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UTI LI ZATI ON

THE CURRENT STATE OF UTILIZATION OF
PHOSPHOGYPSUM IN AUSTRALIA

J. Beretka
Principal Research Scientist
CSIRO Division of Building, Construction and Engineering (DBCE)
PO Box 56, Highett, Victoria 3190, Australia

ABSTRACT

This paper describes the present state of utilization of phosphogypsum in Australia
It covers the research and development work carried out for making plaster of Paris
(stucco) and plaster products, the development of anew type of ettringite-based cement
termed ‘Novel Cement’, and the application of phosphogypsum as a soil conditioner in
agriculture. The potential radioactivity of phosphogypsum is aso discussed.

INTRODUCTION

About 940 000 t of phosphogypsum is generated in Australia annually at five
locations.  Brisbane, Queensland; Newcastle, New South Wales, Melbourne and Geelong,
Victoria; and Kwinana, Western Australia. At present, some 200 000 tpais used mainly
as asoil conditioner and low-grade fertiliser in agriculture, but the rest of the materia is
disposed of on land or into disused quarries, creating a stockpile of ~8 x 10°t. In compari-
son, asimilar quantity of ~800 000 t was generated in 1980 (Beretka, 1980), of which
about 70 000 to 100 000 t was used for making plaster products at two locations and as
asoil conditioner in agriculture. The use of phosphogypsum for making plaster products
was discontinued in about 1983, probably because (a) Australia is very rich in minera
resources including natural gypsum, (b) there were some problems associated with the
extreme fineness and ‘lime senstivity’ (Berry, 1972; Wirsching, 1978; Beretka, 1982,
Beretka and Brown, 1983, 1986) of the materials during the production processes, and
(c) there were concerns about the potential radioactivity of the materials used.

The bulk of phosphate rock used for making phosphoric acid originates from Nauru,
Christmas Idand, Floridaand Jordan, and smaler quantities from Broken Hill South, NSW.
The phosphoric acid producers and commercial enterprises are interested in using
phosphogypsum for making plaster of Paris (stucco) and plaster products. However,
economic and technological considerations, and an awareness of the potential radioactivity
of phosphogypsum inhibits its application in building products at the present time. The
author is not aware of the use of phosphogypsum as aretarder for Portland cement.

This paper describesthe present use of and research on phosphogypsum in Australia
This includes research carried out at CSIRO DBCE for making plaster products and the
development of a new type of ettringite-based cement/binder termed ‘Novel Cement’
(Santoro, et al., 1984, 1986; Vdenti, et al., 1984, 1988; Beretka, Vaenti, et al., 1987,
Beretka, Santoro, et al., 1987) which incorporates a large percentage (2540%) of either
natural gypsum or, preferably, phosphogypsum. Furthermore, its applicationin agriculture
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will be discussed, together with measurements carried out in establishing the radioactivity
levels of the materials generated at the five Australian locations.

PROPERTIES OF PHOSPHOGY PSUM

The quantities of phosphogypsum generated at present in Australia are shown in
Table |, and their chemical composition is presented in Table I1. It can be seen that the
materials have similar compositions to those generated at other plants which are employ-
ing two-stage crystallization, i.e. either Nissan or Fisons processes. Furthermore, it is
evident that the materials contain relatively small percentages (0.1-0.9%) of residual
phosphate. The phosphate content can aso be expressed not only astotal phosphate, but
also as soluble, co-crystalline and unreacted phosphates. The presence of phosphate,

Tablel
Production and utilization of phosphogypsum in Australia (1989)
Location Plant Quantity  Stockpile Method of disposal
type (tpa) (t)
Brisbane, Qld Nissan 23000 1.3x10°  ~70-90 000 tpa sold to farmers
(Pinkeba) as soil conditioner; rest is held
at disposal site.

Newcastle, NSW Nissan 260000 1x 10° ~50 000 tpa sold as soil
(Kooragang conditioner and as a calcium
Island) source in coal washing; rest

disposed of as landfill under
ovals and non-structural areas.

Melbourne, Vic.  Nissan 100000 45x 10°  ~50 000 tpa sold as soil

(Yarraville) conditioner and as low-grade
fertiliser; rest is held at
disposal site (disused quarry).
One company is experimenting
with the use of materia in the
plaster industry.

Geelong, Vic. Fisons 150000 280 000 Stored at disposal site; some
sold as soil conditioner.

Kwinana, WA Fisons 200000 1.05x 10° Plant not operating since 1986.
~10 000 tpa sold as soil con-
ditioner; rest held at disposal
Site.

Total 940 000 8.1x10° ~200 000 sold as a soil
conditioner

395



Tablell
Chemical compositions of phosphogypsums (%)

Sample

Brisbane  Geelong Melbourne  Newcastle Kwinana

Free water content 10.56 13.2 n.d. 13.7 20.53

(as received)
Dried samples

Ca0 329 30.35 329 32.6 322
SO3 45.1 43.0 44.8 44.5 45.2
Si0, 0.11 5.0 0.11 <0.01 0.08
Aly03 0.12 0.34 0.11 } <0.01 0.34
Fey03 0.03 0.06 <0.01 0.03
MgO 0.04 0.02 - 0.03 n.d. 0.01
NajO 0.05 0.35 0.03 0.28 0.08
K70 0.02 0.013 0.05 n.d. 0.01
Total F~ 1.30 0.82 1.20 1.24 1.10
Total HyO (H,01) 20.6 18.85 19.9 20.9 20.5
Free water (H,O™) <0.02 0.24 0.07 n.d. 0.02
Total P,Og 0.28 0.88 0.45 0.40 0.69
Organic C 0.10 0.08 0.14 n.d. 0.14
Total 100.55 100.00 99.8 99.94 100.22

n.d. not determined.

particularly the co-crystaline phosphate (Frochen and Becker, 1959), hasamajor influence
on its potential application in the plaster industry due to the lime sensitivity of phospho-
gypsums (Berry, 1972; Wirsching, 1978; Beretka, 1982, 1988; Beretka and Brown, 1983,
1986). All the plants produce fine, acicular crystals. X-ray diffraction revealed that
crystallographically all the materials are identical to natural gypsum. Only the sample
from Geelong contained relatively high percentages (~5%) of silica (SIO,), which was
obviously added to the liquor in order to assist the crystallization process at that
particular plant.

APPLICATION OF PHOSPHOGYPSUM IN THE PLASTER INDUSTRY

As previously mentioned, phosphogypsum has been used at two locations - Brishane
and Newcastle - for 10 and 2 years, respectively, for making plaster of Paris and plaster
products, mainly plasterboard. Its use was discontinued in 1983 probably due to inter-
mittent manufacturing and quality control problems associated with the variability of the
materials, the variability of their impurity (mainly residual phosphate) content, and also
to the general ‘scare’ about radioactivity. Another factor contributing to the discontinuation
was probably due to the ready availability of relatively inexpensive natural gypsum in
most Australian States.
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Recently, at the request of acompany in Victoria, investigations have been carried
out at CSIRO DBCE on one of the large phosphogypsum stockpiles located near Melbourne
and containing about 4 x 10° t of phosphogypsum. The disposal site is located next to a
phosphoric acid plant. The company expressed interest in using this material for making
plaster products, particularly plasterboard. The investigation was carried out (Brown and
Varsamis, pers. comm.) on three types of samples: (a) six core samples taken at the site
to adepth of 25 m, at 1 mintervals; (b) seven fresh samples from the phosphoric acid
plant taken at monthly intervals for a six-month period; and (c) three large representative
samples from the stockpile. The investigations carried out on the above will be presented
at this Symposium (Brown and Beretka, 1990).

ETTRINGITE-BASED BINDER OR NOVEL CEMENT

It has been reported (Santoro, et al., 1984, 1986; Valenti, et al., 1984, 1988;
Beretka, Santoro, et al., 1987) that hydraulic binders based on ettringite
(3Ca0.Al,04.3CasS0,.32H,0) and calcium silicate hydrate can be produced either from
natural materials such as gypsum, alumina, lime and silica, or preferably from industrial
wastes and by-products which contain CaO, Al,O3;, SIO, and CaS0O,.2H,0, such as
phosphogypsum, fly ash, blast furnace slag, siliceous wastes, and Portland cement and/or
lime. Infact, many other waste materials containing the above mentioned compounds can
also be used for making this new type of binder/cement. In this system, the contribution
to strength at very early ages arises from calcined phosphogypsum and (if present)
Portland cement; later contributions to strength are due to the formation of ettringite and
cacium silicate hydrate. The binder has great potential for application in the building
industry and has been patented worldwide (Beretka, Vaenti, et al., 1987). Furthermore,
since ettringite forms mainly by the reaction of gypsum with alumina and hydrated lime,
the production of this binder may result in large-scale use of phosphogypsum, which
proved to be more effective than natural gypsum in this system. The process of producing
novel cement could also result in reduced exploitation of natural resources, protection
of the environment, energy saving, reduction of CO, levels, and thus the greenhouse
effect, and also reduced cost for building materials.

Novel cement can be produced by either blending the required ingredients such as
calcined phosphogypsum, fly ash, ground blast furnace slag, Portland cement and/or lime,
followed by curing at 100% r.h. preferably at elevated temperatures of 50-80°C for
16-24 h; and aso by the addition of small quantities of calcium sulfoaluminate
(3Ca0.Al,05.CasS0,) ‘seed’ or clinker compound to the blended mix (Santoro, et al.,
1987). This seed material can also be produced from waste materials incorporating
phosphogypsum and synthetised at about [100°C, (Vaenti, et al., 1987) instead of >1470°C
as for Portland cement. Examples of typical compositions and their strength properties
are shown in Table Ill. It is seen that the pastes developed reasonable strength, partic-
ularly after curing at elevated temperatures. Furthermore, as compared with calcined
natural gypsum, calcined phosphogypsum appears to enhance the reaction in all cases.
A more detailed discussion of novel cement is presented at this Symposium (Beretka,
et al., 1990).
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Table 111
Composition (%) and modulus of rupture (MPa) of novel cements cured
at 23 and 55°C; 100% R.H. w/s, 0.5, tested WET

Stock no. A AP B BP C CP

Composition |

Calcined pure gypsum 31 28.5 23

Calcined phosphogypsum 31 28.5 23

Fly ash 31 31 43 43

Pure lime 23 23 28.5 28.5 1 1

Portland Cement 15 15

Blastfurnace slag 76 76
Days at 23°C, MPa, WET testing

1 29 1.1

7 4.7 3.6

14 6.3 6.4

28 9.6 11.2
Days at 55°C, MPa, WET testing

1 7.7 6.2 33 34 4.4 8.1

7 23.5 269 16.6 22.5 6.6 24.1

14 19.2 249 13.7 26.3 72 308

28 17.1 21.6 219 31.2 72 350

AGRICULTURAL INDUSTRY

Natural gypsum or phosphogypsum is widely used in Australia (Anon., 1981),
mainly in arid areas, for the treatment of alkalme soils and for the treatment of saline
soils in irrigated areas. During treatments, Ca’* ions replace Na™ ionsin the clay and as
such improve drainage by flocculating colloidal particles. This area of application of
phosphogypsum has shown large growth in Australia over thelast 10 years. In particular,
in 1980 only a small portion of the 73 000 t of phosphogypsum utilised was used in
agriculture, but in 1989 about 200 000 t was used. The materia is usually dispatched at
about 10-12% moisture content, applied to the surface at the rate of 3-5t per hectare,
and then tilled to a suitable depth (15 cm) to ensure mixing. Gypsum is usually applied
in early autumn to alow soil moisture to build up. One good rainfall is necessary after
application before sowing, so that as much calcium as possible dissolves. Generdly, re-
application is necessary every 3-5 years. In Australia, the use of phosphogypsum on
responsive soils is seen to have numerous benefits; it improves the surface structure of
soils, improves water infiltration and penetration, allows cultivation of soil more easily
and quickly, and results in less wear and tear on cultivation equipment.
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RADIOACTIVITY

The natural radioactivity of phosphogypsum depends on the source of phosphate
rock (apatite) used for making phosphoric acid. The concentration of radionuclide
elements, viz. “°Ra, **Th, U and K, and other impurities varies with the geological
origin of the phosphate rock, The sedimentary (marine) raw phosphates contain higher
concentrations of radionuclide elements and other impurities than the phosphates of
igneous or metamorphic origin. During the process of producing phosphoric acid, the
radionuclide elements present in the phosphate rock are unevenly distributed between
the product (orthosphosphoric acid) and the by-product (phosphogypsum). In particular,
most of the thorium, uranium and potassium is concentrated in the orthophosphoric acid,
and the radium in the phosphogypsum.

Samples of phosphogypsum were obtained from all the phosphoric acid
manufacturers, their uranium content analysed by standard chemical methods (AMDEL,
Adelaide); whilst their radium, thorium and potassium contents were determined by
gammarray spectroscopy as previoudly described (Beretka and Mathew, 1985). The
results are presented in Table V. It can be observed that the gamma-ray activity of local
phosphogypsums is attributed mainly to the presence of radium in the specimens.
Furthermore, the level of radium at about 510 Bg/kg measured was about the same asin
the materials available in other countries.

At present, there are neither standards nor guidelines in Australia for the proposed
permissible levels of radioactivity of materias, including phosphogypsum.

