+ 200+ 200+ 200+ 200+ 200+ 
Shrinkage L imi t - 12.2 — 10.1 _ 11.4 _ 11.2 21.7 _ 9.3 _ 12.1 10.4 
Shrinkage Ratio — 1.92 — 1 98 — 1.92 -. 1.90 — S.Sl _ 1.98 _ 1.89 1.94 
i j n e a l Shrinkage - 9 9 — 10.6 — 11.7 — 11.6 _ 5.3 12 5 _ 11.1 11 5 
Volumetric Change - 36.4 - 39.6 - 45.0 - 44.1 - 17.5 - 49.1 - 42.3 - 44.4 
Field Mbist. Equivalent - 31.2 - 30.1 - 34 8 - 34.4 - 32.6 - 34.1 - 34.5 _ 33.3 
AASHO Soil Class. A-7-6 A-7-6 A-7-6 A-6( 10) A-7-6 A-7-6 A-7-6 A-7-6 A-4(e) A-4(8) A-7-6 A-7-6 A-7-6 A-7-e A-6(12) A-7-e 

(14) (15) (12) (13) (12) (IS) (12) (11) (13) (16) (15) 
A-6(12) 

(15) 
^Deptli of sample approximately 14 to 28 u below finish grade elevation (below lime treatment). 
'0 .005 mm to 0.05 mm. 
'Assumed 



s 

T A B L E 24 

T E S T R E S U L T S F O R U N T R E A T E D S U B G R A D E S O I L B E L O W G R A N U L A R S U B B A S C O U R S E , L I M E - T R E A T E D B A S E C O U R S E S E C T I O N 

Subd No S Sta I14B to Sta 1161' Subd No 6 Sta 1161 to Sta 1174' Subd No 7 Sta 1174 to Sta 1187' Subd No 8 Sta 1187 to Sta 1200' 

Test Site 5a Test Site 5b I^s t Site 6a Test Site 6b Test Site 7a Test Site 7b Test Site 8a Test Site 8b 
(Cut) Sta 1151 ( F i l l ) Ste 1159 (FlU) Sta 1167 ( F i l l ) Sta 1171 ( F i l l ) aa 1178 (FlU) Sta 1183 (Cut) aa 1192 ( F i l l ) Sta 1199 

Pr ior to 600 Days Pr ior to 600 Days Prior to 600 Days Pr ior to 600 Days Prior to 600 Days Prior to 600 Days Pr ior to 600 Days Pr ior to 600 Days 
Const After Const Const Af te r Const. Const After Const Const After Const Const After Const Const After Const. Const After Const Const. After Const. 

T Bt 
e B 

9 ' U S ' U 9'Rt 9'Rt 9'Rt 9'Rt 9 'Lt 9 ' U 9 'Lt O'Lt 9 'Rt 9 'Rt 9 ' L t 9 ' U 9'Rt 9'Rt 

Sieve Analysis, % Ret. 
1 m . — — — — — — — — — — — — — — — — 

_ _ _ — — — — 0 0 — — — — — — 

No. 4 _ _ _ 0 0 _ 0 0 1 1 — — — — — 0 
10 0 0 0 1 1 0 2 2 2 3 — 0 — — 0 1 
20 1 1 1 2 1 I 5 4 4 5 0 1 0 0 1 2 
40 1 2 2 3 2 2 5 6 8 7 1 1 1 1 6 5 
SO 2 2 2 3 3 2 6 7 9 8 2 1 2 2 6 7 

100 4 4 4 5 3 3 7 9 10 10 3 2 2 3 12 13 
200 5 S 5 6 4 5 9 11 11 11 3 4 3 3 16 17 

Hydrometer Analysis 
Sand 12 10 27 26 

Hydrometer Analysis 
Sand 12 10 11 13 15 14 18 19 20 19 10 7 12 10 27 26 
Silt ' 43 44 43 44 45 47 46 45 43 42 52 53 51 52 45 44 
Clay 45 46 46 43 40 39 36 36 37 39 38 40 37 38 28 30 

^ e c i f i c Gravity 2.67' 2 67' 2 67 2.67 2 67' 2.62 2 67' 2.65 2.67' 2 66 2 67' 2 63 2 67' 2 72 2 67 ' 2 67 
Liquid L imi t 52 54 51 50 48 49 44 45 47 48 50 49 50 51 40 37 
Plastic L imi t 31 30 29 26 27 28 23 25 26 27 27 28 27 26 23 21 
Plasticity Index 21 24 22 24 21 21 21 20 21 21 23 21 23 25 17 16 

Capillarity _ 6'12" _ 5'42" _ 16'16" _ 40'34" - 19'45" - 14'57" - 5'28" - 21'32" 
Absorption Failure _ 6'12" _ 5'42" — 16'16" — 43'27" — 19'45" — 14'57" — 5'28" — 21'56" 
Cementation 200+ 300* 200+ 200+ 200+ 200+ 200+ 200+ 200+ 200+ 200+ 200+ 200+ 200+ 200+ 200+ 

Shrinkage L imi t _ 8 9 9.0 _ 13 3 _ 14.7 _ 12 5 _ 12 9 - 11 7 - 12 8 
Shrinkage Ratio _ I 98 _ 1.97 — 1 81 — 1 79 — 1.85 — 1 84 — 1.90 — 1.85 
Lineal Shrinkage _ 16.2 _ 14 7 — 13.4 — 10.4 — 12.7 — 12 8 — 11 0 — 11 1 
Volumetric Change — 68.7 — 60 3 — 53.4 - 38 8 - 50.0 — 50.8 — 41.4 — 41.8 

Field Moist Equivalent - 43.6 - 39.6 - 42 8 - 36 4 - 39 5 - 40 5 - 33.5 - 35.4 

AASHO Soil Class A-7-5 A-7-5 A-7-6 A-7-6 A-7-6 A-7-6 A-7-6 A-7-6 A-7-6 A-7-6 A-7-8 A-7-6 A-7-6 A-7-6 A - 6 ( l l ) A-6( 10) 
(15) (16) (15) (16) (14) (14) (13) (13) (14) (14) (15) (14) (15) (16) 

'Depth of sample approximately 14 to 26 in below fmish grade elevation. 
' 0 . 0 0 S t o 0 . 0 5 m m 
'Assumed. 



T A B L E 25 

M O I S T U R E A N D D E N S I T Y T E S T S F O R U N T R E A T E D S U B G R A D E S O I L B E L O W L I M E T R E A T M E N T , L I M E - T R E A T E D S U B G R A D E S O I L S E C T I O N 

Pr io r to 800 Days 
Const Af te r Const. 

Subd. No. 1, Sta. 1047 to Sta 1062 

Test Site l a 
( F i l l ) Sta. 1052 

Test Site l b 
(Cut) Sta. 1059 

Prior to 600 Days 
Const. Af te r Const. 

jPrior to 600 Days 
Const. Af te r Const. 

Subd No 2, Sta. 1062 to Sta. 1077 

Test Site 2a 
( F d l ) St^i 1066 

Test Site 2b 
(Cut) Sta. 1076 

Pr ior to] 
Const. 

800 Days 
Af te r Const 

Subd No. 3, Sta 1077 to Sta. 1092 

T^st Site 3a 
(Cut) Sto 1084 

Pr ior to 
Const 

600 Days 
Af t e r Const. 

Prior tO | 600 Days 
Const. I Af t e r Const. 

Test Site 3b 
(F iU) Sta 1080 

Subd No 4, Sto. 1092 to Sta. 1107 
Test Site 4a 

(Cut) Sta. 1096 

Pr ior tc| 
Const, 

600 Days 
Af te r Const 

b r i o r to 600 Days 
Const. Af te r Const. 

Test Site 4b 
(FiU) Sta. 1106 

Optimum Ifoisture, % 
Maximum Density, gm/cc 
Depth Below Final 

Grade Elevation, In 
Acbial Moisture, % 
Actual Density, gm/cc 
Percent of Optimum 
Percent of Maximum 

Depth Below Fmal Grade 
Elevation, in 

Actual Moist, % 
Actual Density, gm/cc 
Percent of Optimum 
Percent of Maximum 

Depth Below Final 
Grade Elevation, in 

Actual Moisture, /o 
Actual Density, gm/cc 
Percent of Optimum 
Percent of Maximum 

Depth Below Final 
Grade Elevation, in 

Actual Moist, % 
Actual Density, gm/cc 
Percent of Optimum 
Percent of Maximum 

17 5 
1 73 

14-26 
12 4 
1.82 

71 
105 

17.5 
1 73 

12-24 
20 5 
1 69 

117 

24-36 
18 7 
1 66 
107 
96 

17 5 
1.73 

12-24 
22 3 
1 67 

127 
97 

24-36 
22 2 
1.68 
127 
98 

17 5 
1 73 

14-26 
17 2 
1 71 

17 5 
1 73 

14-26 
22.0 
1 64 

128 
95 

26-38 
19 8 
1.67 
113 
97 

17.5 
1 73 

13-25 
22 5 

|1 64 
129 
95 

25-37 
21 9 
1.54 
125 

17.5 
1 73 

14-26 
18 8 
1 72 

17 5 
1.73 

14-26 
20.2 
1 68 

115 
97 

26-38 
Z3.5 
1.99 
134 
92 

17 5 
1.73 

14-26 
24 4 
1 60 

139 
92 

26-38 
21 5 
1.68 
123 
97 

17 5 
1.73 

14-26 
11 9 
1 82 

88 
105 

17.5 
1 73 

14-26 
18 1 
1 75 

103 
101 

26-38 
18 7 

1.51 
E07 

17.5 
1 73 

16.5 
1.76 

14-26 
14 2 
1 84 

86 
104 

23 6 
1.63 
135 
94 

16.5 
1.76 

13-25 
23 4 
1.60 

142 
91 

25-37 
28 6 
1 46 
173 
83 

16 5 
1.76 

14-26 
24 1 
1 56 

146 

26-38 
28 4 
1 46 
172 
83 

16.5 
1.76 

14-26 
12 3 
1 78 

79 
101 

16.9 
1.76 

14-26 
17 8 
1 73 

108 
96 

26-38 
14.9 
1 62 

90 
92 

16.9 
1 78 

14-26 
19 9 
1.69 

121 
96 

26-38 
21.4 
1.60 
130 
91 

18.0 
1.89 

14-26 
18 3 
1.72 
102 
102 

18.0 
1 69 

13-29 
22 9 
1 93 

125 
91 

25-37 
!2 0 
1.67 
122 
99 

18.0 
1.69 

14-26 
24.3 
1.63 
135 
96 

23.8 
1.59 
132 
94 

18 0 
1.69 

14-26 
11 6 
1.82 

66 
108 

36-48 
22 6 
1 65 
129 
95 

148-60 
20 5 
1 71 
117 

36-48 
22.3 
1 65 
127 
99 

48-60 
22 3 
1 68 
127 
97 

|38-90 
16.8 
1.70 
102 
97 

^0-62 
17.3 
1 62 
109 
92 

38-90 
21 9 
1.67 
130 
99 

|50-82 
18.5 
1 70 
112 
07 

18 0 
1.69 

14-26 
22 2 
1.63 
123 
96 

26-38 
22.2 
1.65 
123 
98 

{38-90 
14 3 
1 75 

79 
104 

50-62 
10.2 
1.62 

97 
98 

18.0 
1.60 

27-39 
22.6 
1.59 
126 
92 

139-91 
19 8 
1.74 
110 
103 

51-63 
110.7 
1 82 

99 
108 
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TABLE 26 

MOISTURE AND DENSITY TESTS FOR UNTREATED SUBGRADE SOIL BELOW GRANULAR SUBBASE COURSE; UME-TREATED BASE COURSE SECTION 

Subd No 5, Sta 114810 Sta 1161 Su bd No 6, SU . 1161 to Ste, 1174 Subd, No. 7, S b 1174 to Sta, 1187 Subd, No, 8, S b 1187 to Sta. 1200 
T^stSite 5a Test Site 5b Test Site 6a Test Site 6b Test Site 7a Test Site 7b Test Site 8 a Test Site 8b 

(Cut) Sb 1151 (FiU) Sb 1159 ( F U l Sta 1167 (FiU) Sta. 1171 ( F i l l ) Sb, 1178 (F iU) S b . 1183 (Cut) Sb. 1192 (FiU) S b . 1190 
Pr ior to 600 Days Prior to 600 Days Prior t( 600 Days Prior tc 800 Days Prior to 600 Days Prior to 600 Days Pr ior to 600 Days Pr ior to 600 Days 
Const. Af te r Const Const. After Const. Const. Af t e r Const. Const Af te r Const. Const. Af te r Const, Const, Af te r Const, Const, Af te r Const. Const, Af te r Const. 

Tests 9 ' U 9 'L t 1 4 ' U O'Rt O'Rt 14'Rt O'Rt O'Rt 14'Rt O 'U 9'Lt 1 4 ' U O ' U O'U 1 4 ' U O'Rt O'Rt 14'Rt O 'U 9 'Lt 14'Lt 9'Rt O'Rt 14'Rt 
Optimum Bdoisture, % 
Kbximum Density, gm/cc 

18.7 18.7 18,7 19,0 19.0 10.0 19.0 19.0 19.0 19,0 19.0 19.0 19.0 10,0 19.0 19.0 19 0 19 0 20 1 20,1 20.1 20,1 20.1 20.1 Optimum Bdoisture, % 
Kbximum Density, gm/cc 1 68 1 68 1.68 1 59 1 50 1 59 1,59 1,69 1,59 1.69 1,59 1,59 1,59 1 59 1 50 1 59 1.59 1,59 1,59 1.59 1.50 1 59 1.59 1,50 
Depth Below Final 

Grade Elevation, in . 14-26 12-24 14-26 14-26 14-26 15-27 14-26 13-25 13-25 14-26 12-24 11-23 14-26 12-24 12-24 14-26 13-25 10-22 14-26 13-25 11-23 14-26 12-24 11-23 
Actual Moisture, /o 
Actual Density, gm/cc 

16,7 !4 7 31 1 17.1 23.3 — 19,0 28.9 — 23,0 — 33.7 22.1 31,0 31.5 20.6 — _ 16.2 _ 29,7 17 9 23.5 9.0 Actual Moisture, /o 
Actual Density, gm/cc 1,72 1,60 1.48 1.61 1,66 — 1.65 1.36 — 1.49 1 24 l.SS 1,38 1,37 1.64 — — 1.76 — 1.43 1,70 1.50 1.76 
Percent of Optimum 89 132 166 90 123 ... 100 152 — 121 — 177 116 163 166 108 _ _ 76 _ 148 89 117 40 
Percent of Maximum 102 95 87 101 104 — 104 86 - 94 — 78 08 87 86 103 — — 111 — 90 107 94 111 
Depth Below Fhial Grade 

Elevation, i n . — 24-36 26-38 26-38 27-39 !5-37 15-37 24-38 23-35 M-36 24-36 _ 25-37 22-34 _ 25-37 23-35 _ 24-38 23-35 
Actual Moisture, % 
Actual Density, gm/cc 

— 21 4 30,2 — 25,8 20.9 — 26.6 30.1 — 24,4 26 9 — 31.0 21.1 _ 29.4 28,7 _ 19,4 28.5 13.7 11,2 Actual Moisture, % 
Actual Density, gm/cc — 1,60 1.43 — 1,57 1,63 — 1 39 1,40 — 1.50 1,53 — 1,53 1.64 — 1 32 1.43 — 1.67 1.38 _ 1.85 1,55 
Percent of C^ lmum — 114 161 — 136 110 — 140 158 — 128 142 163 111 _ 155 151 _ 97 142 _ 68 66 
Percent of Maximum - 95 85 - 99 102 - 87 88 - lOO 96 - 06 103 - 83 00 - 105 87 - 116 07 
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Discussion of the Lime-Treated Subgrade Soil 
The laboratory test results for the two testing periods have been tabulated in Tables 

16, 17 and 18. Also included in each table are the laboratory test results of the un­
treated subgrade soils obtained prior to construction. These tests are included for 
comparison between the untreated and lime-treated soils. 

