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ABSTRACT

\

This report summarizes the state of the art of sulfur

concrete. Sulfur concrete is created by mixing molten suifur
with aggregate and allowing the mixture to solidify. Ultimate
strength is reached in a short time. It exhibits favorable
fatigue properties and has excellent resistance to acids, salts,
and many organic compounds. Works well as a rapid runway repair
material. Sulfur concrete also has unfavorable properties. It
has poor durability when exposed to large temperature change and
to wet curing conditions. The material is also brittle. A1l of
these properties and examined in some detail and modifications
(dicyclopentadiene and sulfurcrete) are proposed to overcome the
unfavorable properties.
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INTRCDUCTION

Sulfur concrete is a thermoplastic mixture of elemental
sulfur with fine and coarse aggregate. To prepare this con-
crete, sulfur is heated beyond its melting point and then
rixed with aggregate, Upon cooling, the sulfur solidifies
and binds the aggregate into a hard, concrete material.

Sulfur concrete attains excellent structural strength, low
rernlabllity, exposure resistance, and chemical resistance.
Sulfur concretes can be as strong or stronger than convention-
nl concretes., Pull strength can be reached in hours, not days,
ne with portland cement concretes.1

Sulfur has been used as an aggregate cementing bhinder
for centuries, Prior to the American Revolution, sulfur
n rtars were used in North America to seal cast iron water
~ipes, However, sulfur, as a binder, was not formally recog-
nized until after the advent 6f the patent system. One of the
enriiest patents was in 1844 when sulfur was used in an im-
proved wateroroof cement.2 By 1900, sulfur compostions for
pavements, condults, and roofing were patented, Sulfur-sand
mortar was successfully used in pouring joints for a sewer
conveyling acld waste from a pulp mill in 1920.3

Duecker, in the 1930's, reported on the potential for ;
sulfur-aggregate compositions in construction and repalr of 1
acid tanks, flooring, and corrosion-resistant pipes. Cuecker ;

also reported that for some purposes sulfur compositions were i




very brittle and deterlorated under severe temperature
fluctuations, However, by adding a plasticizer to the sul-
fur, Duecker was able to obtain a product of extraordinary
resistance to impact and abrsasion having admirable strength
even under severe teampersture fluctuation.“

By the late 1930's, sulfur cements were being used 1in
numerous industries. Then, with rapid developcent of petro-
leunm based materlals in the 1940's, coupled with the expense
of sulfur cements (five times that of portland cement), there
was a decline in the use of and in research on sulfur cements.,
It was not until the 1960's that sulfur composite development
began revlving.2 This revival was, in part, due to the in-
creasing surplus of sulfur,

In 1975, world production of elemental sulfur exceeded
32.5 million tons. The U,3., the world's leading producer,
has the potential to produce 40 million tons of sulfur by the
year 2000. The predicted consumer demand by 200C 1s 30 million
tons. In Canada the stockpile of sulfur was about 19 million
tons in 1977 with supply exceeding demand by 2-3 million tons
per year.5 One reason for this surplus of sulfur, especially
in Canada, 1s the large number of sour gas processing plants
which remove hydrogen sulfide from gas and convert it to sul-
fur before the gas 1s distributed to customers. Another source
of sulfur 18 through its recovery during oil refining to com-

ply with pollution control regulations.6 A third major source

of sulfur 1s exploitation by the Frasch process of large de-

posits of sulfur in assoclation with the salt domes of the

aa!
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Gulf Coast.5 Thus, the impetus has been provided to develop
a use for thls surplus of sulfur. One such use which has

received a great deal of attention in the 1970's is sulfur

concrete,
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SULFUR

In order to understand the mechanical properties of
sulfur concrete, it 1s first necessary to investigate the
nature of sulfur. Sulfur is a chemlcal element with atomic
number of 16 and atomic weight of 32.06, It exists as ortho-
rhombic and monoclinic crystals (figure 1). Ordinary com-
mercial sulfur has a bulk density of between 24 and 90 pounds
per cublic foot and melts at 234°F. (melting temperature is

reported as being as high as 246° in some articles)-8

f oy T -r ! .
} @ SN ! _/‘z Ve
7o AR - ¥
a f i [ 4 f i
| t Lo - li ;,:r* LI | ‘.j:,"" ﬁ ‘/l"r* -
ty St 7 P [,
15 / o et L( o )
P - ://
- 8 -
Geccle anthelambee dructures a0 b e A
el pahr Bhdes, Simple moneelinde structure, o # b &£ e 3 # o
X Figure 1. Orthorhombic and Monoclinlc Structures (Ref. 7).

Above the melting point, liquid sulfur 1is straw colored
with a viscosity similar to water. Above 320°F., the color
changes to amber and there 1ls a sharp increase in viscoslty,
making the material difficult to handle.9 Flgure 2 shows

the viscosity of sulfur in its molten state as a function

of temperature.
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Figure 2. Viscosity~temperature curve

for liquid sulfur (Ref. 10).

As sulfur is cooled from the molten state to below
95.500. (203°F.), allotropic transformation from an unstable
monoclinic form to the stable orthorhombic crystalline struc-
ture occurs.11 This reversion rate 1s shown in figure 3.
Figure 4 1is phase equilibrium diagram for sulfur,

The change from molten sulfur to its orthorhombic form
is accompanied by a 13 percent increase in density,5 which
3

corresponds to a 7.9 percent decrease in volume,” Conse-
quently, the resulting product is highly stressed, and any

process that will relieve the stresses, such as thermal
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Flgure 3. Reversion rate of monoclinic sulfur to

orthorhombic sulfur at ambient temperature
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cycling, will cause a strength reduction or even disinte-

gration of the hardened sulrur.11

It has alsgso been reported
that strength will decrease as orthorhombic crystals in-
crease 1in size.13 Gilllot, et. al.,5 have conducted scanning
electron microscopy studies of sulfur as 1t cools, and the
resulting micrographs have actually shown the change 1in
grain boundaries and crystal morphology, and the develop-
ment of cracks withln a few hours after hardening was
observed. Currell14 describes orthorhomblic sulfur as a
*powdery crystalline material.”

Dale and Ludwlg12 reported on the mechanlical properties
of the sulfur allotropes, They describe the monoclinic form
of sulfur as being translucent with a yellow to orange color.
It 15 also described as having a "waxy hand" and a cutting
characteristic like parafin wax. The Shore hardness was given
as 95, Orthorhomblc sulfur is described as being opaque and
light yellow in color. It is friable and has a Shore hardness
of 90. During tests of sulfur samples, it was discovered that
the transition from the monoclinlc to the orthorhombic form
occurs from the faster cooling surface of the material towards
the warmer center. Thus, a sample may have characteristics of
both allotroplc forms.

Haymont2 summarized much of the work done in developing
additives to improve the physical properties of sulfur, He
quoted Bleecker (from a 1928 patent) on the formulation of
additives: "(1t is important) to provide . . . certaln

treatments which prevent the growth of large sulfur crystals
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and promote the formation of small crystals desirably to or
near the point of being amorphous.” He also quoted Duecker
(1934): "The fallure of commerclal sulphur cements may be
attributed to the changes in the crystalline structure of
sulphur . . . accelerated by fluctuating temperatures,”
Several plastic sulfur compositions were developed in the
1930's, 40's, and 50's, but due to high sulfur cement costs
compared to portland cement, there was a decline in their
use, and research and development was limited., During the
1960's, major efforts were again made to devise optimized
placticlzers for sulfur.