Table IV
Mean specific activities and radium equivalent
activities of Australian phosphogypsums

Mean specific activity (Bg/kg)

226R4 500
232Th 10
40K 20
238y 510
Radium equivalent activity (Raeg) (Bg/kg)
Range Mean
280 —- 1000 510
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CONCLUSONS

In Australia, about 940 000 t of phosphogypsum is generated annually, of which
about 200 000 tpa is used as soil conditioner and low-grade fertiliser in agriculture.
Phosphogypsum is not used at present for making plasterboard and plaster products.
However, experiments have shown that phosphogypsum is suitable for such purposes.
Another potential for application of large quantities of phosphogypsum is in the manu-
facture of novel cement consisting mainly of industrial wastes and by-products such as
calcined phosphogypsum, fly ash, pelletised blast furnace slag, other siliceous materials,
and lime and/or Portland cement. The materials generated at five locations have a mean
radium equivalent activity (Rag, of 500 Bg/kg, which is considered to be moderate
(Beretka and Mathew, 1985). However, some of the materials generated have activities
twice this value, and there are obvious concerns about their application in the plaster
industry.
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UTILIZATIONS OF PHOSPHOGYPSUM IN IRAQ

Hal.yool Fo. Khalil Nazar M. Alnuaini NHuath H. HNustata
Acxist. Professor Assist. Professor Chen. Eng. Dept.
Pept. of Basic Sci. Pept. of Soil Sci. College of Eng.
College of Rariculture and Forestry. Hosul Univ. Tikrit Univ.
IRAQ.
ABSTRACT

The increasing amounts of  phosphogypsum
resulting from phosphoric acid production represent a
serious environmental problems, regardless of whether
land filled in dumped as solid form or discharged into
surface waters.

This research is in step with researches
internationally and it can lead to greater usage of
phosphogypsum in Iraq in the near future. The
possibility of wutilizing it in different ways but
primarily in the building industry has been accomplished
to reduce phosphogypsum amounts and pollution.

Different treatments has been made by mixing
phosphogypsum with various ratios of lime, clay and pure

silica sand to determine the chemical compositions of
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the mixings and compressive strength. Using of lime to
elevate the pH up to (12.4), mean-while using clay could
be buffering to consume both SO4 ion and lime; where
lime could be react with silica, Al & Fe, occur in clay

to produce a cementing material,

INTRODUCTION

A huge amount of phosphogypsum by-product
material is generated in Iraqg resulting from
manufacturing the phosphate fertilizers. The bulk of
this material is, however, dumped on land, into rivers.
Due to the fact that Irag has large resources of natural
gypsum and rock phosphate, therefore dumping of phospho-
gypsum is a dangerous from environmental point of view
due to the seepage ability of the dissolving substances
from the phosphogypsum during raining season which could
contaminate the ground water. Morever little interest
has been shown previously in the utilization of
phosphogypsum in lIraqg.
By 1980, the annual production of phosphogypsum was 120-
150 million metric ton. In 1981 a survey of companies
producing phosphogypsum showed that 14% of all
phosphogypsum was being reprocessed, 58% was stored, and
28% was being dumped.

The magnitude of wasted phosphogypsum means

reprocessing options must be further explored. The
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evaluation potential uses of phosphogypsum in different
sources as in the building industry ( plaster,
wall board, or sheetrock), or in the cement industry ( a
cement component or retarder ), and in the fertilizer
industry as source of minerals.

The objective of this paper is focus on
relationship between mix proportions and strength
characteristics with varying substances such as clay,
sand, and lime with phosphogypsum in order to reduce the
effect of phosphogypsum on environmental issues beside

improving working conditions and setting of life.

MATERIALS AND METHODS

The chemical composition of Iragi phosphogypsum
has been determined as shown in table 1, according to
the A. O. A. C. methods.

The materials used for the matrix preperation
consisted of phosphogypsum, <clay ( bentonite ), pure
silica sand, and lime.

The different mixtures ordered as follows:-
1. Different amounts of phosphogypsum with varying
amounts of lime were mixed in 200 ml distilled water in
order to determine the pH as explained in table 2.

2. A 100 grams of phosphogypsum plus 100 grams of
bentonite dissolved in 200 ml. distilled water, then

different amounts of lime were added to this mixture.
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Table I: Chemical Compositions of Iraqi Phosphogypsum.

Percent

Component
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Table II: Effect of Different Mixings of Phosphogypsum
and Lime on pH.

Amount of phosphogypsum added in gm

&0 ; 80 ; 100 % 120
Cal § pH § Cal § pH : ca0 : pH : CaD : pH
content E Egontent i 3;ontent 5 Egontent f
1N gm. : :ln am. : :ln am. : :ln am :
0.00 ; 3.29 ; 0.00 ; 3.40 % 0.00 % 2.38 % 0.00 ; 3.36
0.038 | 6.91 | 0.05 ! 6.45 | 0.05¢ | 6.37 | 0.075 | 6.4
0.065 | 10.40 0.10 { 8.80 | 0.130 L 9.57  0.150 { 9.90
0,108 1 11.75} 0.15 L 10.77} 0.195 | 11.86] 0.225 P 11.68
0.252 | 11.95! 0.20 P 11.321 0.260 i 1172 0.300 { 12.06
| § § ! | { 0.375 | 12.25
§ § § 5 E ! 0,450 ; 12.41
. . : : . : .
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The pH and chemical composition were determined as shown
in tables 3 and 4.

3. A 100 grams of bentonite, two rates of pure silica
sand ( 0, and 100 grams ), with different percents of
phosphogypsum and lime. The mixtures were dissolved in
to 200 ml. distilled water, the pH and chemical
compositions were determined as shown in tables 5 and 6.
4. To measure the compressive strength of the matrix
(phosphogypsum, sand, bentonite, and lime) which was one
of the main objectives, Five different mixing treatments
of the above materials in a duplicate were wused to
measure the compressive strength in moist air and soaked
water at three different periods ( 24 hrs,3 days, and 7

days ), as shown in table 7.

RESULTS AND DISCUSSION

The chemical analysis of lraqi phosphogypsum
indicated that it is likelyhood to the dihydrate
phosphogypsum (DPG) as shown in table 1.

The dihydtrate phosphogypsum (DPG), a solid
by-product of the phosphate industry plant, possesses
good binding property under compaction and has good
potential for use as a construction material.
Asubstantial strengths are attainable for (DPG) alone
and cement-DPG mixtures subjected to adequate

composition ( Lin and Chang, 1988 ).
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pH of

Effect of Bentonite and Lime on

Phosphogypsum.

Table II1I:

MG WS AN NED MW MGE SIN MEEE WA MWW PR

pH
6.69
7.66

W e WS AT WRKE WER DN

100 gm Bentonite

a0 in gm.

WA WU M T NN SRR MRER WIEs MeNC SRW M

Ratios

I GREE GRCR IR WP WU TROR WO IO WEES @D

W EEE M MBS MINA NGNS SREN WEME NN SRR NN W SN MRV KOS WS WK RN SIS CTER LN MACE R I Wi @

10.09
10.37
11.07
1i.64
12.06
12.30
12.43

8.38
8.87
9.17
?.39
9.62
92.85

AT RN MR A G bR BN NN KACH AN JDES GUAR DN M0AN BGE WU GG DRGNS THEE WO OGS WO MNAN SRS MR MR N

0.10
0.15
0.20
0.25
0.85
0.45
0.65
0.85
1.23
1.50
2.00
2,50
3.00

G RN RS REER G WS PRI RO GEE) WRAS HOWS MU M) SN NN MCER MG MRED ERUR YRR WS iMEe SIES GIEE MIGR WeNE WEE 4

100 om.
Phosphogypsum

I Ees e N TD MR PSCE GIWS Obi AN URC GHIN SRR EDUR TEMS WUEP WA GRGn HAEE CROR WANS JDWE WU WIER WY Weae ¢
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Chemical Compostion of the Mixture,.

Table IV

( Bentonite, Phosphogypsum and Lime )

23.64
8.97
1.18
25.10
3.05
28.71
10.83
98.98
2,93

T EEER WU MR W M MAe MEED WORD K HEMNO SNNC BRI TEND GEOR WINE dedn IR WIS

8

<&
s ra8a g8
LT T T ' I T Y T R o |
N O o &6 O < N

{ Phosphogypsum | Lime | Mixture

TG vy weew i G Weme UK RGN MK MR DROCH IER WA WGH AIED WUt N MO e

0.45
1.05
0.40
32.94
0.48
44.94
19.20
99.46
4.29

M e KR SEeE MAR MAEN BITD G GG LAY NN WIN NN SR weal MBWR AN HEFR e R

{ Bentonite
92.08
13.03

2.57
6.82
9.85
1.24
15.26
96.42

v mes Gt Mer BRI SON MM MM EOUD BIN ECUE EBOA ATE W TAED MW RSN AIM mom W

o Q ™

L.0.I.
Total
Carbonate

Component
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Tabie V: Effect of Bentonite, Sand and Lime on pH of

Phosphogvpsum.

pH
7.80
7.90
12.650
12.646
12.640
12.634
12.625
12.618
12.610
12.605
12.600
12.585

o
mx 000000900000
wd 005555555555

Phospaogypsum
0.0
0.0
5.0
10.0
15.0
20.0
25.0
20.0
35.0
40,0
45.0
50.0

gm.

988888888

[ TN | P . T S |

Sand
100
100
100

8888

Bentonite
oM.
100
100
100
100
100
100
100
100
100
100

. AL GO BN MM IR EPED SENN ERE BOWS RN WEEN MM MR MM NMTE GNTN WY WNE GRS WIGR MM EAY GRNe BIER BN WM M wu
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Table VI: The Chemical Compositions of Final Mixture.

( Bentonite, Sand, Lime and Phosphogypsum )

; Component ; Percent ;
; 5i0, ; 34.91 ;
P AL, P 722 !
i Fe,0, ! 2.28 !
i ca0 {1710 g
E MgO § 2.68 %
P 80, o 7.93 §
i Lo t 14.66 §
g Na,0 i 0.66 i
K0 : 0.52 !
E c1 § 0.04 %
{  Total CaD P 36.08 i
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Treatments Using {(soaked water and moist-air)

Table VII: 7 davs Compressive Strength on Five Different
Conditions.
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Concerning the effect of mixing various
amounts of phosphogypsum with different proportions of
lime as shown in table 2, it was found that the most
successful and acceptable ratio was (120 grams of
phosphogypsum + 0.450 grams of lime ), to get pH value
equal to 12.41. This mixture may be called as Gypsonat
material depending on ( Prandi, 1980 ), which may used
as a catalyzer for road constraction. This material can
be made by combining phosphogypsum with a strong base
like lime, Prandi ( 1980 ) stated that pH of his
material increases from 3 to 7 on average and indicated
that the gypsonate is used in the making of light
concrete and thermically insulation.

However addition of bentonite to phosphogypsum
and lime was made, the best ratios was ( 100:100:3 ), to
get pH value up to 12.44. This value may eliminate any
source of life, such as micra-organisms and plants. The
above mixture was analyzed chemically, it was noticed
that the amounts of Al,0O;,Fe,O; and MgO were increased,
meanwhile the amounts of SO; and Ca0 were decreased as
shown in table 4.

Further investigation ( data was not listed ) indicated
that the pH value raised up to 12.41 when the ratio of
bentonite : phosphogypsum : lime was ( 100 : 20 : 13 ).
Adding pure silica sand to the mixture above, it was
found that maximum pH value raised up to 12.59 when the

ratio of materials ( bentonite : sand : phosphgypsum
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lime ) was ( 100 : 100 : 50: 5 ) table 5. Analyzing of
this mixture, it was noticed that the amounts of SiOy,
Al,O;, and Fe,O; were increased, meanwhile CaO, MgO, and
SO3 were decreased, table 6. In order to get the calcilox
process which involves treating the gypsum sludge with
an unspecified silica sand waste and a small amount of
hydrated lime ( about 2% by weight ). This converts the
soft gypsum sludge which has no bearing strength into a
firm, stable substance ( Boynton, 1980 ), that is envir-
onmentaly acceptable as land-fill or for building
embankments, however leacheates from this component are
negligible, where lime reacts with the silica and
sulphate radical to form a complex calcium-sulfosilicate
-hydrate cementing compound that binds and hardens the
gypsum sludge .

The effect of mixing proportions on the
compressive strength was depended upon the ratios of the
materials used in this study, however, not all compacted
mixtures have shown a considerable compressive strength,
considering the percentage levels of ( bentonite, sand,
phosphogypsum, and lime ) in the mixture. However, the
effect of sand content on the compressive strength under
moist-air conditions is vital. It shows that,
increasing the amount of sand content up to 25%
increased the compressive strength, this results was in
agreement with the results of Chang and Chang ( 1988 ),

who stated that the effect of sand content on the
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compressive strength under moist-air conditions for a
given sulfur content of 15%, by increasing the amount of
sand content up to 60% increased the compressive
strength.

The results in table 7 have shown that
treatment number four reveal the highest compressive
strength at 7-days period. The data also indicated that
the compressive strength greatly depends on the mix
proportions and to lime content and to some extent to
phosphogypsum percent. From the results obtained it can
be seen that. as the lime content increases the
compressive strength increases. It is also noticed, that
when sand is replaced by Bentonite, the compressive
strength decreases to the half. This results contradic-
ted with work done by (Ghafoori and Chang, 1988 ) where
they used cement and di-hydrate materials instead of
lime. Moreever, our results showed that the compressive
strength was higher with moist-air than soaked
conditions,

There is no any indications of compressive

strength at the 24-hrs. and 3-days periods.

RECOMENDATIONS

1. Phosphogypsum in general indicates good binding
strength fur road and precast building applications.
The strength can be further enhanced by the addition

of more amounts of lime and phosphogypsum.
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2. The compressive strength greatly depends on the mix
proportions and to the sand and lime contents in the

mixtures.
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ABSTRACT

This paper describes experiments on the development of a new type of hydraulic
binder termed ‘Novel Cement’, which can be obtained from mixtures of calcined gypsum
or phosphogypsum, alumina, silica-containing industrial wastes and by-products such as
fly ash and blast furnace dag, Portland cement and/or lime. Particular emphasis has been
placed on investigating the effect of phosphogypsum as compared with pure gypsum on
therate of formation and physical properties (mainly strength) of the binders. It was
found that in most cases phosphogypsum enhanced the rate of hydration of the systems
and generated higher mechanical strength in the cast specimens than did pure gypsum.
Thisnew type of cement could result in the large-scale utilisation of industrial wastes and
by-products, reduced exploitation of natural resources, protection of the environment,
energy saving and, by reduced production of carbon dioxide emission, it could contribute
to areduction in the greenhouse effect. This new binder has great potential for application
in the building and construction industries.