Chemical analysis for lime content was performed on the untreated soil samples 
and on the lime-treated soils in order to determine the actual percentage of lime added. 
It w i l l be noted that in general the lime content is close to plan quantity. 

While enough undisturbed material was obtained during the 600-day sampling for 
moisture and density tests, only one core was sufficiently large to cut a 2- by 2-in. 
cube for unconfined compressive strength tests. The 600-day moisture tests show a 
general iacrease in the moisture content (in all but three tests) over the 16-day tests. 
These changes may be greater than normal due to the unusually high precipitation since 
construction. The tests show some variance in density between the 16- and 600-day 
tests. There is no consistent relationship between percentage of lime and loss or gain 
in density. However, al l of the densities under the surfaced area except one (Test Site 
2b, 3 percent lime) are above 95 percent of maximum, while four of the six densities 
taken outside the surfaced area are below 95 percent of maximum. 

In general the results of the field tests agree with the findings of the experimental 
laboratory tests. 

Discussion of the Lime-Treated Base Course 
In the lime-treated base course section partial cores were obtained from all test 

sites. A l l of the cores were large enough to perform moisture-density tests and in 
five of the twelve test sites the cores were such that cubes could be cut for imconfined 
compression strength tests. 

In preparing the five samples for unconfined compressive strength tests one 2- by 
2-in. cube was sawed from each partial core. These cubes were then placed, uncover­
ed, in the moist room at a temperature of 70F + 2 F for a period of 7 days. Upon re­
moval from the moist room each cube was immediately tested in imconfined compres­
sion at a loading rate of 1,000 lb per sq in. per min. The moisture contents of the 
cubes were also measured and recorded. When reviewing the results of these tests i t 
should be kept in mind that each value represents one test only. It wi l l be noted in 
Table 20, that the strengths shown in the 4 and 7 percent subdivisions are considerably 
higher than that of the 2 percent subdivision. From these tests it might be assumed 
that the strength developed when 7 percent lime is added is not much greater than the 
strength developed from 4 percent lime. However, i t is probable that the strength tests 
performed on the field specimens are not indicative of the true strength relationships. 

Chemical analysis for lime percentage was performed on each sample. It wi l l be 
noted in Table 20 that the lime percentage, as tested, is considerably higher than the 
plan quantity. While no original lime content analyses were performed on the coarse 
sand, such analyses were performed on the aftonian silt. These tests yielded an aver­
age of 0.46 percent lime. Since the lime was placed very carefully i t is difficult to 
explain this discrepancy. It is possible that the coarse sand carried one to two percent 
lime in its natural state. 

The tests of the lime-treated base course show that the moisture content of the mate­
r ia l is close to that at time of lay-down. There seems to be a slight decrease in some 
of the densities since construction. 

Benkelman Beam Deflection Tests 
Since December 8, 1956 Benkelman Beam deflection tests have been performed on the 

surface of the pavement twice each year, for a total of five sets of tests. In all cases the de­
flection readings are taken 30 f t beyond the permanent test sites in order to stay clear of the 
locations disturbed by sampling. The results of these tests are shown in Table 27. Figures 
12 and 13 show the changes in average deflection with time. Each point is the average of the 
deflections in two test sites. Charts are includedfor the outer wheel paths (OWP) and inner 
wheel paths (IWP). 
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T A l 
F L E X I B L E P A V E M E N T D E F L 

L I M E - T R E A T E D S 

Date of 
Deflection 

Test 

Subdivision No. 1 Sta 1047 to Sta 1062 0% Lime Subdivision No. 2 Sta 1062 to Sta 1 

Date of 
Deflection 

Test 

Test Site l a (F i l l ) 
Sta 1062 + 30: Lt . 

Test Site lb (Cut) 
Sta 1059 + 30: Rt. 

Test Site 2a (F i l l ) 
Sta 1066 + 30: Rt. 

Test S 
SU 1( 

Date of 
Deflection 

Test 
Deflection remperatur B Deflection remperatur ! Deflection remperatur* Deflectlc Date of 

Deflection 
Test OWP IWP AIR MAT OWP IWP AIR MAT OWP IWP AIR MAT OWP IW 

December 8, 1956 
June 14, 1957 
November 26, 1957 
June 3, 1958 
September 22, 1958 

0.008" 
0.012" 
0.042" 
0.072" 
0.072" 

0.008" 
0.010'^ 
0.020" 
0.030" 
0.032" 

19 F 
74 F 
62 F 
79 F 
OOF 

19 F 
83 F 
70 F 
93 F 
88 F 

0.006" 
0.024" 
D . 0 3 6 " 
0.042" 
0.056" 

0.008" 
0.022" 
0.018" 
0.018" 
0.024" 

20 F 
73 F 
62 F 
84 F 
83 F 

20 F 
84 F 
71 F 
101 F 
95 F 

0.006" 
0.020" 
0.036" 
0.038" 
0.040" 

0.006' 
0.020' 
0.016' 
0.014' 
0.024' 

17 F 
73 F 
63 F 
84 F 
81F 

19 F 
81 F 
72 F 
98 F 
94 F 

D.006" 
3.016" 
3.030" 
3.040" 
3.048" 

O.C 
O.G 
0.0 
O.C 
0.0 

L I M E - T R E A T E D 

Date of 
DeflecUon 

Test 

Subdivision No. 5 Sta 1148 to Sta 1161 0% Lime 

Test Site 5a (Cut) 
Sta 1151+30: U . 

Deflection 'Itemperatnre 

OWP IWP I AIRI MAT1 OWP | IWP 

Test Site 5b (F i l l ) 
Sta 1159 + 30: Rt. 

Deflection Temperature Deflection 

Subdivision No. 6 Sta 1161 to Sta 1 
Test Site 6a (F i l l ) 
Sta 1167 + 30: Rt. 

TestE 
Sta 1 

AIR MAT OWP IWP 

remperature Deflectloi 

AIR MAT I OWP I ra 
December 8, 1956 
June 14, 1957 
November 26, 1957 
June 3, 1958 
September 22, 1958 

0.004' 
0.024' 
0.036' 
0.044' 
0.074' 

0.004' 
0.008' 
0.020' 
0.014' 
0.018' 

20F 
76 F 
66 F 
92 F 
85 F 

19 F 
82 F 
78 F 

l l lOF 
99 F 

0.004' 
0.030' 
0.028' 
0.046' 
0.056' 

0.004' 
0.014' 
0.020" 
0.018' 
0.028' 

20 F 
75 F 
66 F 
92 F 
85 F 

20 F 
88 F 
78 F 
110 F 
98 F 

0.008' 
0.022' 
0.028' 
0.040' 
0.O38' 

0.008' 
0.008' 
0.012' 
0.016' 
0.024' 

18 F 
76 F 
66 F 
92 F 
82 F 

19 F 10.012' 
86 F 
78 F 10.024' 
110 F 3.066' 
98 F p.064' 

O.O 
O.C 
O.C 
O.C 
O.C 
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Ume Subdivision No. 3 Sta 1077 to Sta 1092 6% Lime Skibdivision No. 4 Sta 1092 to Sta 1107 10% Ume 
Cut) 

Lt . 
Test Site 3a (Cut) 
Sta 1084 + 30: Rt. 

Test Site 3b (FiU) 
Sta 1089 + 30: Lt . 

Test Site 4a (Cut) 
Sta 1096 + 30: Lt . 

Test Site 4b (FiU) 
Sta 1106 + 30: Rt. 

perature 1 
Deflection Temperature Deflection Temperature 1 

Deflection Temperature Deflection Temperature 
R MAT OWP IWP A I R MAT OWP IWP A I R MAT OWP IWP A I R MAT OWP IWP 1 A I R MAT 

bb 
b b fa] 

19 F 
80 F 
72 F 

104 F 
94 F 

D.006" 
J.012" 
9.026" 
[).022" 
Q.OZO" 

0.006' 
0.010' 
0.018' 
0.016' 
0.018' 

18 F 
76 F 
64 F 
85 F 
84 F 

19 F 
83 F 
72 F 
107 F 
102 F 

0.006" 
0.018" 
0.038" 
0.060" 
0.058" 

0.004' 
0.016" 
0.014' 
0.018' 
0.024' 

18 F 
76 F 
65 F 
92 F 
84 F 

19 F 
82 F 
72 F 

107 F 
96 F 

0.002" 
0.012" 
0.016" 
0.020" 
0.024" 

0.002' 
0.010' 
0.016' 
0.014' 
0.014' 

20 F 
78 F 
67 F 
92 F 
84 F 

20 F 
84 F 
74 F 

114 F 
100 F 

0.000" 
0.038" 
0.046" 
0.036" 
0.044" 

0.000'\ 18 F 
O.OIO'I 77 F 
0.018-1 67 F 
O.OlO'j 92 F 
0.024'1 85 F 

19 F 
83 F 
74 F 

109 F 
97 F 

COURSE S E C T I O N 

D Lime Subdivision No. 7 Sta 1174 to Sta 1187 4% Ume Subdivision No. 8 Sta 1187 to Sta 1200 7% Lime 
Fi l l ) 

: U . 

Test Site 7a (FiU) 
Sta 1178 + 30: U . 

Test Site 7b (FiU) 
Sta 1183 + 30: Rt. 

Test Site 8a (Cut) 
Sta 1192 + 30: Lt . 

Test Site 8b (FIU) 
Sta 1199 + 30: Rt. 

iperatur 1 Deflection Temperatun 1 
e Deflection Temperature 

1 
Deflection Temperature Deflection Temperature 

R MAT OWP IWP A I R MAT OWP IWP I A I R MAT OWP IWP I A I R MAT OWP IWP A I R MAT 
F 
F 
F 
F 
F 

19 F 
85 F 
77 F 

110 F 
95 F 

D.006" 
O.OlO" 
0.020" 
0.032" 
).040" 

0.006' 
0.010' 
0.018' 
0.024' 
0.028' 

18 F 
77 F 
64 F 
92 F 
82 F 

18 F 
86 F 
75 F 

108 F 
98 F 

0.004" 
0.012" 
0.024" 
0.028" 
0.022" 

0.006"! 18 F 
0.008"^ 77 F 
0.012"^ 62 F 
0.010'j 92 F 
0.012'1 82 F 

18 F 
89 F 
73 F 
112 F 
93 F 

0.000" 
0.010" 
0.020" 
0.016" 
0.022" 

0.000"! IBF 
0.002"^ 77 F 
0.012"^ 62 F 
0.006"^ 91 F 
0.008'1 80 F 

18 F 
81F 
73 F 
108 F 
93 F 

0.000" 
0.004" 
0.018" 
0.018" 
0.014" 

0.000" 
0.002" 
0.014' 
0.010' 
0.012' 

18 F 
77 F 
OOF 
91 F 
79 F 

18 F 
88 F 
71F 

108 F 
OOF 
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The vehicle used for the deflection tests is a 1948 International dual wheel, single 
axle, dump truck. The tires are 12 ply 10.00- by 20-in., inflated to 60 lb. The truck 
is loaded with scale weights and the axle weight for each testing period was as follows: 

Period 1 - December 8, 1956 = 18,100 lb 
Period 2 - June 14, 1957 = 18,120 lb 
Period 3 - November 26,1957 = 18,140 lb 
Period 4 - June 3, 1958 = 18,150 1b 
Period 5 - September 22,1958 = 17,900 lb 
It wi l l be noted that the deflections for both lime-treated sections in the f i r s t testing 

period December 8, 1956, were extremely low. While these deflections were taken 
during a cold period (19 F average air temperature) neither the ground, base courses, 
nor subgrade were frozen. 

Lime-Treated Subgrade Soil Section. — The deflections in the untreated subdivisions 
(No. 1) show an almost constant increase during all five testing periods. In the lime-
treated subdivisions deflection-time curves closely parallel the curve for the untreated 
section through the f i rs t three periods. However, in the last two testing periods the 
curves for the lime-treated sections seem to be leveling off below the curve for the un­
treated section. It wi l l be noted, in Table 27, that the deflection in the outer wheel 
path of Test Site 4b is considerably higher than the deflection in Test Site 4a. Since 
this high reading has been included in the averages as shown in Figiu-e 12 it is respon­
sible for keeping the outer wheel path deflection curve much higher than it would be if 
this reading were more in line with that of Test Site 4a. There is no apparent reason 
for this high deflection. Since i t is possible that Test Site 4b may not be representative 
a new location (designated Test Site 4c) has been tested during the last two testing peri­
ods. While these test results are more in line with those of Test Site 4a they are not 
included in the average deflections nor are they recorded in Table 27. Deflection read­
ings in Test Site 4c may be included in a later report if this location turns out to be 
more representative than Test Site 4b. 

Attention is also invited to the plot of the inner wheel path deflections. These de­
flections while showing a general increase are considerably lower than the deflections 
in the outer wheel path. As in the case of the outer wheel path, deflections for the lime-
treated subdivisions were lower than those in the control section, during the last two 
testing periods. 

Lime-Treated Base Course Section. —As in the lime-treated subgrade experiment, 
deflections at all test sites have been increasing with time. In the outer wheel path, 
the deflections in the untreated section and the 2 percent lime section have been about 
equal. The rate of increase of deflection with time has been lower for the 4 and 
7 percent lime-treated sections and the curves for these sections seem to be level­
ing off. 

Deflection readings for the inner wheel path are smaller than those for the outer 
wheel path and seem to have a slightly different pattern. It wi l l be noted on this figure 
that the curves for the standard section, the 2 and 4 percent lime sections are 
similar and approximately equal. The deflections observed in the 7 percent lime 
section are definitely smaller than the others. 

CONCLUSIONS 
Since this project has been open to traffic for only two years and since the condition 

of the pavement throughout the entire project is superior, with no cracking or failure, 
no definite conclusions are warranted at this time. It can be said that to date, the pave­
ments in the lime-treated sections have performed as well or better than the pavements 
in the standard control sections. 