Almost all the chemicals used to modify sulfur are
elther polymeric polysulfides or substances that react with
sulfur to form polymeric sulfides. All plasticization re-
acilons are completed when a placticizer 1s mixed with molten
sulfur. A theory presented by Raymont is that the roll of
the placticizer 1s to bind the excess crystals in the hard-
er:ed sulfur; le,, the plactlcizer is a cementiin itself,
using sulfur as a filler.2

Currelllu discusses the importance of additives in
improving sulfur's properties. As previously mentioned, when
sulfur cools from the molten state, 1t crystallizes, Currell
states that "the crystallization of sulphur may . . . be
controlied by the use of suitable additives . . . reversion
to the orthorhombic form can be stopped . . ." Thus, the pur-
pose of placticlizing sulfur is to retard or prevent the

growth ¢f the orthorhombic crystals., Placticizing should pro-




duce a durable sulfur which is more able to withstand the

% aforementioned stress relieving processes (eg,, freeze-

)
thaw). It follows, then, that placticized or modified sul-
fur concrete should have improved characteristics over
unmodified sulfur concrete. Both types of concretes will be
discussed in the following sectlons of this report,

9




SULFUR CONCRETE (unmodified)

iy
Comparison to Portland Cement Concrete
The formation of sulfur concrete is based on completely ;
different principles than is the formation of portland cem- ;
ent concrete. Sulfur concrete results from the binding action ?
caused by solidification of molten sulfur around aggregate, ;
Portland cement concrete, however, results from the binding %
action caused by chemical reactions between cement and water.2 %
Desplte the differences in formation of the two products, |
there are many simlilarities in their properties. Table 1
j compares some typical properties of sulfur concrete and port- i
d land cement concrete, i
Tz Table 1 ;
Comparison of Sulfur Concrete to ;
Portland Cement Concrete (Ref, 2) E
Froperty Sulfur Concrete Portland Cement :
Concrete !
' Density 1700-2700 Kg/m> 2400 Kg/m3 ‘
(206-168 pef) (150 pef) v 3
IAtr Volds <1-10% 10% i
Compressive Strength | 28-70 MPa 34,5 Mpa ;
(4060~-10,150 psi) (50C0 psi) 1
Modulus of Rupture 3.4-10.4 MPa 3,7 MPa
(490-1500 psi) (540 psi)
Tensile Strength 2.8-8,3 MPa 3.5 MPa
(400-1200 psi) (500 psi)
g; (Continued)
¥
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'(Pproperty) ! (sc) (PCC) }

Table 1 (continued)

Modulus of Elasticity | 20-45 GPa 28 GPa 6

(2.9-6.5 x 106 psi)| (4.0 x 10° psi)

- -6
Coefficient of Thermal 8-25 x 10 6 per °./ 11 x 10 gper Oc.
(14- - -

xpansion 63 x 10 (20 x 107" per OF,)
per °F.)
Hhermal Conductivity 0.4-2.0 w/m°cC. 1.6 w/m°c.
i (2.8-13.92Btu in, (10.9 Btu in.
per ft<hOF.) per f£t4hOF,)
Jater Absorption 0-1.5% 3%

The sulfur concrete values above represent a range of values
that are typlcal of different mixes, The portland cement con-

crete values represent one typical mix,

Strength of Sulfur Concrete

A significant advantage of sulfur concrete over rortland
cement concrete is its strength development. Whereas portland
cement concrete requires abouf 28 days for hydratlion to achleve

16

90 percent of 1ts ultimate étrength, sulfur concrete can

reach 90 percent of its ultimate strength in only 6 hours (fig-

1
ure 5)17
SULFUR
CONCRETE
T -
/"T‘ﬁ?ﬁkhﬂ'
CONCREITE
/ﬂ/ ) ‘
SR IOV A U U (S
7 14 21 29 120 1000

- = CONCRETEAGE IN DAYS

Figure 5. Strength gain of sulfur conorete (Ref,.16.).
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Flexural strength of sulfur concrete compares to the

compressive strength as would be expected with portland

Yo

cement concretes.1 Modulus of rupture values reported by
lLee and Klalber were 9.7 to 17.1 percent of compressive
s'-rengths.18 Sullivan and McBee obtained values of 6.3 to

1 These values are

13.5 percent of compressive strength.

conpared to typical portland cement concrete modulus of

rupture values of about 10 percent.z Figure 6 gives a com-

parlison of the flexural strength-compressive strength re-

lationships of sulfur concrete and portland cement concrete,
OIRAL Y TREN AT
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Flgure 6. Comparison of the ratio between the
flexural and compressive strengths of
portland cement concrete and sulfur

concrete (Ref. 16).

The strength of sulfur concrete is dependent on sever-

al factors, These factors include mix design, type of

12
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aggregate, age of concrete when tested, size of specimen,
specimen mold material, hydrogen sulfide content of sulfur,
and temperature of testlng.5 Each of these factors is dis-

cussed below,

¥Mix design.

Raymont states that the optimum amount of binder re-
quired to achleve maximum strength 1is determined by the volids
in the aggregate. "Ideally of course, for strength, the
binder (sulfur) would rill all volds; therefore, careful
grading of the aggregate to minimize the voids content can
permit use of minimum binder levels while still maintaining

2

good strength properties."” The best proportions of sulfur,

fines, and coarse aggregate will depend primsrily on the

13 It 1is

aggregate's surface texture, size, and gradation,
generally desirable to use the least amount of sulfur pos-
sible to allow for adequate workabillity and acceptible
strength. Furthermore, problems of shrinkage, thermal expan-
sion, flammability, etc., will be minimized with lower sulfur
quantities. A high proportion of fines in sulfur concrete

15 also beneficial in that they act as nucleation sites for
the growth of small, random crystals, they prevent or mini-
mize segregation and separation of mix, and they tend to
improve workabillty.z Plgure ? compares a typlcal deslgn

for a sulfur concrete mix to that of a portland cement ocon-
crete mix. Flgure 8 gives an aggregate gradation range for

the two concretes.

13
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Figure 7. Comparative mix designs for sulfur

and portland cement concretes (Ref. 2).
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Type of aggregate,
There 1s some evidence that crushed coarse aggregates
produce higher strength mixes. One reason for this was given
by Gregor and Hackl.l6 When crushed stones are compacted, the
sharp gralns form a close, matted structure; thus, they have
good inner binding and adhere better in the concrete., In
testing aggregate éffect on strength, Gregor and Hackl
found that spherical river gravel resulted in a 4 day com-
pressive strength of 487 kp/cm2 (6915 psl) and flexural
strength of 95 kp/cm? (1350 psl). With acidic granullt ag-
gregate (crushed), they obtained 645 kp/cm2 and 114 kp/cm2
(9160 and 1619 psi) for compression and flexure; and with :
basic basalt (crushed), they obtained the highest values:
787 kp/cm® and 112 kp/em? (11,175 and 1590 psi).
Sullivan and McBee1 tested varlous aggregates also. '
With volcanic rock and desert sand, they obtained a 1 day
compressive strength of 7275 psi with flexural strength of
750 psi. With limestone and desert sand, values were 5335
psi and 580 psi.
It 18 difficult to compare the two above tests (dif-
ferent test procedures, times of tests, mixes, etc.); how-
ever, by looking at each by itself, it 1is evident that ag-
gregate type does have an effect on strength of sulfur w

concrete, It 1s also evident that even with those aggregates

that glve lower strengths (eg., spherical river gravel used

by Gregor and Hackl or limestone used by Sullivan and McBee),

15




the strengths are still high enough to be comparable to

» portland cement conorete,

Age of specimen,
As previously mentioned, sulfur concretes gain strength

13

very rapidly. lLoov provides test results on strength gain

of sulfur concrete (table 2),

Table 2

Rate of Strength Gain of Sulfur Concrete (Ref. 13),

" Age Strength (psi) Percent of 28-day |
compressive strength
45 minutes 3400 59
1% houis 3650 63
3 hours 4700 81
*, 6 hours 5000 86
28 days 5800 100

Loov stated that sulfur concrete rapidly gains strength as
the sulfur is crystallizing in the monoclinic form. As the
temperature drops below 95.4°C. (203°F.), the monoclinic

csulfur begins converting to orthorhombic. From figure 3 on

page 6, it appears that the conversion to orthorhombic sul-
12

fur is complete in about 20 hours. Dale and Ludwig have

shown that the transition points (ie.,, liquid to solid mono- i

clinic, solid monoclinic to orthorhombic) are dependent on }

temperature/pressure (figure 4, page 6), Thus, it appears

that the strength of sulfur concrete is, indeed, dependent

z) on cooling time, Also, it appears that once the orthorhom-

i
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bic transition is complete, the strength should be at lits
ultimate. The results of strength versus time tests by Dale
and Ludwig tend to support this theory (figure 9).

IR

e P ooy Fre et B

S
4

Comorestive slrergin o3’

| N

Crushed store 1°1 33133
| U
i 1
B 10 20 40 62 bu LD 290

2000 ‘
Teme, bowrs

t | '
i |<,\,-;.nw-|-m aggregate No 97 ‘ l
| -
)
|
6

Figure 9, Strength vs time for sulfur concrete

(Ref. 9).