417



INTRODUCTION

It has been established that new binders can be produced from mixtures of pure or
natural gypsum, phosphogypsum and its calcined varieties, and dumina and silica-containing
industrial wastes and by-products such as fly ash and blast furnace slag, Portland cement
and/or lime (Azuma and Ichimaru, 1976; Azuma et al,, 1976; Santoro et al., 1984, 1986;
Vaenti et al., 1984, 1986; Beretka et al., 1987a,b; Mehta, 1980). The chemical and
mineralogical composition of this new type of binder when hydrated is distinctly different
from that of hydrated Portland cement, and consists mainly of mixtures of ettringite
3Ca0.Al,0,.3CasS0,.32H,0 and calcium silicate hydrate. The use of phosphogypsum
(Vaenti et al., 1986; Beretka et al., 1987a) as the source of sulfate in mixtures of ‘reactive
lime, alumina and silica derived from, for example, fly ash and blast furnace slag appears
to be advantageous, since phosphogypsum enhances not only the rate of hydration but
also the development of the strength of the system at an early age. Furthermore, in these
systems the contribution to strength at very early ages is due to the setting of calcined
gypsum and (if present) Portland cement. Later contributions to strength are due to the
formation of ettringite and calcium silicate hydrate.

This paper presents experiments on the formation of three such typical hydraulic
binders based on

(A) calcined gypsum-fly ash-Portland cement-lime,
(B) calcined gypsum-fly ash-lime, and
(C) calcined gypsum-blast furnace slag-lime (in this system lime is a slag activator).

Calcined gypsum was also replaced with calcined phosphogypsum and these
systems are designated (AP), (BP) and (CP).

EXPERIMENTAL
RAW MATERIALS
The chemical composition of the materials used is shown in Table |. The calcined
gypsum (hemihydrate, ‘stucco’) was prepared from gypsum dehydrated on a tray in a
laboratory oven at 140-145°C for 16 h, followed by conditioning for 24 h in a room set

at 67% r.h. and 21°C. The phosphogypsum was calcined in a kettle to the ‘ second boil’ as
in industry and conditioned as above.
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COMPOSITION OF MIXES

The composition of the mixes investigated are shown in Table II. The materials
were rendered uniform by mixing and sieving to pass a -150 um sieve.

Table 1
Major chemical constituents* (%) of the raw materials used for
compositions (A), (B) and (C)

Calcined Fly ash Portland Blast furnace
phosphogypsum cement slag
(pelletised)
CaO 39.2 5.42 65.0 394
Si0, 0.01 50.5 20.0 34.8
Al,O5 - n.a, 27.8 4.66 18.1
TiOy n.a. 2.08 0.19 0.69
Fe,O3 n.a. 4.61 4.33 0.21
MgO 0.38 2.24 1.43 2.15
NaO n.a. 3.81 n.a. 0.30
K;0 n.a. 0.89 n.a. 0.53
CO, 0.12 0.07 n.a. n.a.
SO3 53.7 0.26 2.56 0.78
P5Os (total) 0.67 1.00 n.a. 0.04
F- (total) 1.23 n.a. n.a. n.a.
HyO 5.15 0.76 n.a. 0.20

The pure A.R. calcined gypsum (Merck) and pure A.R. lime (Univar) were not
analysed.
n.a. Not analysed.

‘Table II
Composition (%) of the systems investigated (P denotes calcined phosphogypsum)
Composition (A), (AP) (B), (BP) ©), (CP)

Calcined gypsum 31 28.5 23
Fly ash 31 43.0

Portland cement 15

Pure lime 23 28.5 1
Blast furnace slag 76
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HYDRATION OF PASTES

Small samples (~2 g) were mixed with water (w/s, 0.5), sealed in plastic envelopes
and cured at 21 and 55°C, 100% r.h. for 1 to 182 days as previously described (Santoro
et al., 1984). At the end of the curing period the specimens were removed, ground in
acetone to stop the reaction, dried with ether and stored in a desiccator. The dried specimens
were then analysed by thermal analysis (TGA/DTA) and by X-ray diffraction (XRD).

STRENGTH MEASUREMENTS

The required quantities of the stocks were mixed with water (w/s, 0.5) and the
pastes were cast into 25 mm cube moulds, and cured at 23 and 55°C (or as specified) at
100% r.h. for 1-182 d. At the end of the curing period the specimens were tested in com-
pression using an Instron machine (cross-head speed, 0.5 mm/min) either immediately
(WET testing) or after drying them for at least 21 d at room temperature and 67% r.h.
(DRY testing). The densities of the cast and air-dried specimens were determined by
conventional methods. For the determination of expansion/shrinkage, 295 x 25 x 25 mm
bars fitted with stainless steel studs were- used.

RESULTS AND DISCUSSION
COMPOSITIONS (A) AND (AP)

Figures 1 and 2 show the DTA traces for composition (A) and Figures 3 and 4 for
composition (AP) (containing calcined phosphogypsum), hydrated at 21 and 55°C,
respectively. One can clearly see the diminishing of the reactants, the gypsum (Figures 1
and 2), phosphogypsum (Figures 3 and 4) and lime; dso the gradua formation of ettringite
in the systems. At 21°C curing, residual gypsum or phosphogypsum was present in both
(A) and (AP) to the end of the curing period studied. At this temperature the consumption
of reactantsis dightly faster at 55°C than 21°C (see Figures2 and 4 v. 1 and 3). At 55°C
curing, no residual lime was deteced in system (A) containing pure gypsum after 7 d, and
in (AP) containing phosphogypsum after 4 d. The gypsum was amost completely con-
sumed in sample (A) by 28 d, and in sample (AP) between 4 and 7 d It is evident from the
above experiments that the system containing phosphogypsum reacted much faster than
that containing pure gypsum. Furthermore, at 55°C curing there was no further evidence
of ettringite formation after 7 d in system (AP), and after 14-28 d in system (A). In the
above systems, calcium silicate hydrate also forms due to the hydration of Portland cement
and the pozzolanic reaction involving fly ash. However, the detectability of cacium slicate
hydrate by DTA, which occurs a ~70-80°C, is difficult due to the much larger overlapping
peak due to ettringite at -100°C.
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Figure 1 DTA traces for composition Figure 2 DTA traces for composition
(A) cured at 21°C (A) cured at 55°C.

Note: in Figs 1,2,3,4, E = ettringite, G = gypsum, PG = phosphogypsum and L = lime).

The strength development in the above systems is shown in Figure 5. It is seen that
at 55°C curing, the pastes harden much faster than at 23°C, and they also develop higher
early and ultimate strengths at 55°C. Figure 5 aso shows that at 55°C, system (AP) con-
taining phosphogypsum not only develops higher early strength but also higher ultimate
strength as compared with sample (A) containing pure gypsum. The impurities present
in phosphogypsum. (probably the phosphate), are likely to play an important role in the
development of the mechanical strength of these binders as suggested previously
(Vaenti et al., 1986).

The densities of the set and cured specimens gradually increased from 1320 to
1370 kg/m® (1 d) to 1350-1460 kg/m® (28 d). No significant shrinkage or expansion of
the specimens was observed to the end of the curing period studied.

As pointed out previoudy, in this type of system the hydration and setting of calcined
gypsum and Portland cement contributes to the strength development at early ages, later
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contribution strength is due principally to the formation of ettringite and calcium
silicate hydrate. At elevated temperatures the contribution of ettringite to strength levels
off after ~7 d and beyond that time the further formation of calcium silicate hydrate con-
tributes to the higher ultimate strength of the system. Calcium silicate hydrate is also
expected to improve the durability of these ettringite-based binders.

COMPOSITIONS (B) AND (BP)

The experiments on compositions (B) and (BP) were carried out at 55°C. The
thermograms (not shown) were similar to those for Compositions (A) and (AP). In
particular, lime was consumed between 4 and 7 d for both (B) and (BP), and gypsum
between 4 and 7 d for sample (B) and at 4 d for sample (BP). Ettringite was fully formed
between 4 and 7 d in sample (B) and at 4 d for sample (BP).

The compressive strengths of samples (B) and (BP) are shown in Figure 6. Once
again it can be observed that the system containing phosphogypsum (BP) develops higher
early and higher ultimate strength than sample (B) containing pure gypsum. This finding
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Figure 6 Compressive strength v. square root of time for compositions (B) [O] and
(BP) [@] cured at 55°C.,

was similar to systems (A) and (AP) discussed previoudly. It isinteresting to observe that

systems (B) and (BP) reach higher ultimate strength in respect to systems (A) and (AP),
even if they do not contain Portland cement.
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COMPOSITIONS (C) AND (CP)

The experiments on these compositions were also carried out at 55°C. The
thermograms for compositions (C) and (CP) (not shown here) were different from those
of the other two systems discussed previoudy. Even at 55°C hydration, no full reaction of
the systems occurred to 90 d, and dl the hydrated specimens contained large quantities of
unreacted gypsum or phosphogypsum, respectively. However, in spite of the presence of
unreacted material in the hydrated pastes, the cured specimens containing phosphogypsum
developed very good strength, as shown in Figure 7. In particular, sample (CP) had ~35 MPa
at 28 d, and 42-43 MPaat 90 d. The strength of the specimens containing pure gypsum
(C) had much lower gtrength, as shown. In this case the effect of phosphogypsum impurities
on the development of mechanical strength is much higher than in the previous ones. The
densities of the cured specimens gradualy increased for composition (C) from 1340 kg/m3
(1 d) to 1390 kg/m® (28 d), and for composition (CP) from 1430 kg/m® (1 d) to 1545 kg/m’
(28 d). No significant shrinkage or expansion of the specimens was observed.
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Figure 7 Compressive strength v. square root of time for compositions (C) [O] and
(CP) [®] cured at 55°C.

CONCLUSIONS

It has been demonstrated that calcined phosphogypsum can be used in hydrating
mixtures containing lime, alumina and reactive slica derived from fly ash or blast furnace
slag, and Portland cement and/or time, to produce anew type of hinder. In these mixtures,
the gypsum reacts with alumina and lime to form ettringite, while the silica reacts with
lime to form calcium silicate hydrate. Furthermore, in these systems phosphogypsum
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appears to be more reactive than pure gypsum and enhances the development of
mechanical strength, especially in mixtures with blast furnace slag. The three systems
investigated have developed reasonably good mechanical strengths of up to 24-27 MPa
after 7 d, and up to 35 MPa at 28 d curing, particularly at 55°C. These mixtures can be
effectively employed for the formulation of a new binder of interest for application in
the building and construction industries.
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THE MO STUREPROCF BUI LDI NG MATERI ALS ON THE
BASIS OF PHOSPHOGYPSUM
THEI' R PRODUCTION AND USE IN THE USSR

Ferronskaja A, Prof., Dr. Sc. (Eng.),
Vol ghensky A., prof,, Dr. Sc. (Eng.)

V. V. Kuj bi shev Civil Engineering Institute of
Moscow, USSR

The research results on the use of phosphogypsum waste for
production of the noistureproof phosphogypsum binders, concretes
and elenents are presented in this paper.

The production of these binders on the basis of B-and a- no-
di fication of phosphogypsum binders with the help of different ther-
m c technol ogy nmethods, and the noistureproof phos ho%ypsum bin- )
ders an el ements which are obtained by nontherm c technol ogy, is
report ed.
P The strength and deformation properties of the concretes on
the basis of noistureproof phosphogypsum binders, as well as their
durability, including the corrosion resistance of steel armatures
in these concretes are discussed. _
Finally, the field of application of the noistureproof phos-
hogypsun1 bi nders, concretes Including bearing elenents in the
SSR construction, is described.

| NTRODUCTI ON

The utilization of one of the |arge-tonnage waste when manu-
facturing the mneral acids and conplex fertilizers, i.e. phospho-
gypsum and bor ogypsum, phosphoric anhydride, acid fluorlde, f1uo-
rogypsum etc., 1s one of the biggest scientific-technical prob-
lens of the mmneral-raw material rational use,
_ The presence of ?reat potential users, 1.e. gypsumand cenent
industries, and agriculture, the reduction of l[ands intended for

waste placenent, the econom cal and ecol ogical factors determne
t he ur?enc% of solving this._ problem _

n the USSR, the gypsiferous waste, and first of all, the
phosphogypsum one is used in the cement industry as a mneralizer
when calcinating the clinker and as an admxture when grinding it
instead of the natural Pypsum as well as it is used for earth
gypsumng in the agriculture. _

i nd The uselof t he phosphogypfﬁn1maste fPr manuf act uri ng gypsum
' ersDe%?ogegnFrr]\t%hésugFgegrlg d}/ff_rgr%rqparrbt hods to produce the
phosphogypsum bi nders in which conposition either the B-or a- no-
dification of calciumsulfate hem hydrate or the anhydrous cal cium
sul fate prevails depending on the dehydration conditions. In regard
to their properties, these binders are simlar to the usual, high-
-resistant or anhydrite ones on the basis of raw materials.

However, in view of their |owwater resistance that results
on consi derable | oss of strength Edomn to 35-40 % of strength in
a dry state), lowered frost resistance and high creeping, tThe app-
lication of the elenents made of these binders (as well as those on
the basis of gypsum binders of raM/nater|aIs? is limted in buil-
dings wth a maximumrelative air humdity of 60 % and in a |less
degree as small-sized stones for walls in the lowrise buildings.
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~ There are different methods to inprove the gypsum bi nder pro-
perties. It was found that the nost effective one is combination of
the gypsum binders with portlandcement and pozzol ani ¢ adm xtures
in order to produce the so-called qypsun}qenent-pozzoulanlc bi nders
(GCP) and gypsum sl ag-cenent - pozzolani ¢ binders (GSCP). _ _

© These "binders, "once devel oped by the Mdscow Civil Engineering
Institute in the fifties, have a capacity for hydraulic hardening
in a humd and aqueous nediuns, and they have the same hardening
rate as the usual %ypsun1 bi nders (Vol ghensky, 1950).