It is planned to continue with the deflection testing program for several years. Ad­
ditional tests wi l l be made from time to time on samples from the various courses and 
the subgrade as seem desirable. 

When sufficient data become available to justify more extensive conclusions, another 
report wi l l be submitted. 
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Appendix A 

OUTLINE OF PROCEDURES FOR PERFORMING TESTS 
DESIGNATED NEBRASKA PROCEDURE 

Cementation Test: Nebraska Procedure 
1. Scope — The cementation test is intended to show the relative cohesion of the soil 

in a consolidated dry state. 
2. Apparatus — 

a. A balance 
b. Mixing pans 
c. Flat-bottom pie pans 
d. Spatula 
e. Calipers 
f. Press capable of exerting a load of 132 Kg/sq cm on a 25 mm 

diameter briquette 
g. Forming mold having an inside diameter of 25 mm 
h. Cementation test machine 

3. Preparation of Soil Briquettes — A portion of the material passing the No. 40 sieve, 
shall be mixed with sufficient water to form a plastic mixture. A 
weighed portion of this mixture shall be placed in a metal die, 25 mm 
inside diameter, and subjected to a pressure of 132 Kg/sq cm for an 
instant in a press. The cylindrical briquette resulting shall be exactly 
25 mm in height. If i t does not measure this height, subsequent samples 
of the plastic mixture shall be taken in such quantity that the resulting 
briquette after compression wi l l be exactly 25 mm in height. Three 
briquettes shall be made and allowed to air-dry for approximately 20 hr 
after which they shall be oven-dried for 4 hr in an oven at a temperature 
of 220 F and then cooled in a desiccator for at least 20 min. 



58 

4. Cementation Test — The three oven-dried briquettes shall be tested in a machine as 
follows: The machine shall be arranged so that a 1-Kg hammer is 
raised to a height of 1 cm and allowed to fa l l freely on a plunger which 
transmits the shock of the blows of the hammer to the briquette, succes­
sive blows being struck by the hammer at a rate of 40 to 70 per min, 
until the briquette fails, which is indicated by the failure of the plunger 
or hammer to rebound. The briquette shall be placed on the anvil under 
the plunger without lateral support, and may be fastened in place on the 
anvil by a drop of shellac. The average number of blows required to 
produce failure is the result to be reported, and is the coefficient of 
cementation. 

Capillarity and Absorption Failure: Nebraska Procedure 
1. Scope — The Capillarity Test is performed on soils to show the resistance possessed 

by the soil to capillarity rise of water. The Absorption Failure Test is 
performed on soils to show the resistance to slaking. The results of 
both tests are reported in hours, minutes, and seconds. 

2. Apparatus — Same apparatus as required in the Cementation Test. 
3. Preparation of Soil Briquettes — The soil briquettes for these tests are prepared 

in the same manner as the briquettes for the Cementation Test. Three 
briquettes wi l l be required to perform these tests. 

4. Capillarity and Absorption Failure Tests — The three oven-dried briquettes shall 
be placed in a flat-bottom pan, containing water in. in depth, so that 
each briquette is not closer than 2 in. from the sides of the pan or to 
another briquette. The time required for the water to rise and wet the 
top of the briquette is recorded as the capillarity time. The time re­
quired for the briquette to fa l l apart or slack down is recorded as the 
absorption failure. If the briquette falls apart or slacks down before 
its entire top is wet with capillarity water, the capillarity time is re­
corded as being longer than the absorption failiu-e time. The time re­
ported shall be the average of the three briquettes. 

Determination of Lime-Content of Soil-Lime Mixtures: Nebraska Procedure 
Dry and grind the entire portion of the soil-lime sample to pass a 40-mesh sieve. 

Take a 25-to 35-gram, representative portion of the ground material by quartering. 
Place the representative sample in a weighing bottle and dry to constant weight in a 
105 C oven. (Usually an overnight drying period is sufficient). 

Weigh out, on an analytical balance, 5 grams of the oven-dried representative 
sample. Place in a 250-ml beaker, add 50 ml of HCI (1:1), cover, and boil gently for 
five minutes on a hot plate. 

Add 25 ml of hot water to the beaker, stir, allow to settle momentarily, and then 
decant through a 11-cm Whatman No. 1 (or No. 41) fi l ter paper. The filtrate should 
be received in a 250-ml volumetric flask. When the liquid has passed through the 
filter paper, wash the residue once by decantation, using hot water; then transfer the 
residue to the fi l ter, using a stream of hot water. The beaker should be rapidly policed, 
the loosened material being transferred to the filter paper. The material on the fi l ter 
should be washed an additional four times, each washing consisting of 10 to 15 ml of 
hot water directed in a stream from the wash bottle. Very small amoimts of residue 
wi l l occasionally pass through the f i l ter . These ordinarily may be disregarded. 
(Excessive boiling, resulting in gelation of the silica, may cause slow filtration. A 
longer settling time before filtration may help speed the filtering process.) 

When washing has been completed, discard the fi l ter, and dilute the filtrate in the 
volumetric flask to 250 ml with cold water. The temperature of the solution should 
be near the calibration temperature of the flask. Agitate the flask to thoroughly mix 
the contents, then pipette a 50-ml aliquot into the original 250-ml beaker. Dilute to 
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100 ml. Make the solution slightly ammoniacal, boil 1 to 2 min, and allow the hydrox­
ides to settle. (K the sample contains ferrous iron, it is desirable to add a few drops 
of nitric acid, before precipitation of the hydroxides.) 

Filter the hydroxides through a 11-cm Whatman No. 1 (or No. 41) filter paper, re­
ceiving the filtrate ina 600-mlbeaker. Wash the original 250-ml beaker into the filter 
once with a stream of hot ammonium nitrate (2 percent) solution and follow by washing 
the hydroxide precipitate once or twice with hot ammonium nitrate (2 percent) solution. 
Set the filtrate aside, and place the original 250-ml beaker under the funnel. Puncture 
the paper with a glass rod, and wash the hydroxides into the beaker, using a stream of 
hot ammonium nitrate (2 percent) solution to remove most of the precipitate from the 
filter paper. Treat the paper with 20-ml of hot HCI (1:3), directing the acid over the 
paper with a glass rod or the lip of a graduated cylinder. Wash the paper several times 
with hot water, and then discard the paper. Dilute the solution to 75 ml. Make the 
solution slightly ammoniacal, and boil 1 to 2 min. Allow the precipitate to settle, then 
decant through a No. 1 (or No. 41) paper as before, receiving the filtrate in the 600-ml 
beaker previously set aside. Wash and police the beaker, in which precipitation took 
place, finally washing the precipitate on the filter 3 or 4 times with ammonium nitrate 
(2 percent) solution. Discard the paper and precipitate. 

Add 2 ml of ammonium hydroxide to the filtrate, which wil l now have a volume of 
250 to 350 ml. Heat the solution to boiling and add 10- to 15-ml of hot, saturated am­
monium oxalate solution. Boil gently until the precipitate becomes granular, then set 
aside on the water bath for 30 min or more. Before filtering off the calcium oxalate, 
verify completeness of precipitation, and make sure that a slight excess of NH4 OH is 
present. 

Filter the mixture through a 11-cm Whatman No. 42 filter paper making sure that 
all precipitate is being retained. Thoroughly clean the beaker, in which precipitation 
took place with a rubber policeman and transfer the contents to the filter paper with a 
stream of hot water. Wash the filter paper 8 to 10 times with hot water (not over 75 
ml) using a stream from the wash bottle. 

Transfer the filter paper and contents to a 400-ml beaker containing 125 ml of water 
and 6 ml of HaS04. Heat the solution to 85 C and titrate with standard 0.1N potassium 
permanganate. 

Make a blank determination, following the same procedure and using the same 
amounts of all reagents. 

Calculate the lime content of the soil-lime mixture as follows: 
% Ca(OH). = (A-B) E x 1.3213 ^ 

In which 
A = KMn04 solution required for titration of the sample, ml; 
B = KMn04 solution required for titration of the blank, ml; 
E = CaO equivalent of the KMnO* solution, g per ml = 0.028 x KMn04 normality; 
S = weight of sample in aliquot titrated, g; and 
1.3213 = gravimetric factor for converting CaO to Ca(OH)2. 



Stabilization of Soils with Lime, 
Lime-Flyash, and Other Lime Reactive Materials 

CHESTER M C D O W E L L , Supervising Soils Engineer, Texas Highway Department 

The purpose of this report is to discuss desirable 
testing and construction techniques to be used for 
construction of successful lime stabilization pro­
jects. The report discusses the history of the pro­
cess, the composition and characteristics of the 
limes used, and the types of lime stabilization gen­
erally used. A brief disciission of some of the chem­
ical reactions explains why and how lime changes 
physical characteristics of soils. A portion of the 
report pertains to testing of mixtures and to inter­
pretation of test results. 

Discussion of construction practice covers such 
subjects as application of lime, mixing, compacting, 
curing, and reworking. Recommendations with re­
gard to these practices and their relationship to 
cracking and permanence are made. A number of 
tests to be made subsequent to construction are sug­
gested and the benefits of lime as a stabilizer and of 
properly constructed lime stabilized projects are 
summarized. 

# LIME STABILIZATION, as applied to present day highway construction, is an out­
growth of ancient practices which have been modified by laboratory and field tests to 
f u l f i l l a variety of stabilization requirements. Since all varieties of this type of stabi­
lization are not entirely satisfactory for all job requirements, and since different con­
struction techniques are necessary for use with various job requirements, a discussion 
of this subject is indicated. It is the purpose of this report to clarify some of these 
points by setting forth some of the best concepts and practices known to date. It is 
believed that this report wi l l provide both background and specific information to those 
who, for the f i rs t time, are employing lime stabilization by presenting some of the 
history of the process and by explaining why and how soil-lime mixtures have stabi­
lizing characteristics. Since this type of stabilization is growing rapidly, and the pre­
sent knowledge of the subject is constantly being enlarged upon in both the field and the 
laboratory, one may expect to elaborate upon this report considerably in the future. 

HISTORY 
Broadly speaking, the use of lime stabilization preceded the beginning of clearly 

recorded history. Perhaps its use in constructingthepyramldsofShensi in the Tibetan-
Mongolian Plateau is one of the oldest. These pyramids are much larger and older 
than the Egyptian pyramids and were constructed of compacted mixtures of clay and 
lime. They were considered so very old that little was known about them when their 
f i r s t history was recorded over 5,000 years ago. 

China and India also have used lime stabilization in various ways throughout their 
long history. Chinese engineers have used lime-stabilized clay-gravel for massive 
bridge footings and underground chambers. Engineers from India tell of using lime-
clay-sand mortars in construction of tall masonry dams. Ja their country, this treat­
ment is noted for the prevention of weeping of dams. The use of lime in subbases of 
the Roman roads dates back more than 2,000 years. The practice had probably existed 
in this area long before construction of the Roman roads. 

Many of these and other countries have continued such practices right up to the 
60 
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present time. One very noticeable point is that in many instances the practice was and 
st i l l is a family art handed down from father to son. For this reason there were prac­
tically no written procedures or specifications available for modern use; therefore, 
considerable experience in testing and constructing actual experimental projects is re­
quired to adapt techniques to modern day road building. These techniques covered such 
items as desirable methods for mixing, compacting and curing. 

The Texas Highway Department has utilized some of the art known by ancient races 
in development of lime stabilization for use in present practices of road building. Like 
many other organizations they have carried out laboratory tests on soil-lime mixtures 
for the last 25 years, but the f i rs t 13 years were spent without observable success. 
The development of laboratory compaction and triaxial compression methods of testing 
made it possible to better evaluate such mixtures as early as 1945. In highway work, 
laboratory experiments without field experiments are usually inconclusive and one with­
out the other can often be misleading. Prior to 1945, field experiments were conducted 
in a number of states (including the midwest) without consideration of control of mixing, 
compacting and curing. Most of these jobs were used as open surfaced roads and re­
sulting performances were disappointing. One such job in Texas probably delayed de­
velopment of lime stabilization in that state for ten years. These same materials that 
failed on one job in this state, when used on another nearby job, have given splendid 
performance under medium heavy traffic for a period of 14 years to date. Several 
hundred miles of this granular type of lime stabilization are giving good service. 
Treatment of clays with lime started about seven years ago and has increased in de­
mand so rapidly that several hundred miles of this type of stabilized subbase now can 
be found on this state's highway system. The use of lime for stabilization purposes in 
this one state alone has reached an average of 9 to 10 thousand tons monthly and is in­
creasing. The percentages of lime used have varied from 1 to 8, based on dry weight 
of soil, and costs in the southern states exclusive of surfacing have varied from 22 to 
50 cents per sq yd for a 6-in. depth. Many other states and countries are building lime 
stabilization projects which should contribute greatly to the knowledge on this subject. 

TYPES OF LIMES USED 
Most of the lime used for road stabilization to date has been hydrated lime (calcium 

and/or calcium-magnesium hydroxide) although some quicklime (calcium and/or calci­
um-magnesium oxide) and waste lime have been used with success. Both high calcium 
and dolomitic or magnesium limes have been used successfully. Hydrated limes have 
been applied both in the powder and slurry forms. So far as is known, quicklime has 
been applied only in the powder form and has been known to burn some workman who 
were not properly protected. In order to overcome this difficulty, quicklime probably 
could be slurried sufficiently to avoid severe burns, but for best mixing the lime parti­
cles after slurrying should be as finely divided as hydrated lime. Waste lime may con­
tain both quicklime, hydrated lime and impurities, and its use has been limited to 
small experimental jobs. It is difficult to plan on the use of such limited and erratic 
sources for stabilization on a scale of any considerable magnitude. 

The chemical constituents of lime are quite definite and there should be no doubt as 
to what lime is; however, the words "lime" and "limestone" have been so loosely used 
that many people, including engineers, mistake limestone dust or screenings for lime. 
Limestone is calcium-carbonate and not calcium-oxide or lime; i t cannot become a 
lime except by having its carbon dioxide removed by heating. Some metamorphic lime­
stones may have a trace of free lime available in them due to their past geological 
history, but their lime content cannot be expected to produce stabilization results which 
are comparable to those obtained when commercial lime is used. 

Some control of the purity of lime to be purchased should be exercised in order to 
avoid buying inert materials. Lime for soil stabilization has generally been purchased 
imder ASTM Designations C-6-49 or 207-49 with plasticity requirements deleted. The 
ASTM tests for this purpose, if strictly interpreted, have been found by some to be too 
complicated and too slow for control of large quantities expected to be transported on 
short notice. One state has its own test procedure and specification for control of lime 
quality. When lime stabilization is used frequently in a given state or area, it may 
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become desirable for control samples to be taken at the lime plants in lieu of samples 
from individual truck or ra i l shipments. This can avoid the embarrassing situation of 
having sub-standard lime on or in the job and wondering what to do about i t . 