1
, ata from Su1livan and McBee also show the effects of

‘me on compressive strength. Out of 14 samples tested, they

b obtnined an average 28 day compressive strength of only 6.1
nercent greater than initlal compressive strengths (note:

! ) 3ullivan and McBee did not speciflcally test for the ultimate

| strength theory; therefore, their paper dld not say how many
nourg of coollng corresponds to "initlal" compressive strength;
rather, they sald that "initial" represented 1 day). The

slight lncrease of 28 day over initial compressive strength
may be due to the 1lhnltial strengths not being at ultimate,

ie., conversion to orthorhombic may not have been complete,

Ailother theory on restdual strength galn presented by Loov13
| is that strength continues to increase slightly as the ortho-
rhomblc sulfur is slowly converting to an amorphous form.
Since strength is dependent on cooling time, there have {
been attempts to decrease this time by quenching samples to ‘

very low temperatures (-?9°C.) followed by normal air cooling. '

™
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shrive stated that thls quenching, which "probably causes
a highly distorted intra- and inter-crystalline structure
. o" results in weaker samples.19 It has also been shown
that if sulfur cooling 1s prolonged, crystals become
larger and the sulfur weaker.13 Thus, it is desirable to
cool the sulfur concrete as quickly as possible, but not

tco drastically, to achleve higher strengths,

Size of specimen.

The size of a sample has been shown to have an effect
on the strength. Malhotra6 found that compressive strengths
of 4-inch by 8-inch cylinders ranged from 4785 to 6730 psi.
Corresponding strengths of 6- by 12-inch cylinders were
between 3790 and 5005 psi., Malhotra theorlzes that the lower
strength of the larger samples is due, at least partially,
to the slower rate of cooling caused by the larger mass of
hot concrete and the subsequent formatlion of larger crystals
in the sulfur, Shrlve19 suppofts thls theory. He states that
"as the mold size 1ncreases; the total heat content of the
cast material willl 1lncrease, so overall cooling will be
slower and the crystals larger., In a large speclmen, the cen-
ter will cool sufficliently to allow the growth of large crys-
tals." Mlcroscopic studies of the center and edges of samples
showed that the large samples had increased crystal sizes

over the small samples,

Mold materlal.

The above affects of glow cooling are also seen when
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considering mold material. Fider mold specimens take longer
to cool than steel molds due to lower thermal conductivity
of the fiber material, Consequently, specimens cast into
fiber molds have larger crystals and lower strengths.19
Shrive reported that specimens cast into fiber molds had
about half the strength of those cast in the same size

steel molds.20

Hyvdrogen sulfide content of sulfur,

In a 1976 paper on the effects of hydrogen sulfide on
the strength of sulfur, Jordaan, et. al.21 describve tests
they conducted on raw sulfur and sulfur concrete. In Canada
sulfur is generally obtained from commercial sour gas re-
covery plants which convert hydrogen suiflide in gas to
sulfur; therefore, the effects of any unconverted hydrogen
sulride that may be present in the sulfur must be known.
Figure 10 glves the results of tests with varying amounts

of hydrogen sulfide in sulfur.
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Pigure 10, Effect of H2S on compressive strength
of raw sulfur (Ref. 21).
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From figure 10, 1t 1z seen that there is a significant de-

N crease in strength of raw sulfur with just a small amount
of hydrogen sulfide. At 162 ppm, the compressive strength
wag reduced by 67 percent, and at 251 ppm, 90 percent,.
Jordaan explains that the strength decrease assoclated with
hydrogen sulfide 1is possibly due to the chemical equili-
brium between the hydrogen sulfide disolved in sulfur and
the product of their interaction, hydrogen polssulfides., It
is likely that these polysulfides alter the crystalline
structure of sulfur, Thus, the greater the hydrogen sulfide
content, the lower the strength,

i Jordaan made another 1lnteresting discovery when some

‘ batches were tested at 7 days, then again at 40 days. Table

3 shows the results of these tests,

Table 3
Effect of H3S on strength of sulfur
at 7 and 40 days (Ref, 21)

[ ' |
| H2S level Compressive Strength| Modulus of Rupture|
7 days 4o days | 7 days 4o days

- J
. [
| 2 ppm 1787 psi 2299 psi| 888 psi 975 PSﬂ
251 ppm 395 psi 1216 psi| 169 psi 253 psi

Both the compressive strength and modulus of rupture increased
significantly between 7 and 40 days. Jordaan theorized that
hydrogen sulfide acts as a strength retarder, and strength
recovery occurs due to instability of the hydrogen polysul-

fides which decompose slowly with time. Thus, sulfur slowly

20




gaing strength as the deleterious hydrogen polysulfides de-
compose allowing the sulfur to convert to its natural
crystalline structure,

In addition to testing raw sulfur, Jordaan investigated
the effects of hydrogen sulfide on sulfur concrete, Concretes
were made with different mixtures of pyrrhotite and flyash
fillers and at different hydrogen sulfilde contents. Results

of these strength tests are shown in figure 11,
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Pigure 11, Effect of HpS on compressive strength

of sulfur concretes {(Ref, 21).

Several possible reasons for the lesser effect of hydrogen
sulfide on sulfur concrete than on raw sulfur were provided.
Because of the longer cooling time caused by higher aggregate
temperatures (450°F. vs. 250°F. for raw sulfur), it is pos-
sible that little hydrogen sulfide remained in the sulfur
concrete at test time. Another possibllity was that since
concrete strength is dependent several other factors, such as
aggregates, the effect of the hydrogen sulfide may have been

outweighed.z1
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Temperature,

Shrive19 investigatead the effects of temperature on the
strength of sulfur composites., He found that strgngth is
dependent on the temperature, Flgure 12 shows the relation-

shlip between strength and temperature that Shrive obtalined,
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Flgure 12, Modulus of rupture vs. temperature for

raw sulfur and a sulfur mortar (Ref, 19),

™he above results were obtalned wlth a sulfur mortar and raw
sulfur; however, sulfur concrete could be expected to behave
similarily. No additional data on this temperature effect were

found.

It has been shown that sulfur concrete galns strength very
rapldly, obtalning 90 percent of its ultimate strength in only
hours. Furthermore, ultimate compressive strength ranges from
about 4000 psi to over 10,000 psi. The strength properties of
sulfur concrete are, however, dependent on several factors, in-
cluding mix deslgn, aggregate, age, size of test sample, sample

mold material, hydrogen sulfide, and temperature,
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gtress-strain Relationshlp.

Ssulfur concrete exhibits a very linear stress-strain
relationship until the point of failure., No reductlon in
stiffness occurs indicating a brittle material. Figure 13
shows a typlcal sulfur concrete stress-strain curve plus,

for comparison, a portland cement concrete stress-strain

curve.
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Figure 13. Stress-strain curves for sulfur and

portland cement concretes (Ref. 13).

The brittle behavior of sulfur conorete means that the normal

ultimate strength design methods used for conventional

W
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conoretes would require modification for use with sulfur con-

crete deslgn.2

13

Loov stated that sulfur concrete's modulus of elasti-

city should be approxlmafely the same as an equal strength
portland cement concrete, 4.4 x 106 psi. Sullivan and McBee ;

obtained values from 3.9 to 4.7 x 106 psi.1

Creep.

Raymont2 reported that creep behavior of sulfur concrete ;

differs slignificantly from pcrtland cement concrete. Creep

i

i

of sulfur concrete should be greater than regular concrete, ’
i

f

and at higher temperatures and high binder (sulfur) contents, |
i

k)

the creep wlll even be greater, Figure 14 shows the creep of

sulfur concrete compared to portland cement concrete.
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Figure 14, Creep behavior of sulfur and portland

cement concretes (Ref,17).
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Fatigue.

Lee and Klaiber18 compared sulfur concrete latigue
characteristics to those of portland cement concrete. They
showed that sulfur concrete has "drastically" different
fatligue behavior, Surprisingly, coneldering the brittle
nature of sulfur, sulfur concrete withstands repeated load-
ings at a much higher percent modulus of rupture than
conventional concrete. fhey also showed that sulfur concrete
has an endurance limit of about 85 to 90 percent modulus of
rupture compared to about 50 to 55 percent for portland

cement concrete, Flgure 15 shows fatligue curves for both

materlals.,
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Figure 15, Fatigue curves for sulfur and portland

cement concretes (Ref, 18).