The |nvest|%a.|on of many years of these binders, concretes
and elements on their basis, as well as the practical experience
of their production and aﬁpilcatlon was generalized in (Vol ghensky,
Ferronskaja, 1971, 1974; Ferronskaja, 1984). . _

The subsequent research denonstrated fapprOX|nater_|n t he
seventies and up) these binders are especially effective if they
conprise those made of phosphogypsum waste instead of rawnateria
gypsum bi nders. _ _ _ _

In this case, two directions for producing noistureproof
phosphogyPsun1 binders were determned, e.g.: _

- "The Productlon of the noistureproof phosphogypsum bi nders
nmaking use of b-or a-nodification of calcium sulfate "hem hydrate:
that are made of phosphogypsum waste with the help of different ther-
m c technol ogy nethods, . _

- The production of the noistureproof phosphogypsum binders
and el enents making use of phosphogypsum waste with the help of non-
thermc technol ogy,

1. PRODUCTI ON OF THE MJ STUREPROOF PHOSPHOGYPSUM
Bl NDERS MAKING USE OF b-OR a- MODI FI CATI ON_CF
CALCI UM SULFATE HEM HYDRATE, THAT ARE MADE OF
PHOSPHOGYPSUM WASTE W TH THE HELP OF DI FFERENT

THERM C TECHNOLOGY METHODS

y dTmo basi ¢ met hods aimed to produce such binders nay be men-

ioned, e0,:

- Th% "traditional" method devel oped by the Mscow G vi

Engi neering Institute consists of a thorough mxing of b-or a-

- gypsum hem hydrate obtained in a liquid acid or alkaline medium
orfland cenent = and an active mneral adm xture in ratio according
0 the technique that was reported in (Specifications, 1989).

However the follow ng shoul d be noted: though the production
of phosphogypsun}cenent pozzoul ani ¢ binder on the basis of phos-

phogypsum bi nder obtained in an acid nedi um ( Gordashevsky, 1961)

Is possible, it is not of practical value since the binder, if ad-

ded with the portland cenment and pozzoul anic adm xture, loses its

basic quality of fast setting and hardening, that is characteris-
tic of the gypsum binder, because of inpurities which are contained
in the hem hydrate, (Ferronskaja et al. 1974, Vol ghensky

et al,, 1977). The phosphogypsum cenent-poziol anic binders on the

basis of B-or &-nodification of gypsum hem hydrate, produced in an

al kaline medium is of practical interest (l'vanitzky et al.,

1976, 1997; Ferronskaja et al. ,1974; Pechuro; Ferronskaja,

1977; Ferronskaja, Baranov, 1980; Stonis et al, 1980, 1982).

~ - The method, developed by the All-Union Scientific Research

Institute of Building Materials and Constructions, consists of

possi bl e production of &«-gypsum hem hydrate by treating the phos-

phogypsum suspension with 'portlandcenent and active mneral adm x-
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ture (the latter are added in order to inprove the water resistance),
that are introduced before the autoclave treatment; it is nmore ef-
fective to add_preV|oust-hidrated port|andcement wth adm xture
to the suspension (lvanitzky et al. ,1976, 1977; Ferronskaja
et al., 1977; lvanitzky et al., 1983.

G ven bel ow i s approxi mate, conposition of the phospho ﬁpsun}
-cement -pozzol anic binder that is produced by the first method:

b-or a-cal ciumsulfate hem hydrate

made of phosphogypsum % _ 50 to 80
Port|andcement ~and active m neral
adm xture, % 50 to 20

Making use of b-or a-calcium sulfate hem hydrate on the ba-
sis of phosphogypsumit is possible to produce the phospho%%psun}
- cement - pozzol ani ¢ binders of brands respectively 100 to 150 and
200 to 400 with a coefficient of softening of 0.65 to 0.75.

When producing the phospho%ypsun}cenent-pozzoIanlq bi nders
n conpliance with the second nethod, the amount of combination
dm xture should be within the limts of 25 to 35 % In doing so,
bi nder of brand of up to 250 with a coefficient of softening of
.60 to 0.69 is produced. o . o
_ The period of setting: beginning - 13 and 30 mnutes, fini-
shing - 30 and 65 mnutes, respectively for binders produced accor-
ding to the first nethod and to the second one. .

These binders are water resistant, durable during a |ong-
-term air or water hardening, during alternative water saturatfion
and drying, as well as during freezing and defrosting. _

n contrast to the phosphogypsum bi nders, the abovenentioned
ones have satisfactory elastic-plastic properties (Ref. Fig, 1).
ReaIIY the dry sanples of phosphogypsum cenent-pozzol anic bi nder,
as well as the sanpl es of phosphogypsum bi nder, when carrying sus-
tained load in a mediumat relative air humdity of 0 % practica-
Iy are not distorted, The dry sanples of ﬁhosp ogypsum bi nder
have the m nimum creep|nP, As increasing the amount of conplex ad-
m xture, the absolute values of dry sanple plastic defornmation are
rising. And the creeping of the phpsPhogypsun}cenent-pozzolanlc
bi nder” sanples, previously dried till obtaining constant mass and
then absorbently noistened at different relative humdity of the
medium 1is directly related to the humdity, The research denon-
strated also that the elastic-plastic properties of the phosPhogyp-
p

|

a
a
0

sum cenent - pozzol ani ¢ bi nder sanpl es approximate to the portland-
cement sanples, and the nore amount of portlandcenment wth poz-
zolanic adm xture is contained in noisterproof binder, the nore
approximation is between them In this case, the satisfactory de-
formation properties of the sanples of these binders are obtained
iIf they contains not less than 20 % of portland cement. It IS ex-
pl ained by a radical transformation of the hardened Phosphogypsun}
-cenent - pozzol anic binder structure and it conpletely conforns to
our early-perforned research of gypsum cement-pozzol anic binder
(Ferronskaja et al, , 1973; Ferronskaja, Roghkova, 1974).

The phosphogypsum cenent - pozzol ani ¢ binders, that were pro-
duced according to the first nethod, denonstrated the best results
\o/npa||19t7h8e) properties (Ferronskaja A V. et al, , 1977; Pletnev

Devel oped in the USSR is al so phosphogyPsun1binder ONC - oil-
-wel | cenment intended for |owtenperature wells (Specifications,
1985). It is a hydraulic binder that is produced by thorough m Xing
& - calcium sul fate hem hydrate made of phosphogypsum (70 to 80 %9,
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the binders OAC -
cement are produced by the Voskresensk mneral fertili-

a".
éngineering Institute and other organiza-
ations related to possible produc-
Rhogypsun}cenant-

coarse and

concretes with porous aggregates,

heat -i nsul ati ng concretes including dispersion reinforced conc-

retes.

Characteristics of the concretes on the basis of phosphogyp-

sum cenment - pozzol anic binders are shown in Table 1
Table 1. Characteristics of concretes
Type of  Mean density, Class of comp- Frost re- Organizations-
concrete kg/m3, or ressive sistance ~developers
brand acc to strength brand
mean densgity

Heavy- 2200 to 2400 B 7.5 to B 30 35 to 150 Moscow Civil

-weight Engineering

concrete Institute

Pine 1800 to 2200 B 3.5 to B 20 35 to 100

concrete

Light- A800; A900 B2.5; B3.5 25 to 35 The same orga-

-weight A100; A1100 B2.5 to B7.5 25 to 50 nization, All-

concrete A41200; A1300 B3.5 to B12.5 25 to 50 ~Union Scienti-

with po- 41400; A1500 B3.5 to B15 35 to 75 fic Production

rous ag- A1600; 41800 B5 to B2C 50 to 100 Enterprise of

gregates Building Mate-
riaels and Bin-
ders, Lithua-
nia Scientific
Research Ins-
titute of Civil
Engineering

Heat-insu- j 400 BO.75 to B1 - Mogcow Civil

lating A 500 B1 to B1.5 15 Engineering

cellular Institute

concrete

The concretes on the basis of ﬁhosphogypsun}cenent-pozzo-

| ani ¢ binders take precedence over t

phosphogypsum bi nders,
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conditions and in water with time-unceasing growh of strength

| i ke anal ogous concretes on the basis of portlandcenent . These
concretes are characterized by intensive growth of strength (after

3 hours, approximately 20 to 30 @bfron1R28_gags£ so dismantlin _
forﬂs ﬁnd making el enénts of them are possibl y neans of nonthermc
t echnol ogy.

Theg¥esearch, perforned by the Mbscow G vil Engineering Insti-
tute and related to the strength of the heavy-weight concretes
fine concretes and |ight-weight concretes on the basis of phospho-
gypsun}cenent-po;zolan|c bi nders and to their capaC|tY for defor-
mation after having been | oaded during short-term and on% term
with regard for concrete structure, permts to note that these con-
cretes are characterized aPprOX|nater by t he sane defornation pro-
perties as the concretes of equal strength on the basis of gypsum
-cenent - pozzol anic binders, and they approximate to the anal ogous
properties of the concretes on the basis of portland cenent (Vo -
%hensky, Ferronskaja, 1974; Ferronskaja, 1984; Recomendati ons,

989, etc.). The same research denostrated the deformation and
strength characteristics of the elenments used for construction of
experimental buildings and under natural observation, which were
obtained as result of a center and eccentric conpression test under
short-term|oad and sustained |oad, not differ fromthose of the
anal ogous el enents on the basis of gyPsun}cenent-pozzolanlc bi n-
ders and portlandcement and they neet the requirements of strength-
-carrying capa0|ty_d35|?n with regard for the buckling according to

Construction Specifications and egulatlons, 1984; Construction

pecifications and Regulations, 1985), _

~The tests of floor slabs, beans under short-term and sustai ned
bendi ng | oads resulted on satisfactory coincidence of design |oads
with actual ones, as well as correspondence with the design rel a-
ted to deformations, crack formation and opening in accordance wth
the same Construction Specifications and Regul ations. The tests
of the bended elenments, nade of different concretes on the basis
of phosEhogypsun}cenent-pozzoIanlc ~binders, under short-term
| oad, that were performed after having been | oaded for 2 to 3
years under different humd conditions, denpbstrate that such sus-
tained | oading exerts positive influence upon their ph%5|pal-necha-
ni cal properties (in contrast to the concretes on the basis of
phothogYpsum binders). Al this is indicative of these concretes
durabilrty and their reliability when in service. .

The research denonstrated that the concretes on the basis of
phosphogypsum cenment pozzoul ani ¢ binders differ fromthe concretes
on the basis of gypsum cenent-pozzolanic binders by Power nedium
al kalinity thus provoking nore aggresive corrosion of their steel
armature. To protect the steel armature of the concretes on the ba-
sis of phosphogypsum cenent-pozzol anic binders, developed are
%5%23rent met hods of protection (Ferronskaja et al. , 1981,

_ On the grounds of numerous |aboratory and natural investiga-
tions related to the concretes and el ements, they may be reconmmen-
ded to be used broadly in the construction not only in the fields
traditional for gypsum binders but in wder fields proceeding from
their possibilities'. On the whole, the fields of application of
the elenents made of phosphogypsum cenent-pozzol anic concretes
are the sane as in case of the concretes on the basis of gypsum
%enent-%gﬁéglanlc bi nders and they are explained in (Reconenda-

i ons, :
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The phosphogypsun}cenent-Pozzolanic concretes are especially
effective for the production of spatial elenents, i.e. utility oo
res, ventilating blocks, spatial blocks, etc,, as well as for 'lay-
ing of filled floors and in the solid construction. ,

The conposite dispersion reinforced material on the basis
of phosphogypsum cenent-pozzol anic binders may be used for the
production of space enclosing structures of different a?pllcatlon,
|.e. counter ceilings, air ducts, ventilation system ducts and air-
-condi tioning systemducts, heat-insulating elenents, etc. (Ferron-
skaja, Andreev, 1982, 1984).

2. PRODUCTI ON OF THE MO STUREPROOF PHOSPHOGYPSUM
Bl NDERS AND ELEMENTS MADE OF PHOSPHOGYPSUM
WASTE, WTH THE HELP OF NONTHERM C TECHNOLOGY

Though the abovenentioned nethods of the production of nois-
t urepr oof phosphogypsum bi nders provide for high quality of these
bi nders, in same cases they may fail in conPetltlve_strength as
regards the cost in conparison with the anal ogous binders nade of
raw materials, Besides, no high brand of binders is needed for nany
elenents, the brands G3 to G7 are sufficient. Therefore, the in-
vestigation of nore effective technol ogy methods of the production
of norsterproof phosphogypsum binders and el enents is of great.
practical interest, _ _

Effective is the Erpduct|on of phosphogypsum bi nders nade of
Bhosghogypsun1and qui cklime not by sinple mXing the conponents
ut by nmeans of the phosphogypsum di hydrate "calcination" owng to
heat of slaking of the mlled quicklinme (Volghensky, 1944). In this
case the following exothermc reaction takes place, Eq. (1):

2(CaS0,: 2 H,0)+36a0=2(CaS0,-05H,0) + 3 Ca(0H), + 156 ]

The initial phosphogypsumand mlled line are mxed (i.e. by
means of runners) |n_ap?rOX|nate relation of 1:0.8 to 1:1,5 depen-
ding on the lime activi ¥ and the phosphogypsum hum dity, and then
they are transferred fastly into a reservoir where the reaction
takes place at a tenperature of 140 to 160°C, Provision shoul d be
made for neasures tocPrevent dust penetration into the room

By adding mlled pozzolanic mxture, i.e, tripoli, ashes,
etc., a noisterproof binder may be produced

These binders have a brand of G5 to G7 and nay be used suc-
chsfuJIy for the production of building stones, blocks and ot her
el ement s, . . .