TYPES OF LIME STABIUZATION 
Generally, there are two main types of lime stabilization which can be accomplished 

out of a variety of combinations. One consists of treating granular or aggregate bearing 
materials for final course of base upon which a wearing course or siu-facing is to be 
placed. Such mixtures usually contain less than 50 percent soil binder and are treated 
with from 2 to 4 percent lime based on dry weight of soil aggregate material. The 
other consists of treating soil materials to serve as subbase. Usually, clay soils are 
treated for this purpose by the addition of from 4 to 8 percent lime based on dry weight 
of soil. Due to the effects of weathering conditions, clay-lime mixtures which are 
adequate for subbase purposes probably wil l not prove to be satisfactory if used as 
final course of base upon which a thin surfacing is to be placed. Many types of soils 
react favorably to lime stabilization regardless of whether they are acid or alkaline. 

The treatment of granular soils for final course of base to be surfaced, which do 
not react well with lime alone, can be enhanced by the addition of flyash, expanded 
shale fines, volcanic ash, portland cement and bituminous materials. A class of high 
type pavements probably could be opened up by pursuing the use of aggregates treated 
with lime and flyash or expanded shale (burned clay) or some volcanic ashes. This 
type of stabilization could probably be pursued further by usingdolomitic or magnesium 
lime in conjunction with calcium chloride or gypsum to formoxychlorideoroxysulphate 
cementation. If adequate methods of injecting carbon dioxide after completion of com­
paction could be developed, a different type of hardening and increase in strength could 
be accomplished. 

CHEMICAL REACTIONS 
There are many chemical reactions which take place in soil-lime mixtures and the 

following discussion probably covers only a few of them. The f i rs t reaction which 
takes place is of a base exchange nature which lowers the plasticity index of the soil 
and gives the soil a loose friable appearance. Various small amounts of mixing, de­
pending on the nature of the soil, are required to obtain this consistency. This texture 
is similar to good tilth in farm land and wi l l remain friable unless compacted. If com­
pacted, however, another reaction is believed to be effected which consists of calcium 
reacting with available silica and alumina (colloidal sizes) to form complicated com­
pounds of non-slaking monocalcium silicates and alumlnates. This is a form of slow 
setting cement which continues to gain strength over long periods of time and is com­
monly referred to as a pozzolanic reaction. The rate of this cementation varies a 
great deal with the type of soil being treated and with climatic conditions. The third 
reaction is the slowest and involves the absorption of carbon dioxide from the air so 
as to react with the calcium hydroxide to form calcium carbonate or limestone. For 
either of these last two reactions to produce effective hardening by cementation, the 
mixture must be thoroughly compacted prior to time of reactions. 

TESTING OF SOIL-UME MIXTURES 
In running tests on such mixtures, it is important to always use a fresh supply of 

good lime. The soil constants of highly plastic, clay material to be treated with lime 
should be run as an indication of the degree of mixing required. If lime wi l l not lower 
the PI of a heavy clay effectively, mixing difficulties may be anticipated. H lime 
hardens a low PI material, i t is not necessary to require a decrease in PI. 

The strengths of soil-lime mixtures are usually evaluated by such tests as the CBR, 
unconfined compression, resistance value, triaxial, etc. In attempting to evaluate the 
test results, i t should be kept in mind that the mixes which are hardest at an early age 
are not necessarily the best, because some of the differences in strength may be due 
only to the rate of setting having been speeded up. It should also be kept in mind that 
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if a mixture has sufficient hardness, strength or toughness to withstand the climates 
and extensive repetitions of the stresses imposed, i t may serve just as well as a much 
stronger layer. There is a need for fast-setting mixtures where the lack of detours 
makes it necessary to carry heavy traffic over existing roads. There is danger that 
such mixtures under heavy traffic may be susceptible to cracking. Regardless of the 
type of strength test used, i t is common practice to plot strength versus percent lime, 
as shown in Figure 1. 

In this case, plotting test results by the aforementioned methods would seem to 
indicate an optimum lime content of 5, 7 and 9 percent for 7, 21 and 60 day old speci­
mens, respectively. The strength values for the 180 day old specimens show that there 
really is no optimum lime content to be gained from such an analysis. Strength tests 
are necessary to see if a proposed mixture wi l l harden sufficiently but experience and 
good judgment are also essential tools for selecting percentage of lime to be used. 
There is also a noticeable discrepancy between road and laboratory strengths of clay-
lime mixtures. Laboratory strengths may indicate a Class 1 mix but the same clay-
lime mix may not obtain such strengths in the road due to delayed mixing, compacting 
and weathering. Cores cut from old roads consisting of old, lime-granular soil mix­
tures show that field strengths are higher than are found from laboratory tests on speci­
mens up to 60 days old. In selecting the percentage of lime for use, it should be kept 
in mind that some lime wil l be lost in construction operations by blowing, carbonation, 
etc., so it is advisable to use a little more lime than short-time tests indicate to be 
sufficient. It wi l l be very advantageous to have some extra lime in mixtures which 
have to be reworked. Very low percentages of lime are practical to use for temporary 
effects on haul roads and detours. Of any combination of materials selected for use 
as base course, Texas test method THD-82 suggests a minimum unconflned compres­
sive strength of 100 psi after 7 days moist curing and 10 days soaking or capillary wet­
ting at room temperature. Mixtures that set slower than this may be difficult to handle, 
particularly during cold or adverse weather conditions. Laboratory personnel often 
observe a fast rate of wetting in moist-cured, partially dried specimens. This should 
not be mistaken as an indication of a high rate of permeability. Capillarity and perme­
ability are two different things. Compacted lime mixtures are particularly effective 
for repelling water percolation. 

CONSTRUCTION METHODS 
The quality and behavior of soil-lime stabilization mixtures are highly dependent 
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Figure 1. Effect of lime content on strength of soil-lime mixtures. 
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upon the technique used during construction. If the material to be treated Is in place, 
some scarification and pulverization, prior to addition of lime, are indicated. Rooters, 
disc harrows and rotary speed pulverizers are very useful tools for these types of 
operation. 

Application of Lime 
As stated before, lime may be added in either the powder or slurry form. The 

choice of which to use often depends upon the moisture content of the soil to be treated 
and location of the project with respect to creating a dust hazard to homes and business 
establishments. Powdered lime may be added by proper spacing of bags or by mechan­
ical spreaders, or with transport trucks equipped with auger unloaders and flexible 
downspouts. Hydrated lime slurries have been made by blending water to lime with 
pugmills, compressed air, and circulating pumps as stirring devices. Blending may 
be effected during or prior to loading truck tanks. The cost of satisfactory plants of 
this type have ranged from 3 to 7 thousand dollars which becomes a small item if used 
on several jobs or if parts are converted to other uses. It has been found that lime 
slurry can be handled through ordinary water tank truck spray bars when 2 or 3 lbs or 
more of water per lb of hydrated lime are properly blended. Occasionally, truck tanks 
not equipped with circulating devices wi l l accumulate a layer of lime sediment in the 
bottom of such tanks. Compressed air is usually effective in stirringup these sediments 
so the tanks can be flushed out. 

Mixing 
In the case of sandy or aggregate bearing soils, lime is usually added to the surface 

and mixed with motor patrol graders or rotary speed pulverizers. In case lime slurry 
is being added, thin layers are bladed aside as each increment of slurry is added by 
sprinkling until windrows are formed. After windrows are bladed back across the road, 
the mix is usually ready for compaction if its moisture content is near optimum. If the 
moisture content is below optimum moisture when spread, additional water wi l l need 
to be added by sprinkling and blade mixing. If the mixture is too wet to rol l , further 
aeration is indicated. This can be accomplished by additional blading or by use of rotary 
speed pulverizers fixed so as to throw the material into the air. In the case of mixing 
dry lime with clay soils i t is often necessary to blade part of the soil to be treated into 
windrows and form a sandwich by adding the lime, sprinkling, and covering with soil 
from the windrows. This procedure protects the lime from the elements and at the 
same time does not delay application of lime. A delay of mixing for two days when 
necessary wi l l help to mellow extremely lumpy clays and decrease difficulty of mixing. 
The remainder of mixing and adding of water may be carried out by sprinkling, and 
mixing with blade and/or rotary pulverizersover aperiodof timenottoexceedfour days. 

Although the pugmlU type road mixer has not been used frequently in lime stabiliza­
tion, it is possible that this type of mixer wi l l help to eliminate unequal transverse 
distribution of lime. Clay-lime mixtures should be pulverized to pass the 1-in. screen 
and at least 60 percent to pass the - in . screen (No. 4 sieve) prior to compaction. 

Compaction 
Delay of compaction of thin windrows of all types of soil-lime mixtures which dry 

and become carbonated probably wi l l decrease hardening of the mix subsequent to com­
paction. For best hardening results, compaction to high density at the proper time is 
essential for all lime mixtures. Naturally, close control of moisture content wi l l be 
of great aid to density control. Experience has shown that a few rules for compaction 
of soil-lime mixtures have been helpful when followed. A l l soll-llme mixtures, except 
lime-treated heavy clays, may be compacted promptly after mixing or at any time 
within two days. Ordinarily, such soil aggregate bearing lime mixtures should not be 
recompacted if previous rolling is over four days old without adding new water, lime 
and/or soil. There are two exceptions to this rule: one is when the mixture contains 
a high percentage of lime and the other is in the case of stabilizing heavy plastic clays 
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treated with high percentages. In the latter case some delay in compaction after mix­
ing can be advantageous but this delay should not be in excess of four days. Mixtures 
may be compacted with various types of pneumatic, tamping or vibratory rollers in 
various layer thicknesses. The layer thickness and weight of roller wi l l usually de­
pend upon the type of soil being stabilized and the supporting power of the various sub­
layers. Reworking of clay-lime mixtures which have been compacted for more than 
7 days should be avoided unless additional lime and/or soil in incorporated. 
Curing 

Proper curing is an essential step in obtaining hardening effects. The lime stabili­
zed base can be cured satisfactorily by sprinkling for 7 days or by sealing with a bitu­
minous treatment within one day after final rolling. Since lime stabilized soils absorb 
very small amounts of asphalt, the usual quantities of prime used for untreated bases 
probably wi l l be excessive. Generally, the application of heavy loads should be avoided 
for a period of 7 days after completion of rolling. If i t is necessary to haul over a 
stabilized layer during this period, least damage wi l l occur if loads are applied im­
mediately after compaction. Treated subbase layers may be sprinkled for periods of 
time exceeding 7 days or until covered with subsequent material. Light rolling is 
usually applied during this period to keep the surface knitted together. 

Cracking 
Any good, well compacted semi-flexible or cemented mixture is generally more 

susceptible to cracking than are good flexible bases. This defect becomes increasingly 
noticeable in the surfacing with time. Much can be done during design and construction 
to minimize such defects. Causes for cracking may be due to any one or more of the 
following reasons: (a) swelling of clay subgrade; (b) shrinkage of clay subgrade es­
pecially when inadequate shoulders are used; (c) use of inadequate design thicknesses; 
(d) application of heavy loads from hauling or rolling during curing period; and (e) natural 
shrinkage of the mixture. The f i rs t three causes listed above are common to all types 
of pavements and every reasonable effort should be made to minimize high volume 
change characteristics and use of base depths which are too thin. The last two causes 
listed above become more readily noticeable than the others and are often referred to 
as shrinkage cracks. Prior to application of asphaltic concrete, the use of a single 
asphalt surface treatment instead of a prime seems to reduce the seriousness of this 
problem, perhaps because penetration asphalt does not run down crevices in the base 
and prevent rehealing as much as a prime or asphaltic emulsion w i l l . Surface treat­
ments also prevent raveling and pot holing prior to paving. This so-called shrinkage 
type of cracking has occurred on a few lime stabilized jobs. Whereitwas mostsevere 
the base consisted of low PI (8 or less) materials. Higher PI materials when treated 
with lime appear to be less troublesome in this respect. It is theorized that aggregate 
bearing mixtures consisting of high PI materials and lime are less fragile and can sup­
port loads with less cracking during curing than can low PI or more fragile mixtures. 
Lime mixtures for base course which are susceptible to cracking probably should be 
"tight bladed" and sealed promptly after compacting. If such mixtures have already 
cracked extensively, they probably should be reworked using lime water. If a base 
is properly designed and constructed, transverse cracks may occur at fairly large 
distance intervals and they should be so minute that they are difficult to observe. 

Permanence 
The history of ancient lime mortars and pozzolanic mixes, such as were used in 

construction of Roman roads. Indicates that some lime mixtures have a high degree of 
permanence. Like many other mixtures the permanence of such mixtures depends upon 
good design and construction practices. Design includes the careful selection of good 
mixtures and adequate thicknesses to withstand repetitional stresses imposed upon or 
below their surfaces. Proper uses of triaxial, CBR, and resistance value test methods 
should be very useful in selecting thicknesses of layers to be used. The percentage of 
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lime used may also be found to influence the life of such roads. Many jobs in south 
central states up to 14 years old are st i l l in excellent condition. A few jobs in New 
Mexico and California have withstood severe climatic conditions for several years 
without damage from freezing and thawing. Final conclusions with respect to this mat­
ter wi l l depend upon future experience. It should be emphasized that extensive vertical 
movements due to swelling or heaving of deep layers of soils are not overcome by lime-
treatment or any other treatment applied in thin layers. 

TESTS TO BE MADE ON COMPLETED ROAD 
There are a number of tests which wil l reveal interesting data on roads as they age 

under traffic, several are listed as follows: 
1. Deflection tests by use of Benkelman beam or plate loading. 
2. In place CBR. 
3. Compression tests of undisturbed cores. 
4. Flexural tests on sawed beams. 

BENEFITS OF LIME STABILIZATION 
There are several characteristics of lime that make it a good stabilizer: 
1. It is easy to mix with soil. 
2. It quickly reduces the plastic properties of soil when wetted. 
3. It sets slowly, the time interval between mixing and compacting is not critical, 

especially if the mixture is not allowed to remain spread in a thin windrow for long 
periods of time. 

4. Compaction can be done over a period of two or three days, bases need not be 
rolled all at once allowing time for base to adjust to subgrade. 

5. Costs are reasonably low. 
There are also a number of benefits being derivedfrom clay-lime subbase treatments. 

Some are as follows: 
1. The lime-treated subbases form a working table upon which contractors can 

continue construction of pavements shortly after rains. 
2. Wetting operations for such treatments transfer enough water into subgrade soils 

to cause their subgrade to lose some of its swelling characteristics. 
3. The treated layers form a water barrier to prevent excessive shrinkage cracking 

of subsoils due to drying or infiltration of water during rainy weather. 
4. Last, but not least, such lime-treated layers form a subsection of the total depth 

of pavement. 



Activation of the Lime-Flyash Reaction 
By Trace Chemicals 

D. T. DAVIDSON, MANUEL MATEOS and R. K. KATTIrespect ively. Professor of 
Civil Engineering, Graduate Assistant, and Research Associate. Iowa Engineering 
Experiment Station, Iowa State College, Ames, Iowa. 

The results of an investigation of the effect 
of small amoimts of forty-seven different 
chemicals on the strength of Ottawa sand-
lime-flyash mixtures are presented. An 
explanation is offered for the mechanism of 
strength improvement by the different groups 
of chemicals studied. 