This fatligue relationship means that for pavements of equal
thickness, sulfur concrete should be able to withstand a
greater trafflc load application than portland cement con-

crete pavements.18
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Durability.

Durability of sulfur concrete has been quesgstionable for
many years. Raymont2 explains: "The combination of a low
thermal conductivity with a high coefficient of expansion
can lead to severe internal stresses when products are
subjected to rapid temperature fluctuations.” There have
been numerous explanations of the durability problem, in-
cluding allotropic tranérormation, crystal modification
and recrystalization, intercrystal movement, thermal ex-
pansion stressing, and aggregate problems. Much research
has been accomplished to Detier understand sulfur concrete's
durability. Malhotra8 tested durability by expasing sulfur
concrete specimens to freeze-thaw cycles (+UO°F. to OOF-,
€ cycles per day). He found that the residual flexural
strength of the specimen was between 5.9 and 14,7 percent
of the original flexural strength; 1e., the concrete had
essentially lost all its flexu;al strength. Furthermore, his
speclimens had all received gxfensive damage after exposure
to less than 75 cycles of freeze-thaw,

Shrive, et, al.,19 also investigated the durabllity
of sulfur concrete under temperature fluctuations (+52°F. to
+20°P., 6 cycles per day). Using a pyrrhotite aggregate for
the concrete, they did not find a marked decrease in strength
with temperature cycles, They did, however, see a decrease
in strength with pyrrhotite sulfur mortar and raw sulfur.

Pigure 16 has the results of Shrive's work.
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Figure 16. Normalized modulus of rupture vs.
temperature cycles (Ref. 19). Note:
normalized modulus of rupture 1s the
ratio of strength of specimens sub-
Jected to freeze-thaw to strength of

specimens kept at constant temperature.

It 18 interesting that Malhotra'’s results and Shrive's
appear inconsistent in that Malhotra observed strength loss
under freeze-thaw while Shrive did not. One factor may be
that Shrive's temperature range was less than Malhotra's,
Also, Shrive's aggregate, containing pyrrhotite, differred |
from Malhotra's, which consisted of crushed river gravel
and local sand with silica flour added to increase work-
ability. Thus, it appears that aggregate choice may have an

effeot on the freeze-thaw resigtance of sulfur conorete.2

27




Sullivan and McEeJ‘tested the durability of sulfur

concrete exposed to water., They cast sulfur concrete in the

¥

form of boxes intended to hold water. In all cases when the

boxes were filled with water, cracks developed, and the water

leaked out, It was suggested that the boxes falled because

of stresses from the allotropic transformation while sulfur

was cooling along with the shrinkage from liquid sulfur to

the solld state. An aging test was also conducted in which

snecimens were aged under moist and dry conditions. Those

aged in the molst conditions (95 percent relative humidity,

contlnuous fine mist of water, and BOOF.) all deteriarated

in compressive strength, and some 2ven disintegrated. The

dry-aged samples did not show a decrease in strength.
Shrive also investigated durability of sulfur concrete

exposed to water.19 He discovered that the effects of water ;

depend on the mineral content of the aggregates in the con-

crete. If swelling clays are present, specimens of sulfur

concrete are susceptible to disintegration when immersed

in water, An immediate solutlon to the water problem, there-

fore, 1s to avold aggregates contalning swelling clays.

Alternate solutions provided are to palnt, coat, or impreg-

nate the surface of the concrete; however, a single crack

in thls treated surface would allow water to penetrate and ;?

cause deterioration,
Raymont2 commented on the damaging effect of water, ,

He states that thls effect 18 a function of the aggregate,

not the binder, If aggregates are contaminated with any
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swelling clay, which many North American aggregates con-
tain, then resulting sulfur concretes wlll be susceptible
to water-caused deterioration., Gamble, et. al., in a pre-
liminary test on durabllity stated that as little as three
percent by welght of a swelling clay will result in cracks
when sulfur concrete is immersed in watexr for one day.22
From the agbove discussion, 1t appears that sulfur
cencrete’s durabllity is of question. Given the proper
conditions, durability to freeze-thaw and to water may not
be a problem. However, obtaining the proper conditions may

be impractlical or even impossible, Thus, sulfur concrete's

durabllity must be considered a limiting factor,

Chemical Propertlies.

Sulfur concretes can be made with excellent resistance

to most acids and galts and to many organic materials and

solvents., Table 4 provides a 1ist of some of the substances

to which sulfur concretes are resistant.

Table 4
Substances to which sulfur comnosites

are resistant (Ref. 2)

ACTDS CSALTS

Sulphute acid Amponiam sulphate?
1o 80 ) Ammonium chionde®

Hydrochloric avrd Sodiam chloride®

Nitric avid «to 5071 Sodium sulphaw®

Avetie avid Mapnesium sulphate®

Butynw acid Zine chlonde®

Lactic aaud Zinge sulphate*

Hydroltuoric gend Cataum sulphate®

hasphotic acnd Capper chlonude

Sihare avids Copper sulphate!

Nichel sulphare

OTHER Nickel chlonde

Food wastes Fernie chlonde?

Animal wistes Ferne sulphate®

Some vee statele oils

Sea watar CNgturated

Saturate! hac (200

Soune ividsocarbans
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To produce specific acid resistant concretes, the gor-
rect sggregates must be used. For example, ac*'. resigtant
concretes should have siliceous aggregates as ~i n~sed to
limestone.2

There are also chemicals that cause deterloration of
sulfur concretes, These chemlicals include strong oxidizing
agents (such as chromic acid), strong alkalles (such as
calcium hydroxide), some hydrocarbons, and some organic
solvents.2

It 1s significant to mention that sulfur, in the pres-
erce of sunlight and water, may react to form an acid.17
This combination of sulfur, water, and the sun's ultra-
violet radiastion can result in sulfurous and sulfurlec aclds.2
Thus, 1if sulfur concrete has been reinforced, rapid cor-

13

rosion of the steel mnay occur if the acids ccntact it.

Sulfur has been rchown to oxidize slowly in the presence of

noisture alon= (the ultraviolet light asccelerates the reaction).

It is, however, unlikely that large volumes of sulfur concrete
would be affected by »xidation fror moisture, Smaller pro-
ducts, like parx benckes or gtreet curbs may be marked by
the oxidation, nrd structures with exposed steel may be af-
fected.13

Sulfur concrete exposed to solls can also be oxidized
by bacteria. Raymont2 states that "under the appropriate
conditions, microbloclogical degradation could be a serious
problem." The damaging bacterial strains, primarily Thio-

bacillus thiocoxidans, require warmth, moisture, and nutrients

30
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to reproduce and cause damage.2 The optimum growth tempera-
ture for this bacterial strain is 28 to 30°C. (B2 to B6°F.);
thus, it would be expected that attack would be more severe
in snlfur exposed to hot cllmates.13 Cold soile in dry
climates do not aprear to support the bacteria. Varlous
tacteriacides have been investigated; however, due toc undes-
iratle side effects, leaching of the chemleals, and cost,
rzsults have not been encouraging. Further work is required
to determine the extent of the problem, Rate of attack on
rascive sulfur composlites may, in fact, be so slow as to be

no?llglble.z

Flammability and Meat Suscent ibility.

Flammability and heat susceptibility of sulfur con-
crete constitute a major area of concern. As previously
aentioned, sulfur melts at about 239°F. A sulfur composite
sibjected to temperatures gnvwhere above this point will

2

soften, melt, and lose all structural strength.® Sulfur will

senarate from the other mix components and siupiy "flow

13 T

Ly . " here are no reported modifications or aliterations

to sulfur that will eliminate this problem (other than exter-

nal techniques such asgs refrigeration), Baymont2 does noint

out, however, that due to sulfur concrete's low conductivity

and reasonable heat canacity, larger products should be able

to withstand short exposure to melting temperatures with only i

"minor effects.” Raymont gives one encouraging aspect of the ,

gituation: "the material can he remelted and re-used T

desired.” !

