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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) 

Mognesium oxide 
(as powder) 

Portland cement 
(as powder) 

Potassium hydroxide 
(in water) 

Potassium permanganate 
(in water) 

Sodium bicarbonate 
(as powder) 

Sodium carbonate 
(as powder) 

Sodium chloride 
(in water) 

Sodium hydroxide 
(m water) 

Sodium sulfate 
(as powder) 

Ammonium chl.+ sodium chl. 
(in woter) 

No additive 

, 1 . 0 % 
^ 0 5 % 

r l . 0 % 
^ 0 . 5 7 . 

f l . 0 % 
^ 0 . 5 % 

r l 0 7 . 
^ 0 . 5 7 . 

r l . 0 7 . 
^ 0 . 5 7 . 

r l . 0 7 . 
^ 0 . 5 7 . 

r l . 0 7 . 
1 0 . 5 7 . 

r 1.0 7rf 
^0.5 7 . 

r l . 0 7 . 
b . 5 7 . 

r l . 0 7 . 
b . 5 % 

r l . 0 7 . 
^ 0 . 5 7 . 

r l . 0 7 . 
^ 0 . 5 7 . 

r l . 0 7 . 
^ 0 . 5 7 . 

r l . 0 7 . 
^ 0 . 5 7 . 

r l . 0 7 . 
^0 5 7 . 

S3 
S3 

» 7 - d a y curing 
o 2 8 day curing 
H 4 • month curing 

313 

IS3 

- i . 
0 2 0 0 4 0 0 

Immersed unconfined 
6 0 0 

compressive 
8 0 0 1000 

strength,psi 

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. 

A l u m i n u m ch lo r ide 
( a s powder) 

Calc ium chlor ide 
( I n wa te r ) 

C a l c i u m s u l f a t e 
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( i n water) 

Magnesium oxide 
(as p o w d e r ) 

Po r t l and cement 
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Pota 

,Rot» I 9 

C I 9 
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C I 9 
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C I 9 
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rRatie i:9 
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s s i u m hydroxide rRotw 19 
( in w a t e r ) iRatio2.8 

Potass ium permanganoK^Rotioi 9 
( i n wa te r ) W i . 2 -8 

Sodium carbonate 
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Sodium ch lor ide 
(in water) Clo I 9 
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Sodium s u l f a t e 
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Rotlo2e 

rRotIO I 9 
^ot is28 

'-Rolls 2 8 

» 7-day curing 
o 28-day curing 
^ 4-month curing 

Jr. 
200 400 600 800 lOOO iltSlT 

Immersed unconfined compressive s t rength, p s i 

1400 

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 

flyash. 
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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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each of sodium carhonate, potassium permanganate, calcium chloride and sodium chloride. 
Sodium carhonate was added to the mortar in powdered form; the other chemicals were 

added in the mix water. 
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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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