It is rational to organize the described production in those
reglonf wher e phosphogypsum waste and |ime-manufacturing plants are
resent.
p. The technol ogy of producing elenments for lowrise buildings making
direct use of the phosphogypsum di hydrate wi thout its previous

thermal treatnent, is also devel oped (Vol ghensky et al. , 1987).
It is obtained via conbination of the phosphogypsum waste wth
| ime and pozzol anic adm xtures, i.e. ashes, broken brick, tripo-

li, expanded-clay dust, etc. Al conmponents, water is included,

are m xed by neans of forced-action mxters, Ml ded of obtained

m xtures are el enents which are subjected to drying at a tenperatu-
re of 70 to 120°C for 8 to 12 hours. Instead of linme with pozzo-
lanic admxture, use of portland blastfurnace slag cenent in ano-
unt of 10 to 15 % is possible.
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The concretes, produced accordln% to this technol ogy, have a
strength of 2.5 to 5.0 MPa and up with a nean density of 900 to
1400 kg/nB,  being noistureproof and frostproof (15-35 Frst).

The building elements are 10-to-15 % nore econonical than
wal I's wth clay brick,and expanded-clay Sight weight concrete pa-
nels (in terms of 1 nf). Thelr ﬁroduct|on I's 30-t0-60 % |ess power-
-intensively. Organization of their production does not involve
heavy outlay no heavy current expenses; their transportation and
erection nmay be carried out wthout special equipnent.

These m xtures are also used for the production of granules
that may be enplo%ed as mxture instead of natural gypsum dihydra-
te when" mlling the portland cenent clinker. _

These m xture_may be used for filling of mneral resources
working in wells. ThiS direction to use the phosphogypsum waste,
harnful for ecology, is especially of perspective owing to econom -
cal efficiency and sinplicity.

The nethod of produci ng” noi stureproof granules (Vol ghensky
et al. |, 1987%, that consists in nixin? t he phosphogypsum di -
hydrate of up to 88 %w th portland bl astfurnace sl'ag cenent and
pozzol anic portland cenent I's al so devel oped. On conpletion of
granul ation, they are transferred to _the drying drum where the dry-
I'ng takes place at a tenperature of 70°C, maximum The granule
strength is of 1.5 to 3.5 MPa. Besides being used these granul es
when mnilling the portlandcement clinker, they also may be enpl oyed
as aggregates for |ight-weight concretes and as thermal insulation
bulk “material. Finally, one cannot but enphasize the small-size ele-

ments , i,e. blocks and other ones for external walls of |lowrise bri

di ngs, na% be produced by neans of sinple technol ogy neking use of

b- ~phosphogypsum hem hydrate (Vol ghenesky et al. , 1982). The

technol ogy provides for (Volghensky et al. 1982) mlling of

5268 bh? ér together with sandtill oObtaining a specific surtace of
c

/9. The mxing is performed b% means of runners. The com
action is carried out by means of vibration. The el ements should
e hardened under natural conditions. . _

By adding sla% | .e. electrophosphorus one activated by sodi um
carbonate (slag - 20 % sodium carbonate - 0.4 to 0.9 %of Slag
mass), to this mxture, a noistureproof concrete may be produced

CONSLUSIONS

Qur research results have permtted to deveIoP and use noi st u-
reproof phosphogypsum binders for the production of different ele-
ment s.

As far as their properties (deformability and durability) are
concer ned theﬁ approximate to the el enents made of cenent concre-
tes. Really these properties permt to expand the fields of their
application in the construction, including bearing structures used
in the buildings of relative air humdity exceeding 60 % _

The concretes on the basis of these binders are of special per-
spective of use in the spatial-block construction and in the solid
construction. _ o .

The use of noistureproof building materials nade of phospho-
gypsum favours not onl¥_expan5|on of utilization of the phosphogyp-
sum waste but also setting free considerable earth areas, occupled
with this waste, and anbient ecology inprovenent.
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PHOSPHOGYPSUM AS A RAW MATERIAL IN THE
MANUFACTURING OF PLASTER PRODUCTS

T. Brown, Senior Technica Officer
J. Beretka, Principal Research Scientist
CSIRO Division of Building, Construction and Engineering
PO Box 56, Highett, Victoria 3190, Australia

ABSTRACT

Phosphog%/psum has previously been used at two locations in Australia for making
plaster products, for about 2 and 10 years, respectively. However, its use was discontinued
In 1983 probably due to intermittent manufacturing and quality control problems associ-
ated with the variahility of the materials. Recently, at the request of a company in Victoria,
investigations on the suitability of using phosphogypsum as araw materia for making
Elasf(er of Paris were carried out & the CSIRO Division of Building, Construction gnd

ngineering (DBCE) on a large phosphogypsum stockpile containing about 4.5 x 10° t
of phosphogypsum. The investigations were carried out on three types of samples, viz.
core samples from the stockpile, fresh samples from the adjoining phosphoric acid plant,
and on representative samples from the stockpile. It was found that plaster of Paris,
plaster products and plasterboard with properties similar to those made from commercial
casting plaster could be produced not only in the laboratory but also at pilot-plant scale.
The company in question is considering the commercial production of plaster of Paris
and plaster products from this material.

INTRODUCTION

Phosphogypsum is widely used throughout the world for the manufacture of plaster
products, particularly plasterboard (Carmichael, 1988). For some 30 years the Nissan
process has been one of the best established technologies that produce phosphogypsum
containing low levels of impurities (Kouloheris, 1980; Goers, 1980). It is known that
certain impurities, particularly phosphate and fluoride, affect the manufacturing process
and the technological properties of plaster of Paris made from phosphogypsum (Wirsching,
1978; Berry, 1972; Beretka, 1982, 1988; Beretka and Brown, 19833, 1986).

At present in Australia, three Nissan plants and two Fisons plants generate
~940 000 t of phosphogypsum. Phosphogypsum has been used in the past at two locations
(Newcastle and Brisbane for 2 and 123/.ears respectively) for making plaster of Peris and
plasterboard. Its use was discontinued in 1983 possibly due to (a) Australia being very
rich in mineral resources including high-purity natural gypsum, (b) some technological
problems associated with the fineness and ‘lime sensitivity' of the materials during the
production processes, and (c) concerns about the potential radioactivity of the materials
used for making plasterboard. The materia is currently dumped at land Sites.

This paper describes research and development work carried out at the CSIRO
DBCE on the conversion of phosphogypsum (from Melbourne/Y arraville) to plaster of
Paris and plasterboard. The experiments were carried out on three types of samples: core
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samples taken from the stockpile, fresh samples from the adjoining phosphoric acid plant
collected at approximately monthly intervals, and large ‘typica’ representative samples
from the stockpile. Some of the latter material is sold as soil conditioner in agriculture.

EXPERIMENTAL
MATERIALS

The following samples were received: (a) Six cores from the stockpile taken to a
depth of up to 21 m, sampled a 1 mintervals (111 samples); (b) seven fresh samples from
the adjoining phosphoric acid plant collected at monthly intervals from June to December
1988; and (c) three “typica’ representative samples from the stockpile. Furthermore, one
large blended composite sample was received which was used for making the large
plasterboard specimens. The chemical analyses of the three typical samples are shown in
Tablel. Dueto the large number of samples (mainly the core samples), only core 1 was
examined fully at 1 m intervals (20 samples) and the other five cores at 5 m intervals
(25 samples). All the materials were dried at ~50°C, then sieved to pass a 1.4 mm Seve.

Table I
Chemical composition of phosphogypsums (%)*

Components Sample

S1 S2 S3
CaO 33.6 329 329
SOz 44.6 44.8 44.7
§i0, <0.01 0.11 0.03
AlyO4 0.20 0.11 0.13
Fe;03 <0.01 <0.01 <0.01
MgO 005 0.03 0.04
NayO 0.07 0.03 0.05
K5O 0.31 0.05 0.22
Total F 1.40 1.20 1.20
Total H,O (H,O0+) 19.8 19.9 19.70
Free water (H,O-) 0.07 0.07 0.1
Total P205 0.3 045 0.35
Organic C 0.06 0.14 0.09
Total 100.48 99.8 99.52
Water soluble F ppm 200 200 250
Soluble P;05 0.24 _ 0.24 0.30
Co-crystalised P,Og 0.16 0.34 0.24
Unreacted P,O5 0.06 0.21 0.05

* Analyses performed by AMDEL Limited.

PROPERTIES OF RAW MATERIALS

The following properties of the dried materials were determined: mineralogical
composition by XRD, bulk volume, bulk dengity, specific surface areaby air permeability
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(Ridgen method), particle size distribution by sieving in acohol, and pH of durry (10 g
solid in 100 ml water).

PROCEDURES

The three typicd samples, identified with the symbols S, S2 and S3, were cacined
in asmall (capacity approximately 2 L) laboratory kettle, and the large blended composite
sample, labelled SCC, in alarge pilot-plant kettle (capacity approximately 50 L). The
materials were calcined to the ‘second bail’ asinindustry (Beretka and Brown, 1983Db).
The core samples and the fresh samples were calcined on atray at 145-150°C for 16 h.
All the samples were conditioned for 24 hin aroom set at 21°C and 67% r.h. Comparisons
were made between the physical properties of some of the materials calcined either on a
tray or in akettle. In generd, higher mechanical strengths were obtained with the materials
calcined on atray. In addition, some of the samples were ground in a hammer mill either
before or after calcination, and their properties examined.

PHYSICAL PROPERTIES OF PLASTERS AND PLASTERBOARDS

The calcined materials were tested for water requirement. Due to the thixotropic
nature of the calcined phosphogypsum-water slurries, care needs to be taken in the
interpretation of this property. Furthermore, the setting time (knife-edge test), mechanical
strength and density were dso determined. The latter properties were measured by cast-
ing 25 mm cube specimens with w/s ratios ranging from 0.6 to 1.0, drying them at room
temperature to constant weight, then measuring their compressive strength on an Instron
machine (rate of cross-head speed, 0.5 mm/min). The densities of the air-dried specimens
were determined by conventional methods. Due to the relatively short (3-4 min) setting
time of some of the materials, experiments were also carried out with commercial
retarders, particularly hydrolysed keratin, in order to increase the setting times to more
acceptable values of 25-30 min.

In addition, the pH of some of the slurries was adjusted with lime to between
pH 6.5 and 8, in order to avoid lime sensitivity and the ailmost complete loss of strength
associated with lime sensitivity. Neutralisation to pH 6.5-8 was adso necessary for making
the keratin retarder more effective, since it loses its effectiveness in acidic pH below ~6.
Furthermore, 620 x 620 x mm plasterboards reinforced with a medium density chopped
strand glass-fibre mat (270 g/m? Pilkington/ACl) were cast and tested for modulus of
rupture according to the Australian Standard (AS 2590-1983). Findly, afew large (1.8 x
1.8 x 8 mm) plasterboards reinforced with glass-fibre mat were made for demonstration
purposes. No keratin retarder was used for casting the small specimens, but for the large
boards 0.015% of keratin was added to the gauging water.

RESULTS AND DISCUSSION

The chemical composition of samples S1, S2 and S3, as shown in Table |, indicate
that the materials had relatively low levels of impurities, particularly P,Os and F~ contents.

VARIABILITY OF THE STOCKPILE - EXAMINATION OF CORE SAMPLES

Forty-two dried core samples were examined from the stockpile. Their pH (dlurry)
varied considerably between 2.9 and 4.8 (mean 3.4), and their particle size, determined by
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the percentage of material passing a 45 pm sieve, varied from between 9.6 and 56.6% as
shown in Figure 1.

The pH of the tray-calcined materia varied between 2.8 and 4.7 (mean 3.2), its
bulk volume between 80 and 108 ml/100 g, and the setting time between 3.5 and 21 min.
The compressive strength of the individual core samples (calcined on a tray) v. depth at
the w/s ratio of 0.6 is shown in Figure 2. The solid line represents the mean value for
core 1, and the dashed line represents the mean value for compressive strength of that
particular core sample. Although the means are generally consistent, the results indicate
that the compressive strengths of the individua core samples varied between 8 and 16 MPa.
However, dl the core samples should be suitable for making plaster products and plaster-
board provided the material is lightly ground either before or preferably after calcination
(see below).

PROPERTIES OF FRESH SAMPLES FROM THE PHOSPHORIC ACID PLANT

The free moisture content of the seven samples collected between June and
December was relatively uniform - between 18 and 22%. The pH was also relatively
uniform - only between 2.1 and 3.0 - indicating that the materials were quite acidic. The
pH of the tray-calcined materials (slurries) varied between 2 and 2.9; and their bulk
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Figure 1 Uncalcined core samples of tray-calcined core samples collected at
passing a 45 pm sieve (%). various depths (w/s ratio 0.6).
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volume between 100 and 134 mi/100 g. The setting times, however, varied greatly
between 7 and 43 min, as shown in Figure 3. The compressive strengths of the above
samples (shown in Figure 4) varied considerably from month to month. In particular, the
results indicate that at the w/s ratio of 0.6, the sample collected in December had very
poor strength of <6 MPa. Those collected in July, August and November had reasonable
strength, and the others collected in June, September and October had strengths suitable
for making plaster products. Light grinding either before or after calcination should
improve the strength properties of the above materials.

PLASTER PRODUCTS AND PLASTERBOARD

The experiments were carried out on the three typical samples from the
phosphogypsum stockpile, identified with the symbols S1, S2 and S3, and on the large
blended composite sample labelled SCC. Some of the calcined phosphogypsums were
ground either before or after calcination in order to improve the properties of the water-
plaster slurries and also the cast gypsum specimens and plasterboards made from them.
Samples S1, S2 and S3 were calcined in a small (approximately 2 capacity) kettle, and
the large sample SCC in the large (approximately 50 capacity) kettle. A commercia
retarder, hydrolysed keratin (0.015%) was added to the gauging water to increase the
setting time for casting the large plasterboard specimens. The physical properties of the
dried and calcined materials used for the above experiments are shown in Table I1.
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Table I
Physical properties of dried and calcined materials

Sample pH Specific Bulk Bulk Particle size Water Setting Setting time
(sturry) surface volume density <45 um requirement time with 0.1%
area keratin retarder;
: no pH adjustment
(m%/g) @y100g)  (kg/m?) (%) (ml/100 g) (min) (min)
Dried materials ‘
S1 3.3 0.15 120 833 49
S2 3.1 0.13 114 877 48
S3 29 0.14 116 862 50
Calcined materials
S1 3.1 0.35 99 1010 81 95 -1 29
S1/B* 3.0 0.40 97 1030 86 88 14 46
S1/AT 33 0.47 96 1040 92 84 6 28
S2 3.3 0.42 96 1040 66 86 8 11
S3 2.8 0.31 102 980 62 97 8 14
SSC 7 n.d.

