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The compaction moisture of cement-stabilized soils is usually specified as 
the optimum moisture content to obtain maximum density as determined by 
the standard Proctor test. Previous investigations have shown that in some 
instances maximum density may not correspond to maximum strength. If 
compaction of the soil-cement mix is delayed, the relationship between 
compaction moisture and the strength and density of the soil-cement also 
changes. This study investigates the relationship between compaction 
moisture content and the strength, density, and durability of cement
stahilized soils in which compaction is delayed after mixing to correspond 
to typical highway construction practices. Four types of soil suitable for 
cement E;tabilization wore investii;ated. The compaction moishlre content 
was varied from 4 percent below to 4 percent above the optimum moisture 
content obtained by standard Proctor tests with no delay between mixing 
and compaction. At each of the moisture contents, and at the optimllm ce
ment content, specimens were compacted 0, 2, 4, and 6 hours after mixing 
with no intermittent mixing. Specimens were prepared for unconfined com
pressive strength and durability tests. The results of this investigation 
show that the loss in strength and durability of soil-cement resulting from 
a delay in compaction can be significantly reduced in many instances by the 
addition of excess compaction moisture. The soils mosl benefited after a 
delay in compaction by excess moisture were the silty loams and sandy 
loams. Strength increases of 40 to 50 percent were achieved with these 
soils by the addition of 2 to 4 percent excess moisture when compaction 
was delayed. Cement-stabilized silty clay loams and silts compacted after 
delays showed little improvement in strength and durability with excess 
compaction moisture. Without delay in compaction, only the silty clay 
loams were significantly improved in strength and durability by the addition 
of excess compaction moisture. A study of the data has indicated that the 
amount of excess moisture required for maximum strength and durability 
depended on the soil type and the detention time between mixing and com
paction. In granular soils the addition of excess moisture improved the 
strength and durability after delays in compaction. This improvement re
sulted from the improved lubrication of the soil aggregates and subsequent 
increase in dry density. With fine-grained soils excess moisture improved 
the properties of soil-cement mixes compacted without delay by increasing 
the amount of cern.ent hydration. 

•THE STANDARD PROCTOR METHOD is recommended to determine the compaction 
moisture requirements for soils stabilized with cement. Several investigators have 
found that this moisture content does not necessarily produce maximum density and 
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maximum strength and durability. Felt (1) reported as early as 1955 that for maxi
mum effectiveness portland cement and sand mixtures should be compacted slightly be
low the optimum compaction moisture content for maximum density and that silty and 
clayey soils stabilized with cement should be compacted 1 to 2 percent above the opti
mum. 

Davidson et al. (2) also reported that the moisture contents for maximum strength 
are generally on the- dry side of the optimum for predominantly sandy soils, and above 
the optimum moisture content for soils rich in clay. They postulated that the variation 
between optimum moisture content for maximum density and maximum strength was re
lated to the particle sizes in the soil. They proposed that soils having a large surface 
area absorb much of the added water for lubrication so that insufficient water is avail
able for hydration of the cement. 

In the field, the time between the mixing of the soil and cement and the compaction 
of the soil-cement mixture is normally from 2 to 4 hours. Investigators studying the 
effects of delaying the compaction of soil-cement mixtures have reported large losses 
in the compressive strength, density, and durability if the delay in compaction exceeds 
2 hours (.~, i, ~). They also found that the moisture content to obtain maximum den-
sity changes with delay in compaction. Data taken by West while working with sandy 
soils showed that after delay in compaction the moisture-density curves tended to change 
from the usual convex parabola to a concave parabola with the largest reduction in den
sity occurring near the optimum moisture content. 

The purpose of this study was to investigate the relationship between molding water 
content and the strength, density, and durability of cement-stabilized soils both with 
and without delay in compaction. 

TESTING PROCEDURE 

Ten natural soils considered suitable for cement stabilization were selected from 
various locations in Louisiana. The properties of these soils are given in Table 1. 
Each soil was stabilized with the optimum amount of cement as determined by the cri
teria developed by the Portland Cement Association based on freeze-thaw and wet-dry 
tests. Standard Proctor test ASTM D 558-57 was used to determine the optimum 
moisture content of the soil-cement mixture. Specimens were molded at the optimum 
moisture content and at 2 and 4 percent above and below the optimum. 