31

- e T = - M T e




> ¥

As tmplied by 1its name "brimstone,”" sulfur willl burn
13

once ignited, Furthermore, lts combustion is self-sustain-~
ing, meaning that 1t continues burning until extinguished.
As sulfur burns in the presence of oxygen, sulfur dloxlde
(toxic) is emltted. Efforts have been made to overcome the

rroblem of burning, and fire retardants have been deve10ped.2

23

Dnle and Ludwilg conducted an investigation to show that
sulfur could, in fact, be flre retarded. In theilr studles,
they tested many materials with sulfur to see which gave non-
burning characteristics, which were partially effective, and
which burned. Table 5 shows the materials initially tested
srid the results of the tests. Further detalled testing of
the most promising materials was then accomplished (table 6).
Dale and Ludwig concluded that sulfur can be fire retarded
with small concentrations of inexpensive materiasls. The best
formulation they tegted was 3 parts dipentene dimercaptan to
3 parts Chlorowax 703 to 100 parts sulfur.

Raymont2 added additicnal fire retard nts to the 1ist.
Among these are organlc phosphates and bromates, styrenes
with other organics, and unsaturated hydrocarbon plasticizers,
one of which 1s dicyclopentadiene, a widely studied sulfur
plasticizer. One final point that Raymont makes is that
"even wlth lean mixes (of sulfur concrete) containing fire
retardants, sulfur binders will oxidize - albeit slowly -
when exposed to a continuos source of heat . . . sulfur
composites can never be rated as non-reactive on exposure to

flame.”2
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. Table S
Burning Characteristics (ASTM D 635) of

various materials mixed with sulfur (Ref. 23).
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Table 6
Materlials performance under ignition (ASTM
C 209), including area of char and self-

sustained burning time (Ref. 23)
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Note: Alcohol is applied to the material and
lighted. Once the alcohol is exhausted, the
burning specimen 1s timed until it extingulshes
itself. Area of char is measured after 1 minute

of burning or when material extinguishes,
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Thermal Expansion.

The coefficient of thermal expansion for raw sulfur 1is

6 20 Wwith the addition of fil-

55 x 10~ per degree Centigrade,
lers, the value 1s reduced. Shrive19 investigated the effects
of thermal expansion using a sulfur concrete with a thermal

6 per °C. He in-

coefficient of expansion of only 2 x 10~
serted steel studs into the concrete samples (steel's coef-
ficlent 1s 12 x 10‘6) and subjected the samples to a 32.5
degree F, range of temperature cycling. He was unable to
detect any signs of disgstress in the concrete around the
studs. With pure sulfur cast with steel studs, however, he
dld observe cracks from sulfur-steel stresses caused by
‘thermal cycling, Shrive also subjected sulfur concrete
(without steel studs) to temperature cycling and did not
observe any significant decrease in strength, He concluded
that "although raw sulfur 1s susceptible to thermally in-

duced stresses, sulfur-bound materials (concrete) are

affected to a much smaller extent.”

Thermal Conductivity.

Raymont reported the coefflclent of thermal con-
ductivity for sulfur concrete to be between 0.4 and 2.0
w/n®C (2.8 to 13.9 Btu in./ft.2 °F.)? shrive?? obtained a
value of 13.5 Btu in./rt.2 °P. Table 7 glves thermal con-
ductivity values for various materials. Due to the low

therral conductivity of sulfur composites, a great deal of

interest exists in their use as insulating materials.2




Table 7
Values of thermal conductivity for

various materials (Ref. 20).

Material Thermal Conductivity
(Btu in./frt.2 °F.)
{ Expanded polystyrenes 0.21 - 0.28
Raw sulfur 1.89
Sulfur-soil materlals 2.1 - 4.2
Asbestog-cement board 5.2
Concrete 9.5
Steel (1% carbon) 300
Copper 2675

Reinforcement of sulfur concrete.

Raymont reports that steel cén be used with sulfur
concrete provided that molsture is not present. It was
mentioned that sulfur oxldlzés slowly in the presence of
molsture, wilth sunlight accelerating the reaction. The
results of the reaction, sulfuric and sulfurous acid, could
cause catastrophiec corrosion in stee1.2 Due to the low permi-
ablility of sulfur concrete (Diehlzu found that semples
absorbed only 1,02 percent water by weight compared to 2,00
percent for portland cement concrete), occasional wetting
may not result in any water getting to the steel, Caution
must be exercised, however, because if cracks develop 1ln

the sulfur concrete allowing moisture penetration, corrosion




will occur.2 The poor durabllity of most sulfur concretes
in the presence of water must also be consldered; 1le.,
tha formation of cracks is not unlikely if most sulfur
concretes encounter water,

It has been mentioned that sulfur concrete's coeffic-
ient of thermal expansion is typically from B8 to 35 x

- o
10 6 per C, compared to portland cement concrete's coef-

6 per °C.2 in these regards, it

ficient of about 11 x 10
appears that the zame precautions used with portland cem-
ent concrete reinforcement woculd apply to sulfur concrete,
Bond to steel should te no oroblem, having been reported to te

.80 pgl, conrared to 427 psi for standard cuncrete.zu

Thermal Contractlion,

Sulfur increases in volume by 7.9 percent when cooled
from 1ts liguid state to 50116.3 Sulfur concrete, due to the
nrecence of flllers, decreases only about 1 percent.zu How-
ever, this 1 percent shrinkage causes problems. Loov13
dlscussed the problems of thermal contractlon. When liquid
mi1lfur 18 placed on any cold surface, such as unheated mold
material, a reduction in volume of the sulfur nearest the
rold material occurs., The moltern sulfur in the center of a
sracimen will try to £1l1l the resulting surface volds. Thus,
large voids can occur both near the surface and in the cen-
ter of specimens of sulfur concrete, A solution to this
protlem 1s to keep the top part of thé spéclmen from crys-

tallizing by continual prodding, mixing, and adding addition-

al molten sulfur as thé remaining portion of thé sample
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cools. Several investigators have observed this thermal
shrinkage (1,19), and it is not uncommon to cut off the
top couple of inches of a test sample in order to obtain

a consistent surface.1 Another problem caused by thermal
shrinkage involves multiple pour operations., Sullivarn and
McBee1 investigated this problem, They poured 6- by 6- by
30-inch beams with four horizontal 1lifts, Between pour’:
each 1ift, the sulfur concrete was allowed to harden. Re
sults showed that, due to more thermal contraction at 1ift
surfaces for each 1ift, slightly lower modulus of rupture
values occured than with slingle pour beams, plus there wa-
evidence of layering at pour junctions,

19 has reported that it is possible to prevent

Shrive
internal shrinkage cavities by using concretes with low
sulfur content (less than 20 percent by weight) and between
5 and 10 percent fines. Diehl found that with binder con-

tents below 18 percent b’ weight, the volume shrinkage 1is
24

almost negligible, Thus,  though thermal contraction 1s an

inherent characteristic of sulfur, it can be minimized in

sulfur concrete by careful selection of aggregate and by use

of minimum binder, However, it may not be possible to be
overly selective in aggregate cholce, plus lesser binder

asounts may not give adequate strengths.
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summary of Sulfur Concrete (unmodified) Properties.

Sulfur concrete demonstrates several favorable propertiles,
Among these are its rapld strength gain, with the concrete reach-
ing 90 percent of ultimate strength within about 6 hours after
«011difying. Furthermore, its ultimate strength typically ranges
from arout 4000 to 10,000 psi in compression and from about 500
to 1500 psi in flexure, Sulfur concrete also exhibits favorable
fstique properties, The material has been shown to withstand
repeated loadings at a much higher percent modulus of rupture
than portland cement concrete. Another favorable property 1s sul-
fur concrete's excellent resistance to acids, salts, and many
organic materilals,

Sulfur concrete also has unfavorable propertles. Perhaps
the most detrimental characteristic 1is its poor durability. When
subjected to a wet environment or to cycles of freezing and thaw-
ing, there is generally drastic reduction in strength, frequently
to the noint of actual dlsinteération. Another problem area 1s
sulfur's thermal contraction. When it cools, sulfur contracts;
therefore, as sulfur concretes are cast, they tend to develop
shrinkage voids. The above problems of durability and shrinkage
are possible to control to some degree by aggregate cholce, but
1t may be impossible to obtain the correct aggregates. Sulfur
concrete, despite its excellent chemical resistance, 1s very sus-
centible to oxidation in the presence of water and sunlight, plus
it can be damaged by certain bacteria. One additional limitatlon
of sulfur concrete is 1ts susceptibility to heat and fire, which

can result in destruction of a product made from sulfur concrete,
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MODIFIED SULFUR CONCRETE

In the previous section 1t was shown that sulfur
concrete exhibits several undesirable properties, such as
poer durability under certain conditions,1 extreme brittle-
ness,2 and susceptibility to thermal cycling.11 An explana-
tion of these detriments 1is that when sulfur transforms
upon cooling from the molten state to orthorhombic crystal-
line form, which 1s denser thus occuples less volume, a
highly stressed product results. Any process that will
then relieve the stresses, such as thermal cycling, will
result in loss of strength.11 Dueckeru stated that by sub-
stituting plasticized sulfur for plain sulfur, ", . . these
defects are overcome ., , . the result . . . has admlrable
structural strength even when exposed to severe fluctuations
in temperature." Hls work led to patents for cements con-
taining plasticized sulfur, Qith the greatest success wilth
olefin polysulfides as the modifiers. These materials were
trademarked Thiokols. The use of these plaSticizers allowed
formulation of products with good durablility and excellent
reslstance to thermal and mechanical shock.