* Ground before calcination.
T Ground after calcination
n.d. not determined



It can be seen that the properties of the dried samples were very similar. Their pH
was between 2.9 and 3.3, surface area between 0.13 and 0.15 m?/kg, their bulk volumes
and bulk densities were similar, and 48-50% of their particles were ~45 um in size.

Somewhat larger differences were observed in the properties of the calcined
materials. In particular, 62-81% of their particles were <45 um in size, and their water
requirements varied between 86 and 95 ml/100 g.

Grinding the materials either before (S1/B) or after (S1/A) calcination, however,
had a marked effect on the bulk properties of material S1. Its specific surface area
increased, the particle size was reduced, and most importantly the water requirement was
also reduced. There was little change in its relatively short setting times of 6-7 min. How-
ever, the setting time was increased from approximately 6 min to about 28 min after the
addition of 0.015% keratin to the material ground after calcination (SL/A). No explanation
can be given to the marked increase in setting time to 46 min for material S1/B (ground
before calcination).

The physica properties of plaster durries, cast gypsum specimens and plasterboards
made from the calcined materials and commercial casting plaster (control) are shown in
Table I11. It can be seen that the cast phosphogypsums had comparable strengths to
commercia casting plaster, and the plasterboards made from calcined phosphogypsum
ground after calcination had similar strengths to the control. The setting times of the
cacined phosphogypsums were shorter than the commercia casting plaster, about 10 min
v. 30 to 35 min, but this could be adjusted further with commercia retarders, if required.

The colour of the plasterboards made from phosphogypsum was off-white as
compared with the almost pure white control. However, it is evident from the above
experiments that calcined phosphogypsum, after neutralisation with small percentages
of lime to pH 6.5-8, is suitable for making plasterboard and plaster products.

CONCLUSIONS

Core samples from the stockpile available at Y arraville/Melbourne, in Victoria,
fresh samples from the adjoining phosphoric acid plant and typical representative, and
blended composite samples, from the stockpile were examined from the point of view of
their suitability for making plaster of Paris and plasterboard. It was found that gypsum
plasterboard reinforced with glass-fibre mat can be produced from the material available
at the stockpile, provided it is neutralised with lime after calcination, and is also lightly
ground after calcination. The resulting plasterboards have similar strength to those made
from commercia casting plaster, and they also meet the requirements of the Australian
Standard (AS 2590-1983).

The properties of the core samples representing the stockpile were variable, but
most of them appeared to be suitable for making plaster products. The fresh samples from
the phosphoric acid plant, however, were too acidic and variable to be considered for
immediate application in the plaster industry. Most probably, weathering of the material
during storage assists the uniformity of the stockpile, which in turn facilitates the further
processing of the phosphogypsum prior to application in the plaster industry.
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Table OI
Physical properties of plaster slurries, cast gypsums and plasterboards reinforced with
glass-fibre mat made from calcined phosphogypsum and commercial castmg plaster
(standard deviation in parentheses)

Slhurry Cast Plasterboard
gypsum
pH Setting time  w/s ratio Compressive ~ Modulusof  Density
(slurry) (min) strength rupture
(MPa) (MPa) (kg/m3)
Calcined phosphogypsum, unground
7.4 9 0.7 9.3(0.4) 1.9* (0.6) 1030
6.7 10 0.7 12.2 (0.5) 6.3 (1.0) 1130
7.0 10 0.75 10.3 (0.6) 3.4(0.4) 1090 -
6.7 11 0.8 9.3 (0.3) 3.2 (0.6) 1060
Calcined phosphogypsum ground after calcination
6.0 11 0.65 13.7 (0.7) 5.3(0.4) 1020
6.5 10 0.7 13.4 (0.6) 6.1(0.2) 1110
Large demonstration plasterboard (cast with 0.015% keratin retarder)
7.3 20.5 0.78 9.1 (0.7) n.d. nd.
Commercial casting plaster (control)
1.5 nd 0.7 9.2 (0.4) 1.6* 1110
7.6 30 0.7 8.2 (0.6) 52 1060
7.8 35 0.65 14.1 (0.7) 6.0 1110

* Plasterboard without glass-fibre mat reinforcement
n.d. not determined
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GRANULATI ON OF GYPSUM LI MESTONE OR
GYPSUM LI MESTONE M X
By

Cecil P. Harrison
Chem cal Engi neer

Tennessee Valley Authority
National Fertilizer & Environnental Research Center

Chem cal Devel opment Depart ment
Miscl e Shoal s, Al abana 35660- 1010

ABSTRACT

An i nmproved process has been devel oped for econom cally and
effectively granulating solid, finely divided, particulate feedstock
conprising phosphogypsum |inestone, or mxtures conprising 80 to 90% by
wei ght sul fogypsum natural or mneral gypsum and |inestone. Products
produced by the process exhibit excellent physical and chem cal properties
relative to dustiness, storage, and handling. A so, when the granul es
cone into contact with noist soil or water, they rapidly disintegrate to
substantially their original ungranulated, fine particle size for
realizing and effecting maxi numcrop response or other utilization. The
granul ation process involves introducing the finely divided feedstock,
together with recycle nmaterial, into a rotary drumwhere granulation is
effected with use of a relatively small amount of |ignosul fonate solution

as a granulation aid.
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At TVA, we have devel oped what is believed to be a practical,
econom cal process for granulating gypsum agricultural |imestone, or
gypsum|limestone mx. The granul ar gypsum products contain 13 to 14% of
wat er - sol ubl e sul fur; noisture content is usually 0.1 to 0.3% The

| i mestone product contains 89 to 90% by weight of CaCO; equival ent and

about 0. 3% noi sture.

As is well known, both calciumand sulfur are nutrients essentia
for nost living plants and are generally classified by agronom sts as
secondary nutrients, W th nitrogen, phosphorus, and potassium being the
primary plant nutrients. It is also well known that cal ciumand sul fur
are required for many major and economcally inportant agricultura
commodi ties including peanuts, nost cereals, and nost fiber-producing

crops.

The mneral gypsum (CaSQ,) is found extensively in natura
massive forms and also is produced in large quantities as a by-product
("sul fogypsunt') when linestone and sulfuric acid are reacted to produce

carbon dioxide or as a by-product ("phosphogypsunt) when phosphate rock

and sulfuric acid are reacted to produce wet-process phosphoric acid.
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Gypsumis used in the manufacture of Portland cement to prevent
the cement fromsetting too rapidly and in road construction as a soi
stabilizer. In the agricultural industry, gypsumis used as a cal cium or
sul fur source and as an anendment to lower soil salinity. It is estimted
that currently about one mllion short tons of gypsumis used annually in
the Southeast in growing peanuts. The material is usually applied to the
peanut crop at the blossom stage so that when the gynophore "peg" enters
the soil, adequate cal cium fromthe gypsum source is readily available

for realization of maxi mumcrop vyield.

The mneral |inmestone, conprising mainly CaCO;,, is found in great
abundance and when processed to fine particle size is used extensively as
limng agent to aid in the adjustnent of soil acidity to thereby effect
maxi mum production of nost agricultural food and fiber crops. It is
estimated that, in the United States, some 20 to 25 mllion tons of
agricultural limestone is used annually as a limng agent. Larger size
(-6 +16 Tyler mesh) linmestone is also used as a filler in the production

of nunerous bul k-bl ended fertilizers.

Agricul tural gypsumand |inestone are usually applied to the soi
ina finely divided state because solubility of the materials is |ow
Such fine particle size is required for materials of relative |ow
solubility to achieve the desired rate of reaction in the soil; therefore,
products with [ow specific surface area may not be as effective as those

applied as a fine powder. On the other hand, nodern fertilizer
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application equipment is designed for broadcast or row placenent of free-
flow ng granul ar-type solid fertilizer materials. Consequently,

dustiness, bridging problems, and sometines high-dollar cleanup costs are
encount ered when such equipnent is used for field application of fine-size
gypsumwi th particle size of 40%-325 nmesh (U. S. Standard Sieve) or

| imestone that has been ground to meet USDA specifications that require

that no | ess than 50% of the material passes a 60-mesh sieve.

The TVA granul ation process conprises a method for converting
fine-size gypsumor linestone to typical granular fertilizer size
(-6 +16 nmesh Tyler). The granular products exhibit good nechanica
stability and are emnently suitable for direct application to soil, for
addition to bulk-blend fertilizers, for use in road construction and
other soil-stabilizing applications, and for use in the manufacture of
Portland cenent. The granules produced by the TVA process exhibit good
physi cal properties so that dustiness is mnimzed during handling.
Al'so, when the granules come into contact with noist soil or water, they
rapidly disintegrate to substantially their original ungranulated, fine
particle size for realizing and effecting maxi num crop response or other

utilization.

The agronom c quality of lowsolubility granular products nmay be

best eval uated by determning the rate at which the granules disintegrate

to their original particle size when contacted with aqueous solution. To
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eval uate the dispersant characteristic, a laboratory test was devised to
sinul ate subjecting granular products to a 1/2-inch rainfall. Results of
the tests (Table |I) showed that the granules disintegrated to essentially
their original particle size. Consequently, crop response to granular
gypsum or granul ar |imestone should be essentially the sane as the

response to powder-type gypsum or |inestone.

The granul ation process involves feeding phosphogypsum
| i mestone, or mxtures of sulfogypsumor natural gypsum and |inestone to
a conventional rotary drum granulator or to a pan-type granul ator and
aggl onerating the solids feedstock and recycle material with use of a
dilute lignosulfonate solution. Ganulation of sulfogypsumor natura
gypsum al one was not satisfactory; however, granulation was very
satisfactory when these gypsuns were bl ended with about 10% by wei ght of
| i mestone. For economc reasons, the preferred agglomerating solution is
a 1:1 weight solution of water and 48% anmmoni um |ignosul fonate; however,
a 1:1 weight solution of water and 58% cal cium|ignosul fonate is as
effective for the process as ammoni um |ignosul fonate solution. The
aggl onerating solution nay be sprayed or sparged onto or into the
granul ation bed. The proportion of agglonerating solution required per
ton of product was about 500 pounds when granul ati ng phosphogypsum about
400 pounds when granul ating gypsumlimestone mx, and about 200 pounds
when granulating |imestone. These numbers will vary as noisture content

of feedstock varies. Misture contents of the granulator products were 5
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to 8% and crushing strength of the -7 +8 mesh (Tyler) granules was about
1 pound. After the product was dried at a tenperature of 200 to 225°F
moi sture level was 0.2 to 0.3% and crushing strength of the -7 +8 mesh
granul es was about 7 pounds for gypsum and |inestone and about 4 pounds
for gypsumlinestone mx. Recycle ratios (pounds/pound of product) were
about 2.5 for gypsum 1.1 for gypsumlinmestone mx, and 0.7 for |inestone
In granulation of limestone, drying and screening may not be necessary if

the product is intended for immediate use.

Figure 1 shows a flow diagram of the bench-scal e equi pnent that
was used for devel oping the granulation process. The drum granul ator was
a 12-inch-diameter rotary drum 22 inches in length and sl oped about
1 inch/foot fromthe feed end to the discharge end. The drumwas fitted
with a 2-7/8-inch-high and a 2-inch-high retainer ring at the feed and
di scharge ends, respectively. Rotation of the drumfor nost of the tests
was controlled at about 50 r/min (65%of critical speed). The solution
phase for effecting binding and aggl omeration was sprayed by means of an
air-atom zing nozzle onto the surface of the granulation bed. Test
results indicated no advantage in the operation by using nore concentrated
aggl onerating solution and that optinmum concentration of the agglonerating
solution is in the range of 25 to 50% of |ignosul fonate solution of 48 or

58% concentrati on and the remai nder water.
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The phosphogypsum raw material used in these tests was screened
on a 4-nesh Tyler sieve to renove large, hard lunps prior to metering to
the granulator. Qher materials (sulfogypsum and |imestone) were netered

as received to the granul ator

Ganular material containing about 5 to 8% moisture and having a
particle crushing strength (-7 +8 nesh granul es) of about 1 pound
di scharged fromthe granul ator and was conveyed by a bucket elevator to a
rotary drumtype dryer 12 inches in diameter and 36 inches long. The
dryer unit was equipped with eight evenly spaced, 2-inch-high lifting
flights and with 2-1/2- and 2-1/4-inch-high retainers at the feed and
di scharge ends, respectively. The dryer was sloped about 1 inch/foot
fromthe feed end to the discharge end and was rotated at about 10 r/nin.
In operation, the flame froma propane burner and a jet of air equivalent
to about 7,000 ft¥nin per ton of product were directed into the feed end
of the dryer unit to induce drying. Residence time in dryer was about 8
mnutes. Mterial discharged fromthe dryer at about 220°F and cont ai ned
a free noisture content of about 0.1 to 0.3%by weight. In bench-scale
operation, heat loss is excessive and a cooler is not nornally used,
consequently, material discharging fromthe dryer flowed by gravity

directly to the screen deck.
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The dryer product was sized on a 5- and 10-mesh screen deck.
Ganule (-7 +8 nmesh) crushing strength of the products ranged from about

4 to 7 pounds.