Samples were not compacted at moisture contents higher than 4 percent above the 
optimum. Soils at higher moisture contents were not workable because they were above 
the plastic limit. Samples were molded according to ASTM D 1632-63 for unconfined 
compression tests and according to ASTM D 559-57 for wet-dry durability tests. 

TABLE l 

SOIL PROPERTIES 

Optirnum Percent 
Composition d 

Soil AASHO Liquid Pla«tic;ity (percent) 
Identification Group Cement" Moistureb 

Limit~ Indexc 
8and Silt Clay 

Silty loam L-1 A-4 10 17.0 27 8 26 60 12 

Silty loam L-2 A-4 10 17.0 28 8 7 79 14 
Silty loam L-3 A-6 ta 15.5 31 11 32 51 17 
Silty clay loam 
L-4 A-4 10 17 .5 2B 9 26 53 21 

Silty clay loam 
L-5 A-6 12 17 .0 37 19 19 62 19 

Silty clay lo om 
L-6 A-6 12 20.0 38 14 28 51 21 

Sandy loam L-7 A-2-4 7 15.0 25 7 n 16 13 

Sandy loam L-S A-2-4 7 10.5 18 1 67 21 12 
Silt L-9 A-4 10 17.5 28 6 5 80 15 

Silt L-10 A-6 12 19.0 36 11 0 87 13 

a Accord in~ to 1;l'H,etia established by thie Portl~nd Cement Association. 
b Sw ndord Proctot lffl, ASTM D 558·57. 
c A1terberu limits, ASTM D 423·61T and ASTM D 424•5. 
d Grain ,;ze ,n,ly,ls by ASTM D 422-B3. 
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In order to study the effects of moisture content on the strength, density, and dura
bility after a delay in compaction, samples were molded approximately 12 minutes after 
mixing had begun and at 2, 4, and 6 hours after initial mixing. All specimens prepared 
for strength studies were cured for 7 days in a 100 percent humidity chamber and then 
immersed in water for 4 hours prior to compression testing. Samples prepared for 
durability studiei:1 wr.rr. tP.RtP.ct accnrdinr; to ASTM D 599- 57. All tests were run in trip
licate, and over 1,200 samples were molded and tested during the course of this inves
tigation. 

At various detention times and moisture contents, portions of selected soil-cement 
mixtures were freeze-dried to prevent further hydration of the cement. Electron and 
optical microscopic studies and hydrometer and sieve analysis were conducted on the 
dried samples to study changes in particle shape and size. Isopropyl alcohol was used 
in the hydrometer and sieve analysis to prevent further cement hydration during the 
course of the experiment. 

Chemical analysis and X-ray diffraction studies were also conducted to compare the 
extent of cement hydration at various moisture contents and detention times. The chem
ical analysis consisted of a spectrophotometric determination of the amounts of acid
soluble silica formed by the hydration of portland cement. Following the procedure de
veloped by Ruff and Ho (6), the acid-soluble silica formed as the cement hydrate was 
extracted with 0. 2N HCl during a half hour of vigorous shaking. The soil particles 
were removed from the liquid by centrifuging at 30,000 rpm for 5 minutes. Ammonium 
molybdate was then added to the solution and the absorption measured at 400 mu with a 
Beckman DU spectrophotometer. 

The extent of cement hydration in soil-cement mixes at various moisture contents 
was also measured by X-ray diffraction. Powder specimens were X-rayed from 2 deg 
2 theta to 40 deg 2 theta in a Philips Norelco diffractrometer using copper radiation. 
The reflections at 2. 77 and 4.93 A where chosen for study. The strong reflection at 2 .77 A 
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is characteristic of unhydrated cement 
containing tricalcium silicate and should 
decrease as the cement is hydrated. The 
diflraction line at 4.93 A. results from 
the presence of the calcium hydroxide 
formed during the hydration reaction. 
The quartz peak of the soils at 2 .45 1 
was used as the internal standard. 

The testing procedures are shown by 
the flow diagram in Figure 1. 

DISCUSSION OF RESULTS 

Silty Loam 

The soils identified as L-1, L-2, and 
L-3 are classified as silty loam. The 
effects of percentage of compaction mois
ture on the strength, density, and dur
ability of these soils stabilized with opti
mum cement content and compacted after 
detention times of 0, 2, 4, and 6 hours 
are shown in Figure 2. 