Dlehlzu perhaps best summarized the importance of

using additives to modify the properties of sulfur.

". « o sulphur concrete displays a number

of disadvantages as compared with cement




concrete, ., . there are . . . propertles

which are governed mainly by the binder

.
~

content and which increase disadvantageously
as the binder content increases. These are,
the combustibility, the tendency of molten
binder and aggregate to demix, the high
linear thermal coefficient of expansion j
of the solld body and also the volume 1
shrinkage of the binder when the melt :

sets. This latter feature results in con-

siderable processing problems, for example
cracking can occur when large quantities
of sulphur concrete solldify.
"All these properties and also the

% cost of sulfur mean that there is a con-
stant demand to reduce the binder content.
On the other hand, a high binder content 1is
necessary in ordér to attain high compres-
8ive and flexural strength. Thus, if the
properties of sulphur concrete are to be
improved, its binder must be modified in
such a way that high compressive and flexu-
ral strength is obtained with as low a sul-

]
vrhur content as possible.

Many recent investigators have attempted to plasticize
sulfur. Plasticlzers, in general, have tended to be expen-

sive, making them non-feasible for common construction use. !




There are, however, a few inexpensive plasticilzers that are

receiving a great deal of attention today.17
It has been discussed that as sulfur cools from the

melt 1t goes through the monoclinic form to the stable

(but stressed) orthorhombic state.l4

Plasticization, which
1s inltiated by reacting additives with molten sulfur, modi-
fles the sulfur to obtain in situ formations of polymeric
polysulfides rather than orthorhombic crystals. The poly-
meric form of sulfur, incidentally, is reported to have a
tensile strength of 12 times greater than that of ortho-

rhombic sulfur.i?

Two materials that appear to have retarded
orthorhombic ecrystal growth =are dicyclopentadiene-modified

csulfur concrete and Sulfurcrete,

Dicyclopentadiene (DCPD).

Blight, et. al.,15 reviewad various sulfur additives
and compared their effectiveness in retarding orthorhombic
crystallization, One of the materials was DCPD, which is a
colorless liquid hydrocarbon having unsaturated double bonds
sultable for direct reaction with sulfur.1 Blight found that
vith only 5 percent DCPD (5 percent of the binder was DCPD
and the rest was sulfur), 54 percent of the sulfur converted
to orthorhomblc crystals. However, with 10 percent DCPD,
there was no conversion to orthorhombic within 18 months.
The resulting product was a mixture of polysulfides and free
elemental sulfur, Furthermore, as the réactlon time between
molten sulfur and DCPD incréased, thé polysulfide content

increased. Table 8 gives results from reacting different
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amounts of DCPD with sulfur to determine the pvolysulfide

content of the product.

Table 8

DCPD~sulfur reaction results (Ref. 15).

"DCPD Eeating Time Polysulfides* Unreact;&’Sulfur*
4

p hrs.

5 3 13.% g6, o%%
10 3 25.5 TH. 5w
25 3 k7 h5.3%%s
25 20 RN YL AR
40 10 64,3 35, 7%0%

* at 18 months
## included 54% orthorhombic sulfur

*&% no orthorhombic sulfur

Note that Blight's results cover only 18 months of testing.
Currelllu reports that typicai products of DCPD (5 percent)
have shown no formation of orthorhombic crystals for over
four years.,

Gregor and Hack116 investigated the effects of DCPD on
sulfur concrete., They found that sulfur concrete with granu-
11t and basalt aggregate and modified with 3 percent DCPD
gave a 4 day compressive strength of 16,000 psi and a flex-
ural strength of over 10,000 psi. To test for an optimum
amount of DCPD, they conducted strength tests from samples
with varying amounts of DCPD, from 1.5 to 10 percent (by

weight of binder). Thelr results are shown in figure 17.

43

- e . e e

P————




s

Dot e MOt ep o
]

200

Ui

I
!
|
|
f
)
;
|
}
i
!
sihaNuutl ree
T
vl

|
|

y

any X WA wG e P vt
20 17°0 *4490 227% 2560 2845 st
- FLEFURAL STRENGTH

Figure 17, Compressive strength vs, flexural
strength of sulfur concrete at differ-

ent DCPD levels (Ref. 16).

The above results show that the optimum DCPD content
i{s 3 percent for compressive strength. The results also
show that as the DCPD content decreases, the flexural
strength also decreases,

Gregor and Hackl also investigated the effects of
storage time of DCPD-modified sulfur concrete, After 70 days
storage at room temperature, the compressive strength had
increased by 35 percent for the 10 percent DCPD mixture, and
the S percent sample showed an increase of 15.5 vercent. The
flexural strengths, however, decreased 18 and 5.6 percent, ﬂ
respectively. These changes in strength were attributed to the
presence of unreacted sulfur, part of which was initlally in an !
amorphous form and then recrystallized over the 70 days.16 No

addlitional data on the loss of flexural strength were found. ,
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Dlehlzu conducted extensive tests on DCPD and its use
as a modifier for sulfur corncretes, He reported that there
is a functional relationship between DCPD-sulfur reaction
temperature, reactlon time, DCPD content of binder, and the
attainabtle conpressive strength of the modified concrete.
furing the reactlon of DCPD and molten sulfur, there is a
change in the combined ingredients: color goes from yellou
throush red to black with an enormous rise in viscosity.
Figure 18a shows the relationship between viscosity and
reaction time at different reaction temperatures., Figure
18b shows the relationship between viscosgity and reaction
time for different amounts of DCPD.

(a) ()

Jiscoelity Vlsco?ity”_w,___m:w-uﬁ, ,
'l"' Ty T YT T TS | ! !
i 7.5 Bin. . ’\
: — DCPG - .
nr — - . nr = -
/" o ;
//// e

t
4
/ / , *),5 :
*
. - 9 8)
| fl-v |- OCDO n, .
o, w7 , I
R — R i R
) 2 4 6 8 . . o 2 4 6 8 [(h)
Reaction time Reaction tine

Figure 18, Viscosity vs. reactlon time for
a, Constant 5% DCPD
b. Constant 140°C. (284°F) temperature
(Ref. 24),
Note: fl-viscosity of 1iquid sulfur;
. v ~highly viscous;

g -gel;
nr-black, glassy mass
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Dlehl stated that up to stage "g" the viscosity rise was
reversible. Beyond that stage it was not.
To determine the optimum DCPD-sulfur reactlion times
and temperatures, Diehl measured compressive strength of
aulfur concrete made from binders with differing reaction
times and temperatures, He found that compressive strength
of DCFD-modified sulfur concrete 1s dependent on the bind-
er reaction time and temperature. These results are shown
in figure 19, Since 5 percent DCPD gave the maximum com-
pressive strength, Dlehl used this value as a standard to ;
obtain the relationship between differing DCFD-sulfur
reaction times and temperatures required to obtain & given
strength (figure 20). Curve 2 in figure 20 corresponds to
Ulehl's maximum compressive strength., Curves 1 and 3 rep-
resent the range of temperatures/times that will give i
compressive strengths within about 10 percent of the maxi-
mum. Diehl set 130°C. (266°F.) as the m'nimun reaction
terperature because below thls tenmperature the reaction time
is too long., He set an upper limit of 1u5°c. (293°F.) because
shove thls temperature reaction occurs so swiftly as to im-
nare reproducibility. Thus, with 5 percent DCPD, Diehl
showed that high compressive strength can be obtained 1if
DCPD-gulfur reaction times and reaction temperatures are ‘
kept within a llmlt.zu
Once Dlehl had determined an optimum DCPD content for
sulfur concrete, he then compared results of other properties
of his modified concrete to properties of sulfur concrete and

portland cement concrete (tables 9 and 10).
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Figure 19, Compressive strength of DCPD-modified sulfur