• R O A D BASES stabilized with lime and flyash may not gain sufficient strength in 7 or 
28 days to satisfactorily carry heavy traffic or withstand repeated freeze-thaw cycles. 
This prolongs the period that the road must be closed to traffic or reduces the construc­
tion season in northern climates. Thus, an economical method of speeding up therate-
of-strength gain of lime-flyash stabilized soil would extend its usefulness in road con­
struction. 

Heat is known to be a good activator for the lime-flyash (pozzolanic) reaction; 7-day 
strengths of over 1, 000 psi may result from curing compacted specimens of soil-lime-
flyash at 140 F in sealed containers. But since high temperature curing of road bases 
is not economical with presently available fuels, a more practical alternative for acti­
vation of the lime-flyash reaction would be with trace chemical additives. 

This paper presents the findings of a search for trace chemical activators. 

MATERIALS 
Soil 

Natural monomineralic silica sand from Ottawa, 111., was used as the soil component 
of mixtures to eliminate variables due to the complex mineral composition of natural 
soil. The gradation of the sand met the requirements (ASTM Designation: C109-56) 
for graded standard sand: 

SIEVE SIZE PERCENT PASSING 
No. 16 (1190-micron) 100 
No. 30 (590-micron) 98 + 2 
No. 50 (297-micron) 28+5 
No. 100 (149-micron) 2 + 2 

Flyash 
The flyash was from the Detroit Edison Company St. Clair Power Plant, St. Clair, 

Michigan. The composition and physical properties of the sample used are: 
Silicon dioxide (SiO»), percent 41.9 
Magnesium oxide (MgO), percent 1.0 
Calcium oxide (CaO), percent 2.7 
Aluminum oxide (AI2O3), percent 22. 5 
Iron oxide (FezOs), percent 25.8 
Sulphur trioxide (SO3), percent 0.8 

* Presently Assistant Professor of Civil Engineering, Indian Institute of Technology, 
Bombay, India. 
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Available alkalies (as Na20), percent 0.3 
Loss on ignition, percent 3. 6 
Moisture content, percent 0.2 
Specific gravity 2.61 
Fineness (percentpassing No. 325 sieve) 88.7 
Specific surface (sq cm/g) 2720 

Lime 
The lime was calcium hydroxide, reagent grade, from the Allied Chemical and Dye 

Corporation. 

Chemicals 
Forty-seven chemicals were evaluated. The selection included chemicals known or 

suspected to improve the pozzolanic reaction as well as chemicals whose effect on the 
reaction was unknown {1, 2, 3, 4, 5, 6). The chemicals were reagent, technical or 
purified grade. They are grouped in Table 1, primarily on the basis of their reactions 
—basic, neutral or acid. Bases and basic salts, also known as alkalies and alkaline 
salts, produce hydroxyl ions in water solution to varying extents. Acid salts produce 
hydrogen ions in water solution to varying extents. Neutral salts in water solution do 
not upset the natural balance of hydrogen and hydroxyl ions. Unclassified chemicals 
are in the miscellaneous group. 

METHODS 
Mix Proportions 

Lime-flyash mortars were composed of 75 percent Ottawa sand and 25 percent lime 
and flyash, with the ratio of lime to flyash either 1:9 or 1:4. (75:2. 5:22. 5 or 75:5:20 
Ottawa sand-lime-flyash.) The trace chemical additive was 0. 5 and/or 1 percent, 
based on the dry weight of the mortar. Chemicals were added to the dry mortar as a 
powder or as a component of the mix water which was close to standard Proctor optimum 
moisture (ASTM Designation: D698). 

Mixing and Molding 
Mixing of batches for preparing test specimens was done in a Hobart kitchen mixer, 

model C-100, at low speed. The dry ingredients were mixed 25 sec; then the mixwater 
was added and mixing continued for 4 minutes. 

Molding was started immediately after a batch was mixed. A double plunger drop-
hammer apparatus was used to mold 2 in. diameter by 2 in. high specimens to approx­
imate standard Proctor density. 

Curing 
Specimens of each batch were moist cured at near 70 F and 100 percent relative 

humidity for 7 days, 28 days and 4 months. To better preserve moisture and reduce 
entry of carbon dioxide from the air, all specimens were wrapped in wax paper sealed 
with cellophane tape. 

Strength Testing 
After each curing period, specimens were imwrapped and immersed in distilled 

water for one day. Then they were tested for unconfined compressive strength using 
a load travel rate of 0.10 in. per minute. Tests were run in triplicate and the average 
strengths are reported. 

Free-Thaw Testing 
Twenty-eight day cured 2- x 2-in. specimens of selected mixtures were subjected 

to cycles of freezing and thawing. Specimens on water saturated felt pads were frozen 
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TABLE 1 
CHEMICALS EVALUATED AS ADDITIVES 

Group and Chemical Formula Manufacturer 
BASES 

Potassium hydroxide 
Sodium hydroxide 

BASIC SALTS 
Lithium carbonate 
Potassium bicarbonate 
Potassium carbonate 
Sodium bicarbonate 
Sodium borate 
Sodium carbonate 
Sodium sulfite 

NEUTRAL SALTS 
Lithium chloride 
Lithium fluoride 
Lithium nitrate 
Lithium sulfate ^ 
Potassium chlorate 
Potassium chloride 
Potassium dichromate ̂  
Potassium permanganate' 
Sodium chloride 
Sodium dichromate 
Sodium hypochlorite 
Sodium nitrate ^ 
Sodium pemanganate 
Sodium sulfate 

ACro SALTS 
Aluminum chloride 
Ammonium chloride 
Calcium chloride 
Calcium hypochlorite 
Calcium sulfate 
Chromic chloride 
Cobaltous chloride 
Cupric chloride 
Ferric chloride 
Ferric sulfate 
Ferrous chloride 
Ferrous sulfate 
Magnesium chloride 
Manganous chloride 
Nickel chloride 
Stannous chloride 
Titanium tetrachloride 
Zinc chloride 

MISCELLANEOUS 
Ethylene glycol 
Magnesium oxide 
Portland cement 
Potassium biphthalate 
Quadrafos 
Vanadyl dichloride 

KOH 
NaOH 

LizCOa 
KHCO3 
KaCOa 
NaHCOs 
Na2B407 • IOH2O 
NazCOa 
NazSOa • 7H2O 

LiCl 
L i F 
LiNOa 
Li3S04 • H2O 
KClOa 
KCl 
KaCrsOT 
KMn04 
NaCl 
NaaCrz • 3H2O 
NaOClb 
NaNOs 
NaMnO* • 3H2O 
NaaS04 

AICI3 • 6HbO 
NH4CI 
CaCl2 
Ca(OCl)» 
CaS04- 2H2O 
CrCla • ylfeO 
CoCl2 • 6H^O 
CUCI2 
FeCla 
Fe2(S04)3 • XH2O 
FeCl2 • 4H20 
FeS04- 7HaO 
MgCls • 6HsO 
MnCl2 • 4HiO 
NiCla • 6H2O 
SnCl2 • 2H^O 
TiCl* 
ZnCl2 

dtOHOIfcOH 
MgO 

KHC8H4O4 

VOCla 

J . T . Baker Chem. Co. 

Fisher Scientific Co. 
Mallinckrodt Chem. Works 
J . T. Baker Chem. Co. 
Tl !? 11 11 11 

Fisher Scientific Co. 
J . T . Baker Chem. Co. 

J . T . Baker Chem. Co. 
Fisher Scientific Co. 

J . T . Baker Chem. Co. 
! t ?! I I 11 I? 

Fisher Scientific Co. 
J . T . Baker Chem. Co. 
I ! 11 11 11 11 

Fisher Scientific Co. 
f! 11 11 

J . T . Baker Chem. Co. 
Fisher Scientific Co. 
J . T . Baker Chem. Co. 

J . T . Baker Chem. Co. 
Allied Chem, & Dye Corp. 
J . T . Baker Chem. Co. 
Fisher Scientific Co. 
J . T . Fisher Chem. Co. 
Fisher Scientific Co. 

Allied Chem. & Dye Corp. 
Fisher Scientific Co. 
J . T . Baker Chem. Co. 
Allied Chem. & Dye Corp. 
Fisher Scientific Co. 

Wilkens-Anderson Co. 
Allied Chem. & Dye Corp. 
Hawkeye Portland Cement Co. 
J . T . Baker Chem. Co. 
Rumford Chem. Co. 
Fisher Scientific Co. 

Strong oxidizing agent. In solution with 5 to 6 percent 
name for sodium tetraphosphate(PsOs, 63.5percent; Na20, 

available chlorine. Trade-
36.0 percent; H2O, O.Spercent). 
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at -10 F for 23 hr; then they were removed from the freezer and allowed to thaw in 
open air for 2 hr and in a moisture (near 100 percent RH) room for 23 hr. This was 
one cycle. Specimens were tested for unconfined compressive strength after 0, 1, 4, 
5, 7, 9 and 12 cycles, (zero cycle specimens were immersed in water for 2 hr before 
testing for strength). Strengths reported are the average for three specimens. 

GENERAL COMPARISON OF CHEMICALS 
The f i r s t study of the investigation was a general comparison of the chemicals to de­

termine their relative effects on 7-day, 28-day and 4-month strengths. The amount of 
each chemical treatment was 0. 5 percent, based on the dry weight of the 75 percent 

No o d d i t i v e 
L i th ium carbonote (suspension) 
Potassium hydroxide (solution) 
Sodium hydroxide (solution) 
Sodium permangonote (suspension) 
Ouodrofos (solution) 
Sodium corbonote (solution) 
Sodium su l f i t e (solution) 
Potossium permongonots (suspension) 
Potossium bieorbonots (solution) 
L i th ium sulfate (solution) 
Potassium corbonote (solution) 
Sodium bicorbonote (solution) 
Li th ium f luor ide (suspension) 
Li th ium ni t rote (solut ion) 
Sodium n i t r a t e (solut ion) 
Sodium chloride (solution) 
Sodium su l fo te (solut ion) 
Potassium chloride (solution) 
Mongonous chloride (solution) 
Potassium dichromote (solution) 
Mognesium chloride (solution) 
Ferric chloride (solution) 
Ammonium chloride (solution) 
Potassium chlorote (solution) 
Vonodyl chloride (suspension) 
Calcium chloride (solution) 
Nickel chloride (solution) 
Stannous chorlde (solution) 
Ferrous chloride (solution) 
Cobaltous chlor ide (solution) 
Ferrous sulfote (solution) 
Amm chloride + sodium chl ( s o l ) 
Sodium dichromote (solution) 
Chromic chloride (solution) 
Li th ium chloride (solut ion) 
Aluminum chloride (solution) 
Porgond cement (powder] 
Ferric sulfote (suspension) 
CoiciQm sulfote (suspension) 
Sodium hypochlor i te (solution) 
Colcium h y p o c h l o r i t e ( so lu t ion ) 
Mognesium oxide ( s o l u t i o n ) 
E thy lene g l y c o l ( s o l u t i o n ) 
Z inc c h l o r i d e ( so lu t i on ) 
Po tas s ium b i p h t h o l o t e (solut ion) | 
Cupric c h l o r i d e ( s o l u t i o n ) 
Sod ium b o r a t e ( suspens ion) 
T i t a n i u m t e t r a c h l o r i d e (solut ion) 
No a d d i t i v e 

7 -day curing 
2 8 - d a y curing 
4-month curing 

U n c o n f i n e d compress ive s t r e n g t h a f t e r one day immers ion , p s i 

Figure 1. Immersed strengths after T-day, 28-day, and U-month normal moist ctiring of 
2 In. diameter by 2 i n . specimens prepared at standard Proctor density from 75:2,5:22.5 
Ottawa eand-llme-flyash mortar treated with 0.5 percent of each chemical l i s t e d . 
CSiemicals are l i s t e d f r /n top to 'bottam in decreasing order of benefit to 7-day 
strength. A l l chemicals were added to the mortar dissolved or suspended in tlie mix 

water. 
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Ottawa sand: 2. 5 percent lime: 22.5 percent flyash mortar. The chemicals were 
added dissolved or suspended in the mix water. 

Test results are shown by bar graphs in Figure 1. Starting at the top of the figure 
chemicals are listed in order of decreasing benefit to 7-day strength. 

7-Day Strength 
The 7-day strength of a soil-lime-flyash road base is of much practical significance. 

Seven days is about as long as newly constructed roads can be kept closed to traffic, 
and to avoid rutting, base course strength, as measured by the unconfined compression 
test, may have to reach 100 to 300 psi, depending on soil type stabilized, road usage 
and thickness of bituminous surfacing. Since the strength gain of soil-lime-flyash road 
bases is greatly reduced or even halted when the temperature drops to near freezing, 
7 days of curing in northern climates may represent the maximum obtainable in late 
season construction. For adequate freeze-thaw resistance, soil-lime-flyash bases 
may need a strength of 300 to 500 psi, depending on soil type stabilized, thickness of 
bituminous surfacing and severity of the climate. 

The 7-day strength, after 24 hr immersion, of untreated Ottawa sand-lime-flyash 
specimens averaged only 9 psi (Fig. 1), illustrating the slowness of the pozzolanic re­
action under normal curing conditions. Many of the chemicals greatly increased 7-day 
strength; these may be classed as accelerators for the lime-flyash reaction. The 
primary purpose of this investigation was to discover such chemicals. 

Best strength acceleration was with lithium carbonate which gave an average 7-day 
strength of 226 psi, over 47 times the strength of the untreated reference specimens. 
Potassium hydroxide, sodium hydroxide, sodium permanganate and Quadrafos gave 
7-day strengths near or above 300 psi. Sodium carbonate, sodium sulfite, potassium 
permanganate, potassium bicarbonate, lithium sulfate, potassium carbonate, sodium 
bicarbonate, lithium fluoride and lithium nitrate also are worthy of special mention, 
all giving 7-day strengths near or over 200 psi. 

A look at the classification of chemicals in Table 1 shows that the two bases were 
good activators for the pozzolanic reaction. The basic salts, with the exception of 
sodium borate, gave 7-day strengths over 150 psi. The neutral salts produced variable 
results; best were the strong oxidizing agents potassium permanganate and sodium 
permanganate, both giving strengths over 200 psi. The acid salts did not appreciably 
improve 7-day strength. Of the chemicals in the miscellaneous group, only Quadrafos 
gave good l-day strength. 

28-Day Strength 

Twenty-eight days of curing can usually be counted on in late summer or early fa l l 
construction and ideally soil-lime-flyash should reach adequate strength before the 
f i r s t freeze. The untreated lime-flyash mortar specimens did not gain adequate strength 
in 28 days (Fig. 1), the average being only 34 psi. 