With no delay in compaction, these 
soils developed maximum compressive 
strength .and durability , at the optimum 
moisture content. However, a delay 
in compaction drastically changed the 
moisture-strength, -density, and -dura
bility relationships. The compressive 
strength of samples compacted at the op
timum moisture content, obtained with 
no delay, was reduced 40 to 60 percent 
after a 2-hour delay in compaction and 
60 to 70 percent after a 6-hour delay. 
Increasing the percentage of compaction 
moisture 4 percent above the optimum 
reduced the loss of strength after a 2-
hour delay to only 15 percent for silty 
loam L-2. There was also considerable 
improvement in strength of soil L- 2 
compacted after delays of 4 and 6 hours. 
Increasing the compaction moisture con
tent above optimum improved the 
strength of soils L-1 and L-3 only a 
small amount. 

The moisture content producing max
imum density was increased more than 
4 percent after a delay in compaction for 
soils L-1 and L-2 and decreased 2 to 3 
percent for soil L-3. 

The durability of the soil-cement 
mixes compacted after a delay showed 
tangible improvement with excess com
paction moisture. 

Silty Clay 

The effects of compaction moisture on 
the behavior of the silty clay loams L-4, 
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Figure 2. Effect of compaction moisture on silty 
loam soil-cement mixes at various detention times. 
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L-5, and L-6 are shown in Figure 3. The silty clay loams developed maximum strength 
at higher than optimum moisture content even for samples compacted without delay. With 
delay in compaction, the strength generally increased and then decreased as the molding 
water content was increased above the optimum. 

After a delay in compaction, the density consistently decreased with increasing mois
ture content. 

Silty clay loams compacted without delay showed improved durability at moisture 
contents higher than the optimum. The durability of samples compacted after a delay 
was poor regardless of the molding moisture content. 

Sandy Loam 

The sandy loam soils L-7 and L-8 had varied results as shown in Figure 4. The 
strength of soil L-8 at optimum moisture content was reduced over 50 percent by a delay 
in compaction of 2 hours or more. Varying the percentage of compaction moisture did 
not improve the strength a significant amount. On the other hand, increasing the per
centage of molding water 2 percent above the optimum reduced the loss of strength after 
a 2-hour delay of soil L-7 from 23 to 3 percent. 

The moisture-density curves of the sandy loam soils were concave after a delay in 
compaction instead of the normal convex shape. Maximum densities were obtained 
above the optimum moisture content with no delay. 

With no delay in compaction, maximum durability was achieved at optimum water 
content. The durability of samples compacted after a delay was greatly improved by 
the addition of excess cornpa.cU.011 i.Il.Oi:stun;!. 

Silt 

The variations of strength, density, and durability with moisture content for silts 
T,-!l ::inil T,-10 ;irP shown in "F'igi1re ~. Th~ nptim11m moist11re content for maxim11m 
strength and density did not change significantly with a delay in compaction. 

These 2 soils differed appreciably in durability after delay in compaction. In gen
eral, the durability improved with increasing compaction moisture. Soil L-9 proved to 
be a very durable material for soil-cement stabilization even after delays in compaction 
of up to 6 hours. Soil L-10, although giving higher initial strength at 1-hour delay, had 
lower durability than L-9 at all moisture contents. 

General 

The results obtained for the 10 soils show that, when compaction of the soil-cement 
mix is delayed, maximum strength and durability in most instances are not obtained at 
the optimum moisture content for maximum density as determined with no delay but 
developed at moisture contents above the optimum. Even with no delay in compaction, 
the silty clay loams developed maximum strength and durability at higher than optimum 
moisture contents. A study of the data indicates that the increase in strength and dura
bility with excess compaction moisture is due to a combination of increased dry density 
and improved cement hydration. 

The reaction of cement with soil in the soil-cement matrix is very vigorous and is a 
function of time and moisture content. If compaction is delayed after mixing, cemen
tation of the loose soil grains into lar-ger aggregates takes place. This conglomeration 
effect increases the resistance of the soil to compaction so that the density obtained at 
a given moisture content and cornpactive effort is reduced. 