X

Concrete: A-varying DCPD content; B-varying temp-

eratures, (Ref, 24).
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Table 9

Properties of 5% DCPD-modified sulfur

concrete compare to sulfur concrete and

standard cement concrete (Ref, 24)

| FProperty DCPD-5C i 3C Standard
! ; concrete
Fompressive strength (psl) 9656 6390 7810
ﬁenslle strength (psi) 1988 1065 994
&olume shrinkage on setting (%vol) 0,3 0.9 <0.13
%ater uptake (% vol/% weilght) 2.,20/0.99 | 2.35/1.02! 5.00/2.00
%ond to structural steel (psi) 6139 L 59 427
eathering erosion (in./yr.) 0.0012 | 0.0010 -
Table 10
Erosion (in./yr.) of sulfur concrete ex-
posed to aggressive chemicals (Ref. 24)
Chenlecal 5%-DCPD SC sC

Urganlc solverts

Methanol 0.0012 0.0008

Acetone 0.0035 0.0024

Mineral spirits 0.0213 0.0335
| Methyl chloride 0.710 0.107
i Toluene 0.0937 0.170

Cyclohexane 0.102 0.193
Salt, NaCl (0.3%) 0 0.0008

(Continued)
ko
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Table 10 (continued)

| Chemical 52-DCPD SC | sC f
Ac1d |
i HpSOy - 0.3% sol'n 0.0008 0.0008 E
{ 3% sol'n 0.0012 0.0024 !
i 2084 sol'n 0.0008 -
%1ka11es

i NaOH =~ 0.3% sol'n 0.0004 0.0008

{ 3% sol'n 0.0039 0.0110

! 20% sol'n 0.109 *

* Dissolved in b days

In addltlon to the high compressive strength obtained
with the modified sulfur concrete, it 1s significant that
the flexural strength was nearly double that of sulfur
concrete. Another significang factor 1s that the volume shrink-
ege on gsetting is about a phird that of sulfur concrete, Modi-
fled sulfur concrete showed resistance to organic solvents,
salts and acids (Diehl did not have'data on the effects of
hydrogen sulfide, which as discussed earller, affects sulfur).
In the presence of concentrated alkallies, unmodified sulfur
concrete dissolved; however, the modified sulfur concrete

samples, although marked on the surface, were still 1ntact.2u

Sullivan and McBee1

have conducted extensive tests on
DCPD-modified sulfur concrete, It was previously mentioned

that sulfur concrete boxes were cast, and when the boxes
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were filled with water, they all crasked, Boxes made from
nodified sulfur were also cast - none of these boxes crack-
ed when filled with water (and had not for two years).

Sullivan and McBee used reaction times of 2 hours at
140°¢, (284°F.) which, incldentally, 1s on the line of maxi-
mum compressive strength on Diehl's graph (figure20)., The
ageregates used to make sulfur concretes were different
combinations of desert blow sand, ccmmercial construction
sand, voleanle rock, and limestone, A typical mix deslgn was
23 percent sulfur (including 5 percent modifier), and equal
parts of fine and coarse aggregate.1

Compressive strength results indicated that modified
sulfur concrete with volcanic rock had slightly higher
strenzths thar unmodified volcanic rock samples or lime-
stone samples. The limestone aggregate samples were about
the same for both modified and unmodified sulfur concrete.
A1l the strengths were relatively high, The significance
of the modifier was realized‘in compressive strength tests
on samples that were aged for 28 days. When aged in wet
(continuous fine mist) conditions, all the unmodified sam-
ples lost strength. The modified samples, however, did not, and
even gained ar average ofi4 percent. Under dry conditions,
the unmodified samples showed a 6.1 percent increase in

strength compared to a 19.5 percent increase for the modi-

fled samples.1

Sulllivan and McBee also tested flexural strength. They

found that flexural strength of the unmodified concrete,
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compared to its compressive strength, was in the range of
that expected from portland cement concrete. The flexural
strength of most of the modified sulfur concretes was
greater than the comparable unmodified specimens. Samples
modified with 5 percent DCPD hud flexural strengths of about
20 percent of thelr compressive strengths, which was double

that of the unmodifled samples.1

In tests for modulus of elnsticlty, Sullivan and NMcBee
obtained similar values to the modulus of elasticity for
vortland cement concrete. Samples with 5 percent DCPD 1in
the binder had a modulus of 3.7 X 106 psi (versus 2-6 x
106 psl for portland cement concrete).1 The stress-strain
curves for the different sulfur concretes tested are shown

in figure 21, One unmodified sample (curve 1 in figure 21)
nad the least yleld before failure, DCPD or lesc sulfur d.-
sressed brittleress, One sample did not show a fallure point
because it exceeded the limits of the testing apparn.tus.1

In tests for freeze-thaw resistance of sulfur con-
crete, Sullivan and Mcpeell subjected prisms of sulfur
concrete to 300 cycles of freeze-thaw, The flexural strength
was measured after the cycling and was then compared to
original strengths. Table 11 gives these results. It was
found that for a gilven aggregate, residual flexural strength
was greater for modified sulfur concrete than for unmodified
samples. They also found that limestone aggregate samples
showad higher strengths than silica aggregates., It was re-

ported that the major damage occurred during the first 100

cycles of freeze-thaw, with little change between 100 and 300.
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Figure 1, Stress-strain curves for sulfur concretesa
1- unmodified sulfur concrete, 30% sulfur
2- 2% DCPD, *% dipentene, 21% sulfur
3- 2% DCPD, 21% sulfur
4- unmodified sulfur concrete, 26% sulfur
5- 5% DCPD, 21% sulfur
(Ref. 1).
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Table 11

Flexural strengths after freeze-thaw testing (Ref, 11)

“ii:,z;'.gz_;unc Usultur, [ Modulus of rupturc, psi | Residual strength,
. pet Original Final pct
Silicda...... 24 845 125 14.8
Dov.vevns 26 905 140 15.5
PoDoiiea, Z2M 1,220 285 23.4
Do, 24 1,335 310 23.2
Liwwestone. .. 22 700 235 33.6
DOl 24 810 285 35.1
Dovweasnnn 21N 1,235 470 38.0
Lovenninns Lo 1,330 400 30.1

M - sulfur concrete modified with 5% DGPD

To investigate the effects of multiple pour opera-
tions, Sullivan and McBee1 performed the same tests pre-
viously described for unmodified sulfur concrete (pouring
beams with 4 1ifts, allowing solidification between each
1ift). With the modified sulfur concrete, there was no
evidence of layering between lifts, plus the modulus of
rupture was no less than modified concrete beams cast in
single pourn.1

Sullivan and McBee also conducted field tests with
their modified sulfur concrete. One such test was the cons-
truction of a 4-inch thick, 3- by 7- foot sladb using 5 per-
cent DCPD modified sulfur concrete. The concrete was mlxed
in a heated mortar mixer. The average compressive strength
of the concrete was 3880 psi, modulus of rupture was 1050
pel, specific gravity was 2,318, and the void content was
4.88 percent. As of 11 months after installation (in the
entranceway to their laboratory), the slab had shown no sign

of deterloration or oracklng.11
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Dicyclopentadiene has been shown to improve the proper-
ties of sulfur concrete. The modifier appears to increase both
the flexural and compressive strengths of the concrete, plus 1t
irmproves the durabllity of concrete exposed to wet and freeze-
thaw conditions, with compresslive strength even increasing.
Thermnl shrinkage, although stl1ll greater than with regular con-
crete, was shown to be reduced by about a third of that of un-
rodified sulfur concrete, Thus, it appears that DCPD-modified
sulfur concrete may have the required properties to allow for

increased acceptance of sulfur concrete as a construction

mat<rial,

Sulfurcrete
"Sulfurcrete,” a reglistered trademark in Canada and the

U.8., 1s a term that describes sulfur concretes developed

’
bty Sulphur Inrovations Ltd. of Alberta, Canada,., Sulfurcrete
raste consicts of liquid sulfur, a viscosity increasing
agent, and a proprietary polymer which prevents large crystal
fnrmatlons.3 Normal concrete aggregates and ecven those not
sulted for portland cement may be used wlth Sulfurcrete. The
rmaterial ls extremely corrosion resistant, 1s essentlally
impermiable, has high strength, is qulck setting, and may be
used in freezing conditions. To make Sulfurcrete, liquid
sulfur with additives ig mixed with dry, heated aggregates,