The chemicals cited as most beneficial to 7-day strength also greatly improved 
28-day strength, but it wi l l be noted that the order of merit is somewhat changed. Also, 
a number of chemicals which did not look promising on the bais of 7-day strength im­
provement, showed up well in the 28-day tests. Chemicals which gave 28-day strengths 
near or above 600 psi (about 18 times the 28-day untreated strength) are: potassium 
hydroxide, sodium hydroxide, potassium permanganate, potassium carbonate, sodium 
carbonate, calcium chloride, sodium bicarbonate and potassium bicarbonate, listed in 
order of decreasing merit. Many of the other chemicals gave 28-day strengths of 400 
to 500 psi or higher. Among the most promising of this group are: lithium carbonate, 
sodium permanganate, sodium sulfite, sodium chloride, and the 50:50 combination of 
ammonium chloride and sodium chloride. 

The bases and the basic salts, except sodium borate, again gave best results. The 
neutral salts, except sodium hypochlorite, gave 28-day strengths over 300 psi. Among 
the acid salts, calcium chloride, ammonium chloride, magnesium chloride and manga-
nous chloride gave strengths over 300 psi, but as a whole the chemicals in this group 
rated low. Quadrafos and the 50:50 combination of ammonium chloride and sodium 
chloride were the most promising in the miscellaneous group. 
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4-Month Strength 
The average 4-month strength of the untreated Ottawa sand-lime-flyash specimens 

was 589 psi, which is very adequate, and demonstrates that the long-term strength of 
lime-flyash stabilized soil is not a problem. In northern climates, spring or early 
summer construction is necessary to obtain 4 months of curing. But even when this is 
possible, sufficient early strength to carry traffic is necessary. 

Figure 1 shows that most of the chemicals cited as being very beneficial to 7 and/or 
28-day strengths caused little or no improvement of 4-month strength, or even decreas­
ed i t . The greates benefit to 4-month strength was obtained with calcium chloride (855 
psi) and manganous chloride (852 psi). Both of these chemicals were beneficial to 28-
day strength, particularly calcium chloride, but they rated low on the basis of 7-day 

Imintrssd , 
unconfintd 

comprats ive 
• t r a n g t h , 

Pi i < 

7 - d a y r e s u l t s 

• H.OM 

• II.H.I}, 

2 8 - d a y r e s u l t s 

IgHCO, 

•'-.so. I 

pH VQlUtt pH v a l u * 

Immersed 
unconfined 

compressive 
s t rength . 

psi 400| 

1 1 1 — 

.y,ci, 4 - m o n t h r s s u l t s 

pH volua 

Figure 2. Relationship between strength and pH of 75:2.5:22.5 Ottawa sand-lime-flyash 
mortar treated with 0.5 percent of the different chemicals. 
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strength improvement. Calcium hypochlorite gave a 4-month strength of 789 psi, but 
7 and 28-day strengths with this chemical were very low. On the basis of strength im­
provement at all three ages, potassium permanganate might be rated highest. Other 
chemicals giving 4-month strengths above 700 psi, and which were also noteworthy for 
7 and 28-day strength improvements, were: sodium permanganate, lithium fluoride 
and lithium nitrate. Potassium dichromate and sodium dichromate gave 4-month 
strengths over 700 psi and also gave good 28-day strengths, but both rated low at 7-days. 

The bases and the basic salts did not contribute much to the 4-month mortar strength 
indicating that the chemicals in these groups act mainly as activators of the lime-flyash 
reaction. The three chemicals which gave the highest 4-month strengths are acid salts, 
but several neutral salts also were beneficial; other chemicals in these two groups re­
duced 4-month strength. Several of the better neutral and acid salts are strong oxidiz­
ing agents (Table 1). In the miscellaneous group, vanadyl dichloride and the 50:50 com­
bination of ammonium chloride and sodium chloride were slightly beneficial. 
Density Variations 

Some of the chemical additives influenced the compaction characteristics of the 
75:2. 5:22. 5 Ottawa sand-lime-flyash mortar as evidenced by variations in the dry 
density of test specimens. The maximum variation from the compacted density of the 
untreated mortar was plus 6.4 or minus 2. 6 pcf. However the variations in density do 
not correlate with the improvements in strength. 

pH 
Determinations of pH were made on material from specimens tested for unconfined 

compressive strength. (The electrometric method was used, employing 15 grams of 
sample in 30 mm of distilled water.) The object was to find a relationship between strength 
andpH after each curing period. A significant correlation is not evident to the authors from 
the data plotted in Fig. 2 although it is seen that mixtures containing the bases and basic salts 
maintained a relatively constant and high pH during the three curing periods. 

Aluminum chloride r powder 
^ water 

Calcium sulfate rpowder 
* water 

Ferric sulfate r powder 
^water 

Magnesium oxide rpowder 
^ water 

Potassium bicarbonate r powder 
••water 

Potassium carbonate rpowder 
^woter 

Sodium bicarbonate rpowder 
^woter 

Sodium carbonate rpowder 
^woter 

Sodium sulfate rpowder 
^woter 

No additive 

» 7 - day c u r i n g 

o 2 8 - day cu r ing 

H 4 - i n c n t h c u r i n g 

3 3 

3Z5 

0 2 0 0 4 0 0 6 0 0 8 0 0 

Immersed unconfined compressive strength, psi 

Figure 3. Comparison of powder VB mix. water application of chemical additives. The 
amount of chemical was 0.5 percent; the mortar was 75:2.5:22.5 Ottawa sand-lime-flyash. 
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Al l pH values were in the alkaline range due to the presence of calcium hydroxide. 
The amount of lime present in the mixtures was greater than the maximum solubility 
(1.2 grams per liter) of calcium hydroxide at 25 C. Enough lime was presentto counter­
balance the influence of the acid salts used as additives. Decreases of the pH of mix­
tures with time is presumably due to the lime being used up in the pozzolanicreaction. 

POWDERED VS LIQUID APPLICATION OF CHEMICALS 
Since some of the chemicals could be used in powdered form, and dry mixed with 

the lime-flyash mortar prior to adding the mix water, a check was made to fine out 
what effect powdered application would have on mortar strengths. Test results in Fig. 
3 show that most of the chemicals gave better results when mixed as a powder. Most 
noteworthy is powdered sodium carbonate which produce 7-day, 28-day and 4-month 

Aluminum chloride 
(as powder) 

Ammonium chloride 
(in water) 

Calcium chloride 
(in water) 

Calcium sulfate 
(as powder) 

Ethylene glycol 
(in water) 
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(in water) 
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(in water) 
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(as powder) 
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Figure It-, Effect of amovint of chemical additive on strength of 75:2.5:22.5 Ottawa 
sand-lime-flyaoh mortar. 
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strengths that are, respectively, 71, 28 and 18 percent higher than the comparable 
strengths produced by liquid application of sodium carbonate. 

AMOUNT OF CHEMICAL 
The use of more chemical additive than 1 percent may not be economical; 0. 5 per­

cent represents a more desirable treatment level. A comparison of strength benefits 
from 1 and 0. 5 percent chemical treatments of 75:2. 5:22. 5 and 75:5:20 mortars are 
shown in Figs. 4 and 5. I t appears that there is little advantage and perhaps a disadvan­
tage in using more than 0. 5 percent chemical, particularly of the more promising ad­
ditives such as sodium carbonate, sodium hydroxide, potassium hydroxide, calcium 
chloride, aluminum chloride, potassium permanganate and magnesium oxide. 

INFLUENCE OF UME TO FLYASH RATIO 
The ratio of lime to flyash may be an important factor affecting the strength attained 

by soil-llme-flyash mixtures. In the present investigation the influence of the ratio 
was studied by comparing the strength gains of chemically treated 75:2.5:22.5 (ratio 
1:9) and 75:5:20 (ratio 2:8) Ottawa sand-lime-flyash mortars. The results obtained 
from 1 and 0. 5 percent chemical treatments are shown in Figures 6 and 7 respectively. 

7-Day Strength 

The 7-day strengths, with a few exceptions, were similar for both ratios. The ex­
ceptions are of interest because they involve three of the most promising activators: 
potassium hydroxide, sodium hydroxide and sodium carbonate. One percent powdered 
sodium carbonate gave highest strength with the 2:8 ratio mortar, the increase being 

Aluminum chloride r 1 0 % 
(as powder) ' 0 . 5 % 

Colcium chloride r 1 0 % 
(In water) 5 % 

Colcium sulfote r 1 .0% 
(as powder) ^ 0 . 5 % 

Ethylene glycol r 1 .0% 
(in water) ' 0 . 5 % 

Magnesium oxide r 1 .0% 
(as powder) 5 % 

Portlond cement r 1 . 0 % 
(as powder) 0 . 5 % 

Potassium hydroxide r 1 0 % 
(In water) ^ 0 . 5 % 

Potassium permonganote r 1 .0% 
(in water) ^0 5 % 

Sodium carbonate r 1 .0% 
(as powder) ^ 0 . 5 % 

Sodium chloride 1 .0% 
(in water) ' 0 . 5 % 

Sodium hydroxide i 1.0% 
(in water) < 0 . 5 % 

Sodium sulfote 1 .0% 
(as powder) ' 0 . 5 % 

No odditive 

• 7 -day curing 
o 2 8 - d a y curing 
H 4 - m o n t h curing 

2 0 0 4 0 0 6 0 0 8 0 0 1 0 0 0 1 2 0 0 

Immersed unconfined compressive strength, psi 

Figure 5. Effect of amount of chemical additive on strength of 75:5:20 Ottawa 
sand-lime-flyash mortar. 

1 4 0 0 
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144 psi; wi th 0.5 percent sodium carbonate the 7-day strength difference between the 
two mortars was negligible. One-half percent sodium hydroxide gave best results with 
the 1:9 rat io mortar by about 100 psi , whereas l i t t le strength difference was observed 
for the 1 percent treatment. Potassium hydroxide likewise favored the 1:9 rat io mortar, 
the strength increase being about 100 psi f o r the 0.5 percent treatment. 

28-Day Strength 
It is d i f f icul t to conclude which l ime to flyash ratio gave the best 28-day strength. 

With the better chemicals previously cited, good strengths were obtained with both 
ratios. Examples of chemical treatments most sensitive to the ratio are: 0. 5 and 1 
percent calcium chloride, which gave best results with the 1:9 ratio mortar by about 
150 to 230 psi; 1 percent potassium permanganate, which was best wi th the 2:8 rat io 
mortar by about 260 psi; and 0.5 and 1 percent sodium carbonate, which produced best 
strengths with the 2:8 ra t io mortar by about 250 to 390 ps i . 

4-Month Strength 

The best 4-month strengths without exception were obtained using the 2:8 l ime to 
flyash rat io; in some cases the strength was two or more times that obtained when the 
ratio was 1:9. The following chemicals produced 4-month strengths above 1,000 psi : 
aluminum chloride, calcium chloride, potassium permanganate, sodium carbonate and 
magnesium oxide. Of these, only magnesium oxide was appreciably less effective when 
the amount used was 0.5 percent. 
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Figure 6. Effect of lime to flyash ratio on strength benefits frcm 1.0 percent chemical 
treatments. The mortars were composed, of 75 percent Ottawa sand, and 25 percent lime and. 

flyash. 
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FREEZE-THAW RESISTANCE 

The strength retention through 12 cycles of alternate freezing and thawing of 28-day 
cured 2-in. diameter x 2- in . specimens provides an indication of relative durabili ty. 
The effects of 0. 5 percent of any one of four chemicals on the durability of the 75:2. 5: 
22. 5 mortar are shown in Figure 8. 

The mortar specimens with no chemical additive showed high strength retention^ but 
in i t i a l strength was less than 200 ps i . Specimens containing sodium carbonate (added 
as a powder) had a marked decrease in strength, but after 12 cycles the strength r e ­
tained was more than 600 ps i . Potassium permanganate treated specimens, after a 
decrease in strength through 4 cycles, showed an abrupt increase to over 600 psi which 
was retained with l i t t l e reduction through the last 8 cycles. Specimens containing calci ­
um chloride and sodium chloride fai led after the f i f t h cycle. 

SUMMARY DISCUSSION 

Evaluation of Chemicals by Groups 

Classification of the chemical additives as in Table 1 permits some generalized 
statements concerning the effects of each group on the lime-flyash(pozzolanic) reaction. 
The bases and the basic salts, except sodium borate, greatly improved early strength, 
but did not improve long-term strength to a proportionate degree. Thus most chemicals 
in these two groups appear to be good activators (accelerators) of the pozzolanic reac­
tion. One of the basic salts, sodium carbonate (soda ash), is considered the most 
promising trace chemical evaluated. 
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Figure 7. Effect of lime to flyash ratio on strength benefits from 0.5 percent chemical 
treatments. The mortars were composecL of 75 percent Ottawa sand, and 25 percent lime and 
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The neutral salts produced very good 28-day strengths, which were further improved 
after 4 months curing. With only two exceptions 4-month strengths were close to or 
higher than the untreated mortar strength. Seven-day strengths with neutral salt ad­
ditives were higher than the corresponding untreated mortar strength, but the improve­
ment was not always exceptional. The most promising activators in this group are 
potassium permanganate, sodium permanganate, l i thium sulfate, l i thium fluoride, 
l i thium nitrate, sodium nitrate and sodium chloride (because i t is cheap). 

The acid salts did not appreciably improve 7-day strength, but some gave marked 
improvement to 28-day and 4-month strengths. The most promising chemicals in this 
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group are the chlorides, part icularly calcium chloride and manganous chloride. Cal­
cium hypochlorite gave very good 4-month strength but 7- and 28-day strengths were 
low with this chemical. 

In the miscellaneous group of chemicals, Quadrafos was most beneficial to 7-day 
strength; magnesium oxide was beneficial to 28-day and 4-month strengths. 

Mechanism of Benefits 

An explanation of the mechanism of the beneficial effects obtained with the different 
chemicals is d i f f icul t because each chemical or narrow range of chemicals may act in 
a completely different way. A chemical may act as a catalyst or as an inhibitor or as 
a component of the pozzolanic reaction, and also may go into side reactions other than 
the pozzolanic reaction and produce either cementing or inert materials. 

Bases and Basic Salts. — Alkaline additives increase the amount of available hydroxyl 
ions in the moistened Ottawa sand-lime-flyash system, and as a result the pozzolanic 
reaction may be accelerated by the increased solubility of the siliceous material (4). 
For example sodium hydroxide may act as a catalyst in which: (a) i t f i r s t reacts with 
the siliceous material to produce intermediate sodium silicates, (b) the over-a l l reaction 
goes to completion when the intermediate sodium silicates subsequently react with l ime 
(calcium hydroxide) to f o r m sodium hydroxide and cementitious insoluble calcium s i l i ­
cates, (c) the sodium hydroxide is then f ree f o r further reaction with unreacted s i l i ­
ceous material . 

The most promising of the alkaline additives, sodium carbonate, very likely reacts 
with l ime in the moist Ottawa sand-lime-flyash mixture to f o r m calcium carbonate and 
sodium hydroxide. The precipitated calcium carbonate contributes cementation to the 
system, and, as hypothesized in the preceding paragraph, the sodium hydroxide acts 
as a catalyst. The formation of calcium carbonate f r o m the l ime obviously decreases 
the amount of l ime available fo r the pozzolanic reaction. The hypothesis is apparently 
consistent with the experimental data: with a 1:9 ratio of l ime to flyash better strength 
results were obtained with 0. 5 percent sodium carbonate than with 1 percent, whereas 
the opposite results were obtained with a 2:8 ra t io . This indicates the possibility of an 
optimum amount of sodium carbonate for a given amount of l ime. 