As mentioned earlier, delay in compaction also tends to increase the moisture r,::,
quired to obtain maximum density. The necessary increase in compaction moisture 
with delay in compaction seems unusual because large soil particles normally require 
less water for lubrication than small particles. However, consideration of the shape 
of the soil aggregates explains why more moisture is required for lubrication. Figure 
6 shows the configuration of the soil aggregates as seen with an optical microscope. 
The extremely irregular shapes of the aggregates increase the resistance to compaction 
by mechanical interlocking. H sufficient water is added to form a continous film around 
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0 
(a) 0-hour after mixing (magnification of 750x) 

(b) 6·hours after mixing (magnification of 750x) 

Figure 6. Effect of delay in compaction on the size and shape of soil particles. 

the aggregates to prevent excessive interlocking, the resistance to compaction will be 
lower and the dry density will be increased. A schematic representation of this effect 
is shown in Figure 7. 

The extent of soil particle aggregation with detention time was measured by a hydro
meter and sieve analysis of the soil-cement mixture. Typical data for a silty clay loam 
are shown in Figure 8. These data indicate that considerable aggregation does occur 



Figure 7. Hypothesis of reduction in mechanical 
interlocking at high moisture contents. 

with a delay in compaction. A 6-hour de
lay in compaction reduced the weight of 
particles less than 100 microns by 23 
percent. 

The increase in strength and durabil
ity at higher than optimum moisture con-

TABLE 2 

EFFECT OF PERCENTAGE OF COMPACTION 
MOISTURE ON THE EXTENT OF CEMENT 

HYDRATION IN SILTY CLAY LOAMS 

X-RO)' Diffraction of Specimens Cu1·ed for 7 Days 

Compaction T:ricalcium Calcium 
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Quartz Moisture Silicate Hydro«ide, 
(percent) Lille (2.77 A) Line (4.93 A) Line (MS A) 

10 15.9 3.2 100 
12 7.0 3.0 100 
14 6.0 4.0 100 
le 11.0 2.0 100 
18 8.0 7 .0 100 

Chemical Analysis of Acid-Soluble Silica 

Compaction 
Moisture 
(percent) 

10.0 
12.5 
15.0 
17.5 
20.0 
22.5 
25.0 

Acid-Soluble Silica (ylOO Fi soil) 

6-Hour 1-Day 7-Day 
Curing Curing Curing 

0.68 

o. 74 
0.74 

0.86 
1.03 
1.02 
1.06 
1.11 
0.95 
1.31 

1.04 
1.08 
1.07 
1.05 
0.98 
0.96 
1.20 

tents after delay in compaction of the silty loam and the sandy loam soils can be attrib
uted to the increase in dry density. The danger of directly relating the dry density and 
the strength and durability is readily apparent in Figure 4 (c and d). After a delay in 
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TABLE 3 

COMPACTION MOISTURE FOR OPTIMUM SOLL-CEMENT PROPERTIES 

Composition 
Compaction Mo!.sture for Maximum 

Soll (percent) 
Strength and Durability a 

Identification 
0-Hour 2-Hour 4-Hour 6-Hour 

3dl1U 3ilt Cl.>.y Delay Delay Delay Delay 

L-1 20 60 12 17.0 21.0+ 21.0 21.0 
L-2 7 79 14 H.0 21.0+ 21.0+ 21.0+ 
L-3 32 51 17 15. 5 15.5 17.5 17.5 
L-4 26 53 21 19.0 19,0 19.0 19.0 
L-5 19 62 19 21.o< 19.5 19.5 19.5 
L-6 2B 51 21 24 .o+ 20.0 20.0 22.0 
L-7 71 16 13 15.0 17 .0 17.0 19.0+ 
L-8 67 21 12 10.5 14,s+ 14_5+ 14.s+ 
L-9 5 80 15 t 7 .G 19.5 21.5 19.0 
L-10 0 87 13 19.0 23.o-< 23.0+ 19.0 

a+ after mois:ture content denotes continuoui increase in strength and durc1bility with incre,asin9 moisture 
content. 

compaction, the density of the sandy loam soils is significantly increased at moisture 
contents lower than the optimum moisture content obtained at 0-hour delay. However, 
at the low moisture contents, the strength and particularly the durability are much less 
than at higher moisture contents. The higher densities at low moisture content result 
from the small amount of cement hydration and i:;u.bsequeni i:.,.i:nall :;1.rn.mmt oI soil aggre
gation. 