In conducting the bench-scale tests, no substantial problens

were observed in handling or transport of feed or product materials.
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Particle-Size Distribution of Feedstock Materials

and Granular Products After Simulated 0.5-Inch Rainfall

Wt % in indicated size range (U.S. Standard Sieve)

+20 ~20 +40 -40 +100 -100 +325  -325

Feedstock materials

Gypsum 0.0 0.7 16.6 42.9 39.8

Limestone 21.2 17.8 23.9 15.1 22.0
Granular products

Gypsum 1.3 1.8 15.6 41.5 39.8

Limestone 21.9 17.6 23.8 15.6 21.1

Gypsum-limestone 1.4 1.0 13.6 44.7 39.3
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High-Strength Concrete Utilizing Industrial By-Product

By Lin, K.T., C.I. Lai, N. Ghafoori and W.F. Chang

Synopsis: An industrial by-product aggregate of excel lent
strength properties has been recently developed during the
process of desulfurization of by-product gypsum (a waste material
from the phosphate industry) for the production of sulfuric acid.
In this study, the aggregate was used to produce high-strength

concrete in the laboratory. Strength comparison was made between
concretes utilizing as coarse aggregate, respectively, the by-
product aggregate and conventional crushed limestone (ASTM (C-33
No. 8 aggregate). The fine aggregate used, in both cases, was
crushed limestone sand. The objective was to indicate the
potential of this aggregate and its superiority to the

conventional aggregate.!

The core of this study consists of strength properties of

the high-strength concretes, consolidated by vibration at a
constant slump of 2 in. (51 mm). Specimens were cured
continuously at 100% R.H., and strength as a function of cement

content and curing age was studied. Super-plasticizer (ASTM type F
admixture) and silica fume of varying dosages were employed with
a certain cement content to investigate their effect on
increasing the compressive strength. Relationship between the
splitting tensile and compressive strength was derived. Moreover,
static modulus of elasticity under compression was obtained and
correlation between the modulus and compressive strength
developed. In addition, the effect of moisture conditions at the
time of testing on the compressive strength was studied.

Generally, the high-strength concrete containing the by-
product aggregate provides 30 to 40% higher compressive strength
and around 20% higher density than the one using conventional

limestone aggregate. By using superplasticizer and silica fume,
the concrete, with 22.5% type | cement and 55% by-product
aggregate, achieved a 28-day strength of over 14,000 psi (96.5
MPa). Preliminary durability study also demonstrated no
deterioration of specimens when subjected to continuous soaking
in plain water and ocean tidal and complete submergence

conditions. This high strength indicates a good prospect that the
by-product aggregate might not only give a solution to the
phosphate waste problem, but al so provide the construct ion
industry with a new quality-aggregate, alleviating the ever
escalating problems of good aggregate shortages.

Key words: by-product aggregate, high-strength concrete, modulus
of elasticity, silica fume, strength, superplastici-
zer.
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INTRODUCTION

As a consequence of accumulation of sol id wastes and

depletion of natural resources, civil engineers have been urged
to “convert” waste materials in general to useful building and
construction materials. This approach, if successful, shall not

only protect our environment from contamination but also conserve
our natural resources.

In the phosphate industry, phosphate ore is processed with
sulfuric acid to produce phosphoric acid, which is an important
raw material for the production of fertilizers (88%), detergents
(6%), and others [1]. World manufacturing consists of
approximately 25 million tonnes per year of P,05, and for each
tonne of P,05 there is the co-production of about, 5 tonnes of
calcium sulfate (by-product gypsum). Currently, only 4% of the
by-product gypsum is being utilized by gypsum and cement
industries, while the bulk of the production has to be disposed
of in an environmentally acceptable manner.

Due to the increasing environmental concern on accumulation
of the by-product gypsum and local depletion of concrete
aggregates in the state of Florida, a recent joint research by
Davy McKee Corporation and Florida Institute of Phosphate
Research has been successful in developing a practical process
for the thermal decomposition of the by-product gypsum for the
product ion of sulfuric acid and at the same time a high-quality
by-product aggregate [2]. The process incorporates a mixture of

the by-product gypsum, a solid carbon source, waste phosphatic
clays, pyrites and other additives. The by-product aggregate,
produced in a form of large sintered slabs, 1is essentially inert

and can be crushed to desirable grading depending on its ultimate
uses.

In recent years high-strength concrete (HSC) has gained its

popularity from the construct ion industry. Product ion of HSC
generally requires good quality aggregates. This experimental
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study, by using the by-product aggregate (BPA) for HSC, is to
indicate its potential as quality concrete aggregate. In the
experimental work, comparisons are first made between HSC using
BPA and HSC using limestone aggregate (LSA), locally available in
South Florida, to indicate the advantage of BPA over the

conventional aggregate. Some factors affecting the strength of
HSC using BPA, such as chemical and mineral admixtures, curing
age, and cement content are then investigated. Finally,

splitting tensile strength and modulus of elasticity of HSC using
BPA are expressed in terms of the compressive strength, and some
observations on the durability specimens in a preliminary study
are reported.

RESEARCH SIGNIFICANCE

As most industrial by-products are limited to use as
“marginal” aggregates, this research demonstrates as an example
that conversion of some solid wastes could mean “quality”
aggregates. Therefore, a solution to the escalating world-wide

wastes problems and alleviation of aggregate shortages problems
regionally developed could be achieved at the same time.

PREPARATION OF TEST SPECIMENS

Materjals

The materials wused were: 3/8 in. (9.5 mm) maximum size
crushed BPA and LSA respectively as coarse aggregates, crushed
limestone sand with fineness modulus of 2.6, ASTM type | portland
cement, condensed silica fume, and a modified napthalene

sulfonate superplasticizer (ASTM C494 type F). Table | shows the
mineral composition of BPA [2]. Many studies [3,4] on HSC have
shown that for optimum compressive strength the maximum size of
coarse aggregate should be kept to a minimum, at 1/2 in. (12.7
mm) or 3/8 in. (9.5 mm). The latter was adopted in this study.
Figure 1 shows the gradation of the coarse and fine aggregates,
the water absorption and specific gravity of which are listed in
Table 11.

Casting curing and testing of specimens

Unless otherwise noted, all concrete mixes in this study
had, by weight on a dry basis, 55% coarse aggregate, 22.5%
cementitious material (i.e. cement or cement plus silica fume),
and 22.5% sand. The superplasticizer (SP) content was varied from
0 to 2.1%, and silica fume (SF) of different dosages (0-18%), was
used to replace cement, both in percentages of original cement
weight. During the mixing, the air dry coarse and fine aggregates
were first mixed with most of the mixing water for a period of 5

min., to let the aggregates absorb water during this period
before mixing with cement. All the aggregates absorb water at
about 80% of their 24-hour absorption capacity in 5 min., as can
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be computed from data shown in Table Il. Afterwards, cement and
admixtures (when used) were added in order and finally the
adjusting mixing water was added to provide a constant slump of
approximately 2 in. (51 mm).

High frequency external vibration was used to consolidate
the concrete specimens, 3 in. (76mm) in diameter by 6 in. (152mm)
in height. Curing was provided by 100% relative humidity and a
temperature around 77 F (25 C) until testing. Before testing, the
specimen testing surfaces were first smoothed using a masonry
cutter to reduce irregularities. Test specimens were then capped
using concrete capping compound whose compression strength, based
on 2 in. (51 mm) cube, increases from 5,000 psi (34.5 MPa) at 1

hr. to 10,000 psi (68.9MPa) at 2 days. For 1- and 3-day
strength, specimens were capped 1 hr. before the test and 2 days
before the test for 7-, 28-, and 90-day strength. Except as

otherwise noted, specimens were tested within 1 hr. after removal
from the curing environment. Each representative strength value
is the average of three tests.

TEST RESULTS

HSC using BPA and LSA respectively

Table 11l tabulates the compressive strength of all the
concrete mixes tested in this program. Based on these values, a
strength comparison is made between HSC using BPA and HSC using
LSA, each with a cement content of 22.5%, as shown in Figures 2 &

3. In Figure 2, the 7- and 28-day compressive strengths are
compared, with respect to 3 superplasticizer (SP) content : O,
1.2, and 2.1% by weight of cement,. In this figure, the 28-day

strength of the HSC using LSA without SP (0%) is expressed as
unity, while all other strengths are expressed as ratios to that
strength. As observable, the HSC (22.5% cement) using BPA
generally provides 30-40% higher compressive strength than its
counterpart for different SP contents. It is noted, even the 7-
day strength of the HSC using BPA is 12 to 17% higher than the
28-day strength of the HSC using LSA. In Figure 3 a similar
comparison is made for concretes with a fixed SP content of 1.2%
and varying silica fume (SF) content of 0, 6, 12, and 18% by
original weight of cement. For each case the <cement plus SF
content was kept constant at 22.5%, with SF replacing the
indicated percentage of cement. Again, similar strength
differences are observed. Thus, it is shown that BPA has a clear
strength advantage over LSA for HSC.

One of the reasons explaining the strength advantage of BPA
is that HSC using BPA requires lower water/cementitious (w/c)
ratios than HSC using LSA. In this experimental work, the w/c
ratio is defined as the weight of free water plus the weight of
the superplasticizer (if used) plus the water in condensed silica
fume (when used), divided by the weight of cement plus silica
fume. The free water is meant by the total water in the mix minus
the amount of water absorbed by both the <coarse and fine
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aggregates having a saturated surface dry (SSD) condition. Table
IV shows the w/c ratios for HSC series containing BPA and LSA,
respectively, having a constant slump of approximately 2 in.
(51mm). HSC using BPA requires w/c ratios 0.02 to 0.06 lower than
its counterpart, as can be calculated from data shown in Table
V.

HSC using BPA has a 28-day dry density of around 163 pcf
(2,612 Kg/m?®), about 20% higher than that of HSC using LSA (135

pcf = 2,163 Kg/m?®). Thus BPA has also the potential as aggregate
for heavyweight concrete or shielding concrete.

Effect of superplasticizer and silica fume

The superplasticizer was added to study its effect on
reducing w/c ratio and thereby strength increase of HSC using
BPA. With reference to Table 1V, as SP content of 1.2% and 2.1%
respectively is used in the mix the corresponding drop of w/c
ratio is 0.08 and 0.15, which compare well with those of HSC
using LSA also shown in the table. As a result of the drop of w/c
ratio, the strength increases greatly as can be seen in Figure 4.
In this figure, the compressive strength is compared at specimen
ages of 1, 3, 7, 28, and 90 days for the varying SP content,
setting the strength as wunity when no SP is included in the
concrete. The strength enhancement is maximum at 7 and 28 days,
which is above 30% with 1.2% SP content and 44% with 2.19% SP

content. Though comparatively lower, use of SP still has a strong
effect on increasing the strength at other days. As shown in
Table 111, 28-day strength above 13,000 psi (89.6 MPa) and 90-day

strength above 14,000 psi (96.5 MPa) can be achieved for HSC
using BPA with 22.5% cement and 2.1% SP.

The effect of another concrete admixture, silica fume (SF),
which is getting more popular in HSC technology, was also
investigated. Recent reports [5,6] have indicated that SF
contents of 5-15% appears optimum for strength development of
HSC. Due to the extreme fineness of SF, it is almost always used

along with SP to maintain a suitable low w/c ratio, so that its
contribution is not offset completely by the higher w/c ratio
usually required by the use of SF. In this research, a constant

SP content of 1.2% was added in the mixes while the SF dosages as
percentage of cement replacement varied.. Plotted in Figure 5 is
its effect on the compressive strength of HSC using BPA at
different ages. It is seen the effect of SF varies slightly at
different ages. At 7 days, 6% of SF appears adequate. At 28 and
90 days, 12% seems the optimum. Considering strength efficiency--
strength increase vs SF replacement, however, addition of 6% SF
is most effective. In general, wuse of SF replacing 6-18% of
cement increases the compressive strength by 9-20%.

Effect of curing

As with normal strength concrete, the strength of HSC
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increases with curing age. Figure 6 presents the effect of curing,
on the compressive strength of HSC using BPA. In this figure, the
relative strength ratios at specimen ages of from 1 to 90 days,
designating the 28-day strength as unity, are presented for three
SP dosages. For all the three cases, it is seen that the strength
increases continuously with the curing age. Like HSC using
conventional aggregates, the HSC has high early to 28-day
strength ratios as compared to normal strength concretes. As far
as the strength ratio is concerned, wuse of SP produces lower
strength ratios at 1, 3, and 90 days than when no SP is used,
indicating that the strength gain as percentage of 28-day
strength at very early or late days is lower when SP is used in
the mixture. Nevertheless, the absolute strength values at any
curing age increase with the SP content (up to 2.1%), as can be
observed from the data tabulated in Table III.

A similar presentation is shown in Figure 7, where a fixed
SP content of 1.2% and varying SF contents are used in the mixes.
Again, high 7- to 28-day and low 90- to 28-day strength ratios

are observed, compared to those of normal strength —concretes
using pozzolans. The high 7- to 28-day strength ratio can be
attributed to the fineness of silica fume, which greatly

accelerates the pozzolanic react ion. As the curing goes on;
however, the extremely low permeability, associated with the use
of silica fume and high cement content, plus subsequent self-
desiccation of the specimens makes the curing much less
effective, leading to a low 90- to 28-day strength ratio.

Cement factor

Increasing cement content and reducing water/cement ratio is
one of the important keys to achieving high strength. For any
given set of materials in a concrete mix, there may be an optimum
cement content that produces maximum concrete strength. Figure 8
demonstrates the effect of cement percentage on the 28-day
compressive strength of HSC using BPA without any chemical or
mineral admixture. Strength was tested under two conditions--
air-dry (7-day under lab conditions) and wet (immediately after
removal from the moist room)--to also investigate the effect of
testing conditions. As observed, the strength increases with
cement content continuously of up to 32.5%. However, the increase
is most from 17.5% to 22.5% of cement content, after 22.5% the
strength efficiency--strength increase vs cement increase-- drops
drastically. In a practical way, the optimum cement can be chosen
as 22.5%, which has the highest strength efficiency. It should be
not ed at this cement content, 10,000 psi (68.9 MPa) strength can
be achieved at 28 days without any admixtures. Also, as the
curves in Figure 8 indicate, air-dry specimens produce higher
compressive strength than wet ones; the difference becomes
smaller, however, as the cement content increases.

Similar to the compressive strength, the splitting tensile

strength al so increases with the cement content, as shown in
Figure 9. As the figure indicates, the strength efficiency is
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more uniform for tensile strength than for compressive strength.