Acid Salts. —Acid salts undergo a hydrolysis reaction with the precipitation of weak 
bases (hydroxides). This may be summarized as follows: 

R X + nm H OH n R ( O H ) „ + m H X 2 n m m n 

With calcium hydroxide this reaction proceeds as follows: 

2Rjj + nm Ca (OH)2 t 2nR (OH)^ + mCa^ X a . 

With aluminum chloride as the acid salt, a weak base is precipitated and an equivalent 
amount of l ime is withdrawn f r o m the reaction, 

2 AlCls + 3 Ca(OH)2 2Al(OH)3 + 3 CaCl t . 
weak base 

The removal of l ime results in a reduction of the l ime to flyash rat io . Thus acid salts 
may impede the development of strength when the ratio of l ime to flyash is 1:9. For 
example when aluminum chloride was used in mixtures having a 1:9 rat io of l ime to 
flyash, strengths were much lower than when the ratio was 2:8. In mixtures with a 
1:9 rat io 1 percent aluminum chloride gave lower strengths than 0.5 percent aluminum 
chloride. 

Some of the weak bases formed, such as A l (OH) 3 and Fe(OH) 3 , have some cement­
ing and water-proofing properties which may be beneficial. Such weak bases may also 
affect the long-term formation of hydrated calcium silicates and thus increase long-
t e rm strength. 

Although calcium chloride is an acid salt, the principal long-term strength benefits 
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obtained wi th this chemical are thought due to a different type of chemical mechanism 
than discussed above. Calcium chloride being highly hygroscopic and deliquescent en­
sures a relatively high concentration of calcium ions over a long period of time by pro­
viding moisture fo r a solution. Since lime has a lower ionization constant than calcium 
chloride, the concentration of calcium ions f r o m lime is lower than that f r o m calcium 
chloride. Also l ime is subject to conversion to calcium carbonate during long curing 
periods; when this takes place pozzolanic action ceases. The experimental data tend 
to support this line of reasoning: calcium chloride was found to be very beneficial to 
4-month strength, whereas i t only slightly improved 7-day strength. 

Sodium chloride may act s imi la r ly to calcium chloride but there appears to be less 
benefit to long-term strength, perhaps because sodium chloride is less hygroscopic and 
deliquescent than calcium chloride. Another difference is that some sodium hydroxide 
is probably formed, and thus a smal l amount of catalysis would be expected. This may 
explain why sodium chloride gave slightly higher 7-day strength than calcium chloride. 

Neutral Salts. —The reactions of neutral salts with the Ottawa sand-lime-flyash mix­
tures are somewhat more complicated than those of the other groups. The most pro­
mising neutral salts, potassium permanganate and sodium permanganate, are strong 
oxidizing agents. I t is believed that these chemicals oxidize the carbon in the flyash 
with the consequent production of potassium carbonate or sodium carbonate, and the 
precipitation of manganese dioxide. These carbonates, as discussed previously, then 
give r ise to further reactions which are benficial to strength. I t is also believed that 
the permanganates, and other strong oxidizing agents, benefit strength by reactingwith 
grains of flyash, cleaning the surfaces and making them more available fo r chemical 
reactions with l ime. As already mentioned, several of the better neutral and acid salts 
were strong oxidizing agents. 

Miscellaneous Chemicals. —Quadraf os (sodium tetraphosphate), the only chemical 
in the miscellaneous group that greatly benefited early strength, may react with l ime 
to produce complex phosphate cementation products which supplement those produced 
by the pozzolanic reaction. The availability of sodium ions to f o r m sodium hydroxide 
may improve the pozzolanic reaction as previously discussed under bases and basic 
salts. 

The beneficial effect of magnesium oxide, another miscellaneous chemical, i s an 
agreement with the findings of previous research that dolomitic monohydrate (Type N) 
l ime gives greater strengths than high-calcium lime {6). The present data show that 
magnesium oxide was most effective when added as a powder, when the amount was 
1 percent, and when the l ime to flyash rat io was 2:8. The mechanism of the benefit 
can only be guessed at. Perhaps cementation by calcium magnesium silicates is bet­
ter than by calcium silicates ? 

Powdered vs Liquid Application of Chemicals. — A l l chemicals t r i ed gave best results 
when used in powdered f o r m , rather than when added in the mix water as a solution or 
suspension. This may be due to consumption of the chemical by side reactions that take 
place more rapidly in solution or suspension than in a semi-dry system. Another pos­
sibi l i ty is that lesser amounts of chemicals than were studied are needed fo r optimum 
benefits when the chemicals are added in water. 

The greatest benefit f r o m use of a'powdered chemical was with sodium carbonate. 
The reaction of this chemical wi th l ime in the mortar is responsible fo r the previously 
discussed precipitation of calcium carbonate cement. Calcium carbonate is thought to 
be more effective as a cement when precipitated after the mortar has been compacted, 
because then the carbonate crystals are formed on the sand (and flyash) grains. This 
is more apt to occur when sodium carbonate is added in powdered f o r m since when 
added in the mix water, the calcium carbonate may be prematurely precipitated before 
compaction is completed. Perhaps another advantage in using powdered sodium car­
bonate is that a slower production of sodium hydroxide may be more favorable to the 
sustained formation of pozzolanic cementing products. 

CONCLUSION 

Several of the forty-seven chemicals evaluated in l ime-flyash mortars greatly i n -
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crease early strength. Other chemicals benefit long-term strength more than early 
strength; calcium chloride is one of the most promising chemicals in this group. 

A l l factors considered, sodium carbonate (soda ash) is considered the most promis­
ing trace chemical activator investigated. Best results are obtained when i t is mixed 
in powdered f o r m . The use of 0. 5 percent powdered sodium carbonate in a mixture of 
75 percent Ottawa sand: 5 percent l ime: 20 percent flyash increased 7-day strength 
about sixty t imes, and 28-day and 4-month strengths about two t imes. 
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Effect of Number of Test Specimens on 
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This paper sets fo r th a scientific approach which may 
be used in evaluating new highway materials. This ap­
proach has been used in the evaluation of s lag-l ime-
flyash mixtures at the University of I l l inois in coopera­
tion wi th the I l l inois Division of Highways and the Bureau 
of Public Roads. Wet-bottom boiler slag and flyash are 
two by-products of the combustion of powdered b i tumi­
nous coal. These materials have been combined with 
l ime and water to produce a mixture that may be used 
as a base course fo r bituminous surfaces. 

Numerous laboratory techniques and testing methods 
have been developed that w i l l be of value to those who 
may be concerned with the analysis of this or s imilar 
mixtures in the future . This paper is concerned with 
the importance of relating the number of test speci­
mens prepared to the variabil i ty of the laboratory tech­
niques employed, in order that the significance of test 
results may be determined. I f this approach is followed 
the laboratory test results may be interpreted with a 
known degree of re l iabi l i ty . Any conclusions drawn 
f r o m the test data w i l l therefore be of scientific value 
to a l l concerned. 

NATIONAL INTEREST 

• THE MAGNITUDE of the present highway program makes i t imperative that adequate 
scientific methods f o r evaluation, design, and construction of highway pavements be de­
veloped and put into use. The scientific approach must be used in the evaluation of new 
materials which are not currently being used in the highway f i e ld in order that these new 
products may be effectively incorporated in the production of strong, durable, and ec­
onomical highways. 

Highway engineers are continually confronted with the problem of improving the load 
carrying capacity of natural so i l . Numerous methods of soi l stabilization have been 
used in the past and new methods are continually being developed. The basic methods 
of stabilization may be classified as follows: (a) mechanical-improving the aggregate 
gradation; (b) compaction-increasing density; (c) bituminous-waterproofing and giving 
additional cohesion; (d) cementation; and (e) chemical. Methods of stabilization which 
satisfy more than one of the above functions are highly desirable. In order to determine 
whether a material w i l l serve any or a l l of the above functions i t is necessary to develop 
a laboratory test program which w i l l give test results that are significant and that 
are t ru ly measures of the desired properties. After the laboratory tests have been ob­
tained i t w i l l no doubt be desirable to test the best materials under actual f i e l d condi­
tions in order that information may be obtained regarding the worlsability of the mate­
r i a l as wel l as the performance under f i e l d conditions. 

One method of stabilization, lime-pozzolan stabilization of natural soils, has re ­
ceived cons iderable attention during the past decade. A pozzolanic material is defined 
by ASTM as a silicious or alumino-sil iciousmaterialwhich in itself possesses l i t t l e or 
no cementitious value but which in f inely divided f o r m and in the presence of moisture 
w i l l chemically react with al l ial i and alkaline earth hydroxides at ordinary temperatures 
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to f o r m or to assist in forming compoimds possessing cementitious properties. 
Campaigns to clean up smoky cities have resulted in large quantities of flyash 

being precipitated f r o m the smoke. Some of the flyashes have been found to possess 
physical and chemical properties that meet the above requirements for a pozzolanic 
material . Since large quantities of flyash are presently available at a nominal cost, 
i t is logical that uses fo r this material be investigated. 

The problem of developing a laboratory program which w i l l give test results that 
are significant and that t ru ly measure the desired properties of the material is a very 
challenging and interesting task. 

SLAG-LIME-FLYASH MIXTURE STUDY 

In the state of I l l inois there are numerous plants producing power by burning pulver­
ized bituminous coal. Two by-products of this burning process are wet-bottom boiler 
slag and flyash. Wet-bottom boiler slag is a dense, hard, angular material and is not 
to be confused with blast furnace slag. Wet-bottom boiler slag is known also as black 
slag. These waste products are presenting large disposal problems in the state of 
I l l inois , since over 1 \ mi l l ion tons of the two materials are produced annually. 

In some Il l inois counties the supply of aggregate for base courses is becoming l i m i t ­
ed, and suitable substitute materials that may be economically used are highly desira­
ble. Since slag and flyash are p r imar i ly waste products, the economic consideration 
in localized areas where they are available and where the usual base-course aggregates 
are scarce w i l l favor their use—if mixtures containing these materials have the r e ­
quired physical properties. 

The original purpose of the slag-lime-flyash mixtures study was to evaluate the 
merits of the slag-lime-flyash mixture in regard to its possible use as a base course 
material with a bituminous surface. The general requirements were adequate work­
abili ty, strength, durability, and ability to be produced at a reasonable cost. This 
paper is not a report on the research project in its entirety, but describes only a scien­
t i f i c approach that was used to obtain reliable and meaningful laboratory test results. 

EARLY TESTING PROBLEMS 

Since this was a new material there were no standard ASTM tests which could be 
performed to determine whether the mixture was acceptable. Therefore, methods of 
evaluating the mixture had to be developed. This necessitated the development of a 
laboratory procedure that would reveal the true nature of the mixture. A prel iminary 
study was required to answer some of the early testing problems in order that the 
variabil i ty of the mixture could be determined. 

Compressive strength was chosen as the basic test to evaluate the variabil i ty of the 
mixture because this test was easy to run and i t measured the combined effect of co­
hesion and internal f r i c t i on of the mixture. Since the load carrying capacity of a mate­
r i a l consists p r imar i ly of cohesion and internal f r i c t i on , a comparison of the compres­
sive strengths should indicate the most promising mixture. The remainder of this r e ­
port presents the procedure that was used in l imi t ing the variables involved in compres­
sive strength tests within reasonable l imi ts and in determining the number of test speci­
mens required to provide the results within an acceptable degree of accuracy. 

One of the early questions was the determination of the size of specimen to be used 
in testing. After evaluating research procedures used by others on s imilar materials 
a 2- by 4-in. cylindrical specimen was selected fo r use in the investigation. Unti l the 
effect of mixing time was investigated i t was necessary to a rb i t ra r i ly f i x the mixing 
t ime. Densities of the 2- by 4-in. specimens were equated to maximum density by de­
termining a compactive effor t that would produce the same density as that produced by 
the standard compaction test (AASHO Designation T99-57, Method A ) . The in i t ia lnum-
ber of test specimens was determined by the capacity of the mixing equipment. Addi­
tional questions were raised in regard to capping, removing, curing and testing speci­
mens. Ini t ia l ly obtained results, although indicating high compressive strength, were 
not consistent enough to enable the data to be of scientific use f o r evaluation purposes. 

I t was on the basis of this prel iminary study that the research project was developed 
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in order that some of the above questions could either be resolved or eliminated by ex­
treme care in the laboratory procedure. This large variation simply necessitated an 
analysis of a l l known variables and the determination of the effect of both the inherent 
variables of the materials and the variables produced by the testing procedures. This 
approach w i l l enhance the development of standard procedures and w i l l also enable the 
development of significant test results for a given degree of re l iabi l i ty . 

LABORATORY TECHNIQUES AND EFFECT ON TEST RESULTS 

Sampling and Preparation of Materials 

In this test program numerous samples of the raw materials were obtained in ac­
cordance with the ASTM D75-48 Specification. Whenever possible, the size of sample 
was large enough to complete one phase of the testing. As the testing progressed, i t 
was evident that different materials obtained f r o m the same plant at different times 
had different characteristics. 

In determining the size of the test specimen i t was anticipated that several speci­
mens would be required to give an average compressive strength value that would be 
significant. I t was desirable to use as small a specimen as possible to prevent the 
handling of extremely large quantities of the materials. Since more than 95 percent of 
a l l the raw materials passed the No. 4 sieve, the 2- by 4-in. cylindrical mold was 
used. This size of specimen also eliminated any L / D corrections since the ratio was 
two. In the laboratory testing, a l l material larger than % in . was removed f r o m the 
sample and discarded. In order to minimize physical variation in the flyash and slag, 
the total sample of each material was mixed separately in a pug m i l l mixer fo r 45 m i n ­
utes after which i t was placed directly in its storage container. 

The l ime was obtained in sealed metal drums and transferred to 1 gal paint cans 
which had an a i r - t ight seal. Type No. 3 Permatex was used to coat the lids as an add­
ed precaution to assure a completely air- t ight seal. I t was found that l ime must be 
handled with care in the laboratory to prevent i t f r o m carbonating. Carbonation is the 
formation of calcium carbonate due to the reaction between l ime and carbon dioxide 
f r o m the a i r . The calcium carbonate is 
actually inert and does not combine to f o r m 
calcium silicates. In the prel iminary study 
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mentioned previously, the l ime was lef t exposed to air in an open bag, and i t was de­
termined by subsequent tests that carbonation had occurred. The degree of carbonation 
depended on the interval of t ime that the l ime was exposed. The carbonation does not 
extend more than a f ract ion of an inch into the l ime, but this is sufficient to cause the 
laboratory results to be inconsistent since a very small quantity of l ime is used in 
making the cylinders. 