The explanation for the behavior of the silty clay loams is not the same as for the 
silty loams and sandy loams. The strength of the silty clay loams continued to increase 
with an increase in the moisture content up to 4 percent above the optimum with no delay 
ID compaction. When compaction was aelayed, the str ength or the silty clay l oam soils 
tended to increase with increasing molding water content even though the density con
sistently decreased. 

One explanation for this behavior as suggested by Davidson et al. (2) is that the mois
ture content gave maximum density and much of the water added for lubrication is ab
sorbed by the clay particles in the soil, resulting in insufficient water for complete hy
dration of the cement. Additional compaction moisture above the optimum increases 
the amount of cement hydration and hence the strength, even though the density is re
duced. 

To determine if the addition of excess moisture above the amount necessary for max
imum density did in fact increase the amount of cement hydration, silty clay loam soil
cement mixtures were compacted at various moisture contents. X-ray diffraction 
studies and spectrophotometric analysis were conducted as outlined earlier. 

The 1·esults oI these studies are given in Table 2. The results, although inconclu · 
sive, indicate a general trend to increased cement hydration in the silty clay loams 
compacted at moisture contents above that required for maximum density. 

Table 3 gives the data collected during this investigation. The results indicate that 
the amount of excess compaction moisture required for maximum strength and dura
bility depends on the soil type and the detention time between mixing and compaction. 
If the detention time was 2 to 6 hours, the strength and durability of the more granular 
soils were significantly improved by the addition of 2 to 4 percent excess compaction 
moisture. With no delay in compaction, only the fine-grained silty clay loam showed 
improvement with excess compaction moisture. 

CONCLUSIONS 

The following conclusions were drawn from the results of this investigation. 

1. The moisture content for maximum strength and durability is not necessarily 
equal to the moisture cnntt1nt that e;ivei;: mr1ximum density, 
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2. The rate and direction of change in moisture content, which gives n,aximum 
strength and durability after a delay in compaction, are often not the same as the rate 
and direction of change of the moisture content required for maximum density. 

3. The amount of excess compaction moisture required for maximum strength and 
durability depends-on the soil type and ·the detention time between mixing and compac
tion. Two to 4 percent excess compaction moisture significantly improves the strength 
and durability if (a) the detention time is greater than 2 hours and the soils is granular 
and (b) the detention time is less than 2 hours and the soil is fine-grained. 

4. After delays in compaction, the strength and durability of silty loams and sandy 
loams are significantly improved at moisture contents 2 to 4 percent above the optimum 
determined at 0-hour delay. The change in moisture content for maximum strength and 
durability with delay in compaction is due to aggregation and mechanical interlocking of 
soil particles. The addition of excess moisture lubricates the soil aggregates and in
creases the density, strength, and durability. 

5. The moisture content giving maximum sh·ength and durability with silty clay 
loams is 4 percent above the optimum with no delay in compaction, and O to 2 percent 
above the optimum with delay in compaction. The increase in strength at moisture con
tents up to 4 percent above optimum when compaction is not delayed appears to be due 
to more efficient cement hydration. 

6. The moisture-density relationships for silts change little with delay in compac
tion. However, improvement in the durability of silts is achieved at moisture contents 
2 to 4 percent above the moisture content for maximum density with no delay in compac
tion. Little improvement in the strength is obtained at higher moisture contents. 

7. It is recommended that, if delays in compaction of 2 to 6 hours are expected, the 
compaction moisture of cement-stabilized silty loams, silty clay loams, sandy loams, 
and silts should be 2 to 4 percent above the amount required for maximum density as 
determined by Proctor test performed with 0-hour delay. The compaction moisture 
content of silty clay loams should be 3 to 4 percent above the optimum moisture content 
even if no delay in compaction is expected. 

8. The use of additional moisture does not completely counteract the detrimental 
effects of delay in compaction; however, it will significantly improve the properties of 
compacted soil-cement mixtures with very little extra cost. Additional studies are be
ing conducted to determine methods of completely overcoming the deficiencies in soil
cement as a result of delay in compaction. Until methods of eliminating the adverse 
effects of delayed compaction are perfected, time restrictions between mixing and com
paction should be strictly enforced. 
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