The hot mix can be transported in heated or insulated dump

trucks or heated transit mix trucks. Since no chemical re-
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action is involved (cooling sets the mix), the material may
e kept hot for many hours, And it may be placed under temp-
eratures ranging from -40°F. to +140°F. Conventional re-
inforcement may be used, and due to low permiability, steel
corrosion is minimized. The material bonds well to itsgelf
and to roughened concrete, Compressive strengths are usuully
coout 5000 psl one hour after cool'ng and may reach 8000 to
10,000 psi in 24 to 48 hours. Typical tersile strengths
range from 650 to 900 psi, and flexural strergths from 1300
to 1700 psl. The modulus of elasticity can be varied fronx
3.5 to 6.0 x 10"6 psi. The linear coefficient of expansion
s close to that of normal concrete with the same aggregate.
Sulfurcrete density is about 150 pcf with limestone aggreg-
ate. Corrosion resistence tests, where cylinders were in-
mersed in 4 percent salt water brine, 10 percent sodium
sulfate solutions, and saturated lime solution, revealed no
significant deterioration. Sulfurcrete may be recycled after
use by crushing the material‘and reheating, and no strength
i3 lost. One limitation to Sulfurcrete 1s that it ls not
recommended as structural material where fire might occur.z6
Sulfurcrete has been used in Canada for road repairs.
Two patches were placed on a secondary highway with poor sub-
grade conditions; a third patch of normal patching material

vwas also placed. Eight months after the repairs, and after a

severe winter, both patches of Sulfurcrete were in excellent

corditlion. The other patch had required continuous repatching.
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MIXING, CASTING, AND FINISHING

SULFUR CONCRETE

It has been found that the optimum temperature range
for handling molten sulfur 1s between its melting point,
239°p,, and 320°F. Above 320°F., the material becomes

viscous and difficult to manipulate.9

To insure that the
viscosity limit is not exceeded inadvertently, most experi-
menters use a range of about 250 to 285°F. to prepare the
rolten sulfur. If modifiers are used, they are usually pre-
reacted with the sulfur for a certain time at a given temp-
erature (eg., Diehl's DCPD-sulfur reaction time/temperature
graph). Aggregate 1s generally preheated to between 285 and
320°F. when introduced to the molten sulfur. The molten
sulfur-aggregate mix 1is then thoroughly blended., Some ex-
rerimenters use a heated or insulated mixer to maintain the
tenperature above sulfur's_méltlng point until the material
is cast. This method may, however, cause continued and un-
desirable reaction between modifiers and sulfur if not account-
ed for.2
A varliety of equipment has been used to prepare sulfur
concrete, The primary requirement is for good mixing capabll-
ity and even heat distribution., The types of equipment that n

have been succesérully used include standard laboratory equip-

‘ ment, heated hand operated concrete mixers, heated transit

mix trucks, and asphalt pug mills. Sulfur concrete can be

P8




made in fixed or moblle units, For fixed mixing units, field
pours can be accomplished by transporting the mix in heated?
or 1nsu1ated9 trucks. Mobile mixing could incorporate a
ready-mix type of operation, provided that the trucks were
adapted with a heat source.9

An alternate approach to mlxing molten modified sul-
fur with hot aggregate has been suggested by Saylak.27 wWith
this approach, sulfur and DCPD are reacted under appropriate
controlled time and temperature conditions. The resulting
nmodified sulfur 1s then allowed to cool and solidify. This
s0lid mixture can then be crushed into dry powdery form and
rlaced into bags for shipment to a site. At a site, the bags
are emptied onto hot aggregate which melts the DCPD-sulfur
mixture. The materlals, melted sulfur, DCPD, and aggregate,
are then mixed to form the concrete.27 It may even be pos-
sible to introduce the powdered DCPD-gulfur to hot aggregate
that has been preplaced, le., already within the formwork,
and then manually stir the materials as the sulfur melts,
Thus, transportation of molten sulfur and aggregate is
avolded,

Sulfur cancrete can generally be poured into forms

vwith relative ease.2

The llquid sulfur will congeal on cold
surfaces such as steel formwork, but the remalning mass will
be workable to allow consolidation., Continued prodding, tamp-
ing, or even vibration may be requlired to prevent formation

of voids within the mass.13 Thermal shrinkage may cause dif-

ficulty in obtaining uniform sections of sulfur concrete if
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it 1s poured 1n 1ifts. Agaln, continued prodding, tamping,
or vidbration may minimize or eliminate this problem, and,
If modified sulfur 1s used theré may be no "1lift" problem.1
Surface finishing 1s best accomplished with metal
trowels and other standard finishers, It may be necessary

10 which would retard the

Yo have this equipment preheated
crystallization of the surface material being rapidly
cooled by alr.13 Once the surface solidifies, it can still
be reworked by applying direct heat to remelt the sulfur
near the surface., Heat lamps or heated trowels may provide
enough heat for sone reworking.2 Concerning the finished
nroduct, Loov13 reports that sulfur concrete will "faith-

fully reflect the finish of a form . . . and it is easy to

obtaln ., . . crisp details and corners.“
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COST AND USE OF SULFUR CONCRETE s

Cost-wise, sulfur concrete is approximately the same
as portland cement concrete.28 A 1977 cost estimate showed
the price of DCPD-modified sulfur concrete between $28.40
and 346.90 per cubic meter (£21.70 and #35.85 per cubilc
vord). These prices include the fuel costs in making the
concrete. As a conparison, normal concrete costs were
229,20 per cubic meter (822,30 per cublc yard). The reason
for the large price range of sulfur concrete is that the
rrice of sulfur varies considerably depending on location.16

on the West coast of the U.S., sulfur currently costs about

20 per ton; whereas, on the East coast it 1s about 3€0 per
28

ton. DCPD costs are between 10 and 15 cents per pound.
Sulfur concrete has many potentlal uses. It has much

sinilarity to regular cement concrete; thus, uses ilnclude

mony of the areas in which the regular concrete is now used.

There are, however, limitations that must be dealt with.

\ Sulfur concretes, being susceptible to heat and fire, should

riot be considered as a structural material in situations

where fire 1s possible (eg., building construction).2 Addition-
nl limitations are the brittleness and creep behavior of

sulfur concrete.8 Also, sulfur concrete 1s susceptible to

dnarmage caused by swelling clays in 1its aggregate 1f water 1is

present.6 Sulfur concrete exhibltes several benefits over

regular concrete. Its high early strength characteristics in-

-

dicate potential for use in areas requiring rapid strength




7 The ability of

¢nin, such as highway and runway repair,
> sulfur concrete to withstand repeated loadings at a higher
rercent modulus of runture than conventlional conerete also
indicates potential in pavement construction.18 Sulfur con-
crete may even be better sulted for some pavement applica-
tlons than conventional concrete because of its excellent
reslstance to salts, which have caused problems in nany
ravements, Also, sulfur concrete can be applied in lower
terpreratures than conventlonal coneretes, meaning that it
~n1d be used to repalr a vpaverent in weather too cold for
conventional ropalrs.2 The problems with deterioration caused

Ty water appear to have been overcome with modifiers, so

s:1fur concrete has potential for use in wet environments

Yor such things as breakwaters, plers, pilings, and even
urdervater constructlon.2 With 1ts excellent resistance ton
r~1ds, salts, organics, and solvents, sulfur concrete could
'~ uzed for construction and rgpalr of acld tanks and indus-
trial floors.u Other potent;ai uses 1n areas susceptible to
chemlical attack are sewer treatment plants, sewer pipes, un-
2

dersround septic tanks, and catch basins,

It 1s apparent that sulfur concrete has a wide variety

of possible applications., Much testing is currently underway
both for furthering present knowledge of the material's prop-
erties and for refining construction methods., With more
widespread use of sulfur concréte, additional applications
will deve10p.2 There 1s yet much to be learned about sulfur
concrete, Some wWill be learned in the laboratory, but much

» will come only through increased use.
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