Proportioning of Materials 

The major problem under investigation in this research was the determination of 
the effect of various proportions of slag, l ime, and flyash on compressive strength. 
In order to evaluate the various combinations of slag, l ime, and flyash, the moisture 
content had to be standardized. The effect of moisture content on compressive strength is 
shown in Figure 1. The relationship between unit weight and moisture content f o r both the 
AASHO compaction specimens (4-in. diameter) and 2- by 4- in . specimens is shown in 
Figure 2. Since the optimum moisture content f r o m the standard AASHO compaction 
test corresponded so closely with the moisture content which gave the best compressive 
strengths, i t was decided that the moisture content would be determined fo r each com­
bination of slag, l ime, and flyash by running a standard compaction test to obtain the 
optimum moisture content fo r each mixture. 

Mixing 

The mixer used throughout this study was a Lancaster Mixer equipped with amul le r . 
I t was found that an increase in mixing time resulted in a higher compressive strength 
f o r a given mixture. This relationship is shown in F ig . 3. Since most present-day 
standards simply state that the material should be thoroughly mixed, i t was necessary 
to analyse this data and determine an appropriate mixing time which would be compara­
ble with average f i e l d conditions. Two minutes was determined to be a reasonable 
t ime, based on observations of f i e l d mixes and of laboratory-prepared mixtures, and 
the results of the laboratory mixing time study. These two minutes were divided into 
one minute of dry mixing, followed by the addition of the water, and one minute of wet 
mixing. 

At one time i t was thought that the additional m i x i i ^ was actually changing the pa r t i ­
cle size and thus producing a higher com­
pressive strength. A sieve analysis, be­
fore and after four minutes of mixing, r e ­
vealed that the particle size was not changed. 
I t was thus assumed that the increase in 
compressive strength was due to a better 
distribution of a l l ingredients. 
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Molding 

The test specimens were molded i m ­
mediately after each batch of material was 
mixed. The mixture was compacted in the 
molds in four equal layers with each layer 
receiving ten blows of a 4-lb hammer drop­
ping 12 i n . As shown in Fig . 2 this is 
equivalent to standard AASHO maximum 
density. 

After each layer was compacted its sur­
face was scarif ied in order t o develop ad­
equate bond between layers. In order that 
the f ina l layer would receive the same 
amount of compaction as the preceding 
layers, a collar was made to f i t over the 
mold so that i t could be f i l l e d with loose 



material to a height greater than the top of the mold. To assure the same amount of 
material in each layer, a scoop was constructed with a volume which approximated the 
volume of loose material required fo r a 1-in. compacted layer. 

Capping and Removal 

Various removal times and capping materials were investigated. In order to de­
termine the amount of variation in compressive strength of the test specimens which 
may be attributed to the capping and the removal procedures, the coefficient of var ia­
tion fo r compressive strength was determined fo r various methods. The coefficent of 
variation is a convenient way to express the degree of variation as a percentage of the 
mean value. A certain amount of variation may be attributed to the testing technique 
but the increment between various coefficients of variation may be attributed to the 
capping and removal techniques. This test data is summarized as follows: 

1. Extruded immediately and capped with Hydrocal, coefficient of variation, 10. 5 
percent. 

2. Cured in the molds and capped with Hydrocal, coefficient of variation, 7.9 per­
cent. 

3. Cured in the molds overnight and capped with neat cement, coefficient of varia­
tion, 7.1 percent. 

On the basis of the foregoing data, method 3 was used as the standard. Neat cement 
released the molds fo r continuous use following the in i t i a l curing period and the speci­
mens were prepared f o r testing in one continuous operation. 

The molded specimens were weighed to determine the wet unit weight, after which 
a thin layer of material approximately Vg of an i n . thick was removed f r o m each end 
of the specimen. A mixture of cement and water was placed on each end of the speci­
men and metal plates were used to f o r m a smooth surface. The specimens were then 
lef t undisturbed f o r 20 * 4 hr in the laboratory a i r . Following this in i t ia l curing period 
each specimen was removed f r o m the mold by the use of a pedestal. Care was taken 
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to keep the specimens in compression since they are very weak in tension at this early 
age. The specimens were then given an appropriate indentification number. Each se­
ries of specimens was gently placed and sealed in a 1 gal paint can. 

Curing 

The sealed paint cans containing compressive strength specimens were placed in a 
constant temperature oven at 140 F and cured for an additional 13 days, thus giving a 
total curing period of 14 days. The relationship between the curing time in the oven 
and compressive strength is shown in Figure 4. 

To compare f i e l d curing with oven curing, some specimens were placed in the f i e l d 
and companion specimens were placed in the oven. The f ield-cured specimens were 
buried in the soi l in such a manner that the tops of the specimens were covered with 
2 i n . of so i l . These specimens were cured and tested after various periods of t ime. 
The temperatures and relative humidities prevailing during the f i e l d curing are shown 
in Fig . 5. The compressive strength test results are shown in Fig . 6. I t may be ob­
served that fo r this mixture the 7-day oven-cured strength approximates the 1-yr f i e l d 
strength. 

Preparation fo r Testing 

The average diameter of each cylinder was determined to the nearest 0.02 of an i n . 
in order to accurately determine the area. After the specimens were measured they 
were allowed to reach room temperature, and then weighed to determine their net gain 
or loss in weight during the curing. 

An investigation of the effect of saturation on the compressive strength of test speci­
mens showed that saturated specimens had an average compressive strength of 100 psi 
less than comparable specimens tested in the dry state. This difference was not con­
sidered great enough to warrant the additional time and extra handling required fo r 
saturation, and a l l subsequent specimens were tested in the dry state. 

Testing 

The rate of deformation used in a l l tests was 0.05 i n . per min. A l l compressive 

7 AM Relative humidity. 
Mean daily temp p 

14 28 90 180 
Curing time, days 

365 

Figure 5. Teotperature and relative humidity prevailing during f i e l d curing. 
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strength values were determined to the nearest 10 psi . 
applied to the standard 2- by 4- i n . cylinder. 

There was no L / D correction 

DETERMINATION OF THE NUMBER OF TEST SPECIMENS IN RELATION TO THE 
TECHNIQUES USED AND THE RELIABILITY OF TEST RESULTS DESIRED 

Pilot Study to Determine Variations 

After the laboratory techniques and loiown variables were standardized, a series of 
test specimens was made by the standardized techniques and tested to determine the 
effect of the remaining unknown variables on test results. The pilot study consisted 
of making 24 2- by 4-in. specimens with a l l of the known variables f ixed. The com­
pressive strength of the 24 specimens was analyzed statistically. The relationship 
between the variation in compressive strength and the number of test specimens used 
in the pilot study is shown by the dashed lines for two different probabilities in Fig . 7. 

In order to understand the curves shown in Fig. 7, the reader is re fe r red to ASTM 
Designation E122-56, which presents the recommended practice f o r "Choice of Sample 
Size to Estimate the Average Quality of a Lot or Process." 

A definition of standard er ror and l i m i t of accuracy as shown in Fig . 7 follows: The 
standard e r ro r implies that for a given number of specimens, n, the mean value of n 
specimens w i l l be within plus or minus the value shown on the ordinate (Fig. 7) of the 
population mean 68.3 times out of 100. The population mean is obtained by testing a l l 
the samples in the imiverse. Similar ly, l i m i t of accuracy means that for a given num­
ber of specimens, n, the mean values of n specimens w i l l be within plus or minus the 
value shown on the ordinate of the population mean 95. 5 times out of 100. 

I t was believed that fo r the data to be meaningful the maximum allowable difference 
between the estimate of the true mean and the true mean, which would be the result of 
testing (by the same methods) a l l of the units in the imiverse, should be set at plus or 
minus 100 psi fo r a probability of 95. 5 percent. This l imi t ing condition was based 
solely on judgment. 

From the pilot study curve i t is seen that six 2-by 4- in . specimens f u l f i l l the above 
requirement. The mixer used had a capacity such that eight specimens could be made 
in one batch. Based on a consideration of the above factors i t was decided that eight 

20 

16 

§ 
J2 

10 100 lOOO 

• Oven cured, average 
• Field cured, average 

of 4 -2"x 4" specimens 
of 9- 2"X4" specimens 

14 28 
Curing time, days 

90 lao 365 

Figure 6. BelatlooBhlp of ccntpresslve strength to curing time for 72.1 percent slag, 
2lt.0 percent flyash, and 3.9 percent lime mixture. 
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Figure 7 

2- by 4- i n . specimens would be made to evaluate each condition 

Standard error and lim i t of accuracy curves for ccmpressive strength of 
2- t y 4-in. specimens. 

Correlation of the Reliability, Probability, and Number of Test Specimens fo r the 
Actual Test Program 

After completing the test program, the re l iabi l i ty of the pilot study was checked 
against the re l iabi l i ty of a curve which was developed f r o m an analysis of a l l the 
routine test specimens. Figure 7 shows both the original pilot study curve and the 
actual curve. I t is interesting to note that the actual curve based on an analysis of 
54 specimens has a slightly larger variation than the computed curve. For eight speci­
mens the pilot study curve indicated that the mean compressive strength would be wi th ­
in plus or minus 80 psi of the population mean, whereas, the actual curve indicates 
that the average of eight specimens would be within plus or minus 100 psi of the popu-
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lation mean. Somewhat less care used in the routine testing may be responsible fo r 
this variation. I t was fortunate that the average of eight 2- by 4-in. specimens satis­
f i ed the in i t i a l c r i t e r i a . 

SIGNIFICANCE OF TEST RESULTS 

A statistical analysis of the actual data based on ASTMDesignation E122-56Tshowed 
thattheaveragecompressivestrengthof eight 2-by 4-in. specimens was with ± 100 psi 
of the population mean 95. 5 times out of 100. I t follows that a significant difference 
fo r a probability of 95.5 percent of the t ime requires that the average compressive 
strength of eight specimens dif fer by more than 200 psi f r o m the average of another 
set of eight 2- by 4-in. specimens. The reason fo r the significant difference being 
200 psi is that i t is possible fo r the average of eight 2- by 4-in. specimens to be 100 
psi above the population mean and the average of another set of eight 2- by 4-in. speci­
mens to be 100 psi below the population mean. This information makes the task of 
analyzing the test data a relatively simple matter. 

SUMMARY 

This paper sets fo r th an approach which may be used in determining whether new 
materials possess qualities that w i l l enable them to be used satisfactorily in the ever 
expanding highway f i e l d . Fi rs t , i t is necessary to evaluate a l l of the known variables 
that may affect the specific material under consideration. Af te r this has been done 
and a l l of the variables have been standardized there wiU s t i l l be some variation in the 
test results due to uncontrollable variations or unknown variables. These variations 
can be reduced to a known value by means of a pilot study and a statistical analysis. 
The exact amount of the variation can be either raised or lowered by decreasing or i n ­
creasing the number of test specimens used in the evaluation of each i tem. Thus, to 
obtain significant data within a given range fo r a given probability i t w i l l be necessary 
to test a given number of specimens. 

By use of this technique researchers may avoid to a large extent the p i t f a l l of draw­
ing conclusions f r o m data based on too few test results. This w i l l also help eliminate 
the embarassing situation of subsequently finding that the conclusions are erroneous 
because a l l of the variables were not considered. 

Discussion 
B. B . CHAMBLIN, JR., Highway Research Engineer, Virginia Coimcil of Highway 
Investigation and Research, Charlottesville, Virginia—This application of statistical 
techniques to a practical investigation into the compressive strength of slag, l ime, 
f lyash mixtures illustrates the advantages gained in the interpretation of test data when 
these techniques are applied to experimental design. 

The same principles are useful in many other fields of testing, some of which are: 
concrete beam and cylinder work; California Bearing Ratio soi l comparisons; f i e l d 
density measurements; and routine control of research test specimens. Most labora­
tories are faced with a variety of possible applications of "stat is t ics ." 

When a number of supposedly identical specimens are tested fo r some characteristic, 
the test results are seldom identical; they are distributed about a mean value, some 
values larger, some smaller . If this distribution can be assumed "normal" (bell shaped), 
and i t usually can, two statistics can be computed. They are: (a) Mean of test values 
and (b) standard deviation of values. These two statistics, and the number of samples 
tested, completely determine the characteristics of the distribution, and should be r e ­
ported with the data. From these, other useful measures can be computed. Some are: 
(a) Coefficient of variation and (b) confidence l imi ts for true mean. The "standard 
e r ro r " and " l i m i t of accuracy" used by Hollon and Danner are forms of the confidence 
l i m i t . 

The wr i t e r ' s use of confidence l imi t s is best i l lustrated by an example. Assume 
this hypothetical data, normally distributed, of strength values f r o m cylindrical speci­
mens. 
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1. Number of samples tested N = 24 
2. Mean of results X = 1, 600 psi 
3. Standard deviation s = 50 psi 

I t can be seen that this sample data can be uti l ized in making assumptions about the 
population (or true parameters). The relationship between sample mean, X , and 
true mean, , is given by this equation. 

. . X t ^ (!) 

where " t " is a standard score computed fo r various degrees of certainty. I t is found 
in tabular f o r m in most statistical references. At the 95 percent confidence level, 
f o r 24 samples equals 2.07. By Equation 1, 

^ = 1600 t i H ^ O T ^ ^ 1600 i 21.1 

This suggests that the true mean value of cylinder strength lies between 1, 580 and 
1,620 ps i . B this statement is made, the probability of its being correct is 95 in 100. 
This probability was controlled when t was selected f r o m the tabled values. 

In this same manner, by working backwards, the number of samples necessary to 
Insure a certain width of confidence l imi t s may be calculated. Solving Equation 1 for 
sample number, 

( |x ± X) is selected, t is determined f r o m tables, and s is found by testing a number 
of nominally identical samples. 

I t is hoped that this discussion w i l l amplify the presentation by HoUon and Danner, 
and that papers such as this w i l l lead to the wider use of statistical techniques by test­
ing engineers throughout the country. The assignment of definite numerical levels of 
confidence to conclusions drawn f r o m testing program results is certainly a positive 
step in the advancement of experimental projects. 

CLOSURE, George W. HoUon and El l i s Danner—We wish to thank M r . Chamblln f o r 
his discussion of our paper and we appreciate his support of the concepts which we 
presented. 

HRB:0R-276 



TH E NATIONAL ACADEMY OF SCIENCES—NATIONAL RESEARCH COUN­
CIL is a private, nonprofit organization of scientists, dedicated to the 
furtherance of science and to its use for the general welfare. The 

ACADEMY 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 
ACADEMY and the government, although the ACADEMY is not a govern­
mental agency. 

The NATIONAL RESEARCH COUNCIL was established by the ACADEMY 
in 1916, at the request of President Wilson, to enable scientists generally 
to associate their efforts with those of the limited membership of the 
ACADEMY in service to the nation, to society, and to science at home and 
abroad. Members of the NATIONAL RESEARCH 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 RESEARCH 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 RESEARCH 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 RESEARCH COUNCIL. 
The BOARD is a cooperative organization of the highway technologists of 
America operating under the auspices of the ACADEMY-COUNCIL 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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