Relationship between tensile and compressive strength

Figure 10 plots the relationship between the splitting
tensile strength and the compressive strength of HSC using BPA
having compressive strength of from 9,000 psi (62.0 MPa) to
14,000 psi (96.5 MPa) at 28 days. A regression analysis based on
these data indicates the following equation for the prediction of
the splitting tensile strength

f'= 75 lfg' psi, _

for 9,000 psi (62.0 MPa) < f.,' < 14,000 psi (96.5 MPa)
The equation compares well with results from other researchers
using other aggregates [7].

Modulus of_elasticity vs. compressive strength

ACl 318, section 8.5 expresses the modulus of elasticity for
normal-strength concrete as Ec = 33 y3/4f 7, A comparison of
experimental data in this investigation with the ACI expression
indicates that the equation does not apply to HSC using BPA.
Generally the ACI equation overestimates the modulus of
elasticity for HSC [8]. Figure 11 plots the modulus of elasticity
of HSC using BPA corresponding to the 28-day compressive strength
ranging from 9,000 (62.0 MPa) to 14,000 psi (96.5 MPa). A least-
square linear regression analysis generates the following
equation for the prediction of the modulus for HSC using BPA.

Ec = (80,800 [fc? -3.7 x 10%) x (W/1455/2psi
for 9,000 psi (62.0 MPa) < fc’' < 14,000 psi (96.5 MPa)

This equation is similar in format to that proposed by Martinez,
et al. [8].

Durability of specimens

Preliminary study on the durability of HSC using BPA
includes the following, based on a limited number of specimens

(1) Complete submersion of specimen in sea water and plain
water

(2) Specimen subjected to sea tidal conditions

(3) Expansion measurement on 2 x 2 x 11 in. specimens soaked
continuously in plain water

Observation on specimens under conditions (1) and (2) after
a period of 9 months indicated no deterioration of the specimens
nor strength decrease. Little expansion was observed, less than
0.002% in 4 months, for specimens under condition (3).
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CONCLUSIONS

Experimental data presented in this study leads to the
following conclusions:

1. The by-product aggragate shows good promise for use as
aggregate for high-strength concrete. The HSC using the by-
product aggregate indicates 30 to 40% higher compressive
strength than HSC using the conventional limestone
aggregate, locally available in South Florida.

2. The strength of HSC using the by-product aggregate can be
further increased by using superplasticizer and silica fume.
Using 22.5% cement and 2.1% superplasticizer by weight of
cement, a compressive strength of 14,000 psi (96.5 MPa) can
be achieved at 28 days.

3. For relationship between tensile and compressive strength
and relationship between modulus of elasticity and
compressive strength, HSC using BPA shows similar results to
HSC using conventional aggregates.

4. Preliminary study suggests no durability problems associated
with the use of BPA in concrete mix. A long-term, detailed
investigation is necessary for further conclusions.
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TABLE I: Mineral Composition of By-Product Aggregate

Major Phases: > 20%
Melilite Group Feldspathoid Ca)Al (A1,Sid07
Lime Oxide Ca0
iematite/Magnetite Oxide Fe,03/Fe30,y
Minor Phases: < 20%4
Fayalite (Calcian) Olivene F %+Si4
Orthoferrosilite Pyroxene Feﬂ351206
Anhydrite Sul fate v as0
Ellestadite Sul fo—apatite CaS(Si,P,SD4)3( y OH,C1)

TABLE Il:s Water Absorption and Specific Gravity of Aggregates

Aggregate Water Absorption | Specific

Type 5 min. 24 hr. Gravity
Soaking Soaking

BPA 0.7% 0.9% 3.53

LSA 3.2% 3.8% 2.60

Sand 3.4% 3.8% 2.70
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_ TABLE III: Compressive Strength Values

Aggregate [Mix Proportion. |~ Compressive Strength, psi
Type  |C:SP:SF, Z° | 1-day 3-day 7-day 28-day 90-day
17.5: 0 3 O - - - 4626 -
‘2 127.5: 0 2 O - - - 9856 -
182.5:: 0.2 O - .- - 10295 -
o i |22.9t O ¢ O 3575 5324 7510 9188 10968
By—product |22.5:.27: 0 3971 5885 10329 11957 12466
aggregate |22,51.47: O 4232 6782 11334 13235 14123
21.15:.2731.35 - - 11870 13753 13964
19.8 :1.27:2.7 - - 11777 14298 14366
18.45:.27:4.05 - - 11263 14295 14177
22.5 : 0 : O - - 5354 6708 7823
22.5 1.27: O - - 7802 8832 9189
22.5 :.47: O - - 8317 9436 9450
Limestone ‘ X
aggregate |21.15:.27:1.35 - - 8185 9968 9223
: 19.8 :.27:2.7 . - - 8649 9977 9931
18.45:.27:4.05 - - - 8524 9958 9434
Note:vlooo psi=6.89 MPa
V‘MTABLE IV: Water/Cement Ratio} |
“M' Aggregate™ Mix Proportion w/c bw/c
e /;;»‘,.“?:.e Type ‘ c= SP3 SF- ;
22.5: 0: O 0.43 0
22.5:.27:0 0.35 -, 08
22.5:.47:0 0.28 ~. 15
By—-product 21.15:.27:1.35 0.33 -.02
aggregate 19.8 :.27:2.7 0.34 =01
o 18.45:.27:4.05 0.36 .01
17.5 ¢ 0: O 0.60 .17
22.5 :  0: O 0.43 0
27.5 ¢ 0: O 0.42 -.01
22.5 ¢ 0: O 0.49 o |
22.5 .27t O 0.40 -.09
, 22.5 1.47: O 0.30 -.19
Limestone
aggregate 22.5 :.27: O 0.40 0
21.15:.27:1.35 0.39 -.01
19.9 :.27:2.7 0.40 o)
18.45:.27:4,.05 0.43 .03
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H GH STRENGTH BRI CKS UTI LI ZI NG PHOSPHOGYPSUM

Bijan H Ahmadi' and Wen F. Chang?

1. ABSTRACT

A new research aimed at producing high strength masonry bricks is introduced in this paper. This
research features the utilization of a by-product of the phosphate industry, phosphogypsum in
conbination with Portland Cement and sand (crushed |ime stone) by the use of high-pressure
static conpaction. Bricks dimensioning 203x95x51 mm (8x3.75x2 in.) are manufactured nerely
by the use of a bench model brick press developed especial [y for this project, applying a pressure
of 83 MPa (12,000 psi).

The experinental study consists of determning the fundanental characteristics of individual brick
units such as conpressive strength, modulus of rupture, density, water absorption, and abrasion
resistance of different mxes of phosphogypsum sand, and Portland Cenent with various mxing
water content. In addition to the mx proportions, the mxing water content plays an important
role in affecting the physical properties. The final result of all the above tests shall provide
engineering design charts; enabling the designer to choose the right mx for a specified purpose.

2. | NTRODUCTI ON

Phosphogypsum is a by-product of the phosphoric acid industry. Phosphate rock is used to
produce fertilizers which assist farmers. in providing food for the world, and in live stock feed
suppl ements. Small portions of phosphoric acid are used in nyriad of consumer products such
as film, light bulbs, cleaning products, vitamns, bone china, soft drinks and others [I].
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Associated with the manufacture of phosphoric acid there is the production of phosphogypsum.
Because of potential environmental, aesthetic appearance and economical factors, it is desirable
to find a better solution than ssmple land or sea disposal.

The world wide production of phosphogypsum is approximately 120 million tonnes per year [1].
The typical composition of raw phosphogypsum is shown in Table 1

Table 1: Typical Composition of Phosphogypsum [3]

Gypsum(CaSo,/H,0) % 85-93
P,Oq % 0.2-1.7
F % 0.4-1.3
SiO, % 14-8.4
Soluble salts % 0.1-5.3
PH 3.1-5.3
radium 226  pci/g 15-29

Application of high pressure compaction results in a molecular modification of the calcium
sulfate particles binding into a rock-like body [2]. Increased pressure leads to increase strength
properties of phosphogypsum [3]. Since 85 to 93 percent of phosphogypsum consists of calcium
sulfate, test results [4] have shown that any industrial waste which contains similar or higher
amounts of gypsum could be used for producing similar bricks.

3- MATERI ALS

The following materials were used to produce the bricks:
a) 60% and 40% Phosphogypsum.
b) Sand (crushed limestone).
¢) Two to eight percent Portland Cement type I.
d) Initial mixing water, 2 , 4, and 6 percent.

4- FABRI CATI ON

All bricks were made on a bench model, semiautomatic press having a capacity of 1779.2 KN
(400 kips) to produce bricks of 51x95x203 mm (1.75x3.75x8 in.) in sze under a static
compaction of 82.7 MPa (12,000 psi).
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The following operations were performed for the production of one brick.

a) The materia at the preset moisture content is fed into the mold.

b) Theloose material fully occupies the space available in the mold. At this point a horizontal
door forwards and trims the top surface and provide confinement to the upper side of the mold.

¢) The ram israised to compact the material in the mold (one cycle at predetermined maximum
pressure) and immediately  after, is slightly dropped to release any pressure from the confined
material.

d) The horizontal door continues its forward motion to free the top surface of the newly formed
brick while maintaining the supply of material shut. At this point the ram fully extends to
extrude the brick.

e) The horizontal door slides then backwards to push and to resume the material feeding. The
ram returns to its lower position.

5- CHARACTERISTICS AND BEHAVIOR OF THE BRICKS

Compressive strength, flexural strength, density, water absorption, abrasion resistance of bricks
from different mixes of phosphogypsum, sand, and Portland Cement type | with various mixing
water content were determined. Once the characteristics and behavior of the bricks were
determined, the behavior of prisms constructed with several joint materials other than
conventional cement mortar, could be studied for flexural, shear, and compressive strength.

5.1- Compressive Strength

Compressive strength of the units were determined according to ASTM C 67. Test bricks consist
of a half brick with full height and width. Test results are presented in Figure 1 for bricks made
of 60 percent phosphogypsum, two to eight percent Portland Cement type I, two to six percent
initial moisture content and the rest sand. This figures shows the fact that compressive strength
changes considerably as the initial moisture content and cement content vary. As shown in Figure
1 maximum compressive strength is reached when initial moisture content is between two and
six percent depending on the cement content. Bricks produced with more than six percent initial
moisture content showed cracks after fabrication due to excessive water. It can be observed that
compressive strength of as high as 38.0 MPa (5500 psi) can be achieved by using a minimal four
percent cement. Compressive strength for bricks submerged in water also has been improved by
adding a minimal amount of portland cement and sand compared to the results obtained for only
phosphogypsum mixes [4](Fig. 2).
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5.2- Flexural Strength

For each different mix of phosphogypsum, sand, Portland Cement, and initial moisture content
(same as in compressive strength tests), three flexural tests were performed according to ASTM
C 67. Similar to compressive strength, the initial moisture content and cement content directly
influence flexural strength. As shown in Figure 3, maximum flexural strength is reached when
initial moisture content is between two and six percent depending on cement content. Flexural
strength of bricks submerged in water also has been improved by adding a minimal amount of
Portland Cement and sand. (Pig. 4).

5.3- Dry Density

Dry density remains approximately constant between 18.9 to 19.9 N/cu.m (121 to 127 pcf) for
the bricks produced under 827 MPa (12,000 psi) static compaction when changing initial
moisture content or cement content. Previous results [4] have shown the same characteristics for
100% phosphogypsum

5.4- Water Absorption

Water absorption tests were performed according to ASTM C 67 with half bricks submerged in
water at 24 C (75 F) for 24 hours and also for submergence in boiling water for additional one
hour. The test results in Table 2 show that as the cement content increases the water absorption
decreases. Water absorption for seven days submergence is shown in Figure 9. Water absorption
of the bricks is largely affected by the initial moisture content; as the initiadl moisture content
increases the water absorption decreases as shown in Figure 5.

Table 3: Water Absorption
(60% phosphogypsum, sand, cement, and 4% initial water)

Cement content Water Absorp.after Water Absorp. after 24hr
% 24hr cold water  cold water + |hr boiling
2 74 7.6
4 7.0 7.4
6 6.4 7.3
8 6.0 7.2
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5.5- Abrasion Resistance

In order to determine the abrasion resistance of by-product gypsum bricks, the standard test
method for abrasion resistance of horizontal concrete surfaces ASTM C 779 was adopted. Test
specimens were taken as a half a brick. Figure 6 shows time vs. depth of abrasion. It can be
seen that as the cement content increases the abrasion resistance increases as well.

6- CONCLUSION

The results confirmed that phosphogypsum-based bricks produced under high static compaction
pressure, possess not only a valuable compressive and flexural strength but a good appearance
and tolerance. The influential elements affecting. the compressive, flexural strength, and water
absorption of the units was found to be the initial mixing water content. The compressive,

flexural strength of the bricks under soaked condition can easily be improved by adding a
nominal two to four percent Portland Cement. Water absorption of phosphogypsum-based bricks,
which is an important property, was found to be below the limits set by different building codes.

7- ACKNOWLEDGEMENT
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STRUCTURAL BEHAVI OR OF MASONRY WALLS USI NG
PHOSPHOGYPSUM BASED BRI CKS

Bijan H. Ahmadi' and Wen F. Chang®

1. ABSTRACT

This paper demonstrates an innovative technique to utilize by-product gypsum for masonry
construction. The objective of this paper is to report on the satisfactory and promising results
obtained on the structural behavior of by-product gypsum brick prisms and walls utilizing
bonding compounds. The bricks used are manufactured merely by the use of high-pressure
compaction on by-product gypsum, Portland Cement, and sand.

2. 1 NTRODUCTI ON

Phosphogypsum is a by-product of the phosphoric acid industry. Phosphate rock is used to
produce fertilizers which assist farmers in providing food for the world.

Associated with the manufacture of phosphoric acid is the co-production of phosphogypsum.
Because of potential environmental, aesthetic appearance and economical factors, it is desirable
to find a better solution than simple land or sea disposa. The world wide production of
phosphogypsum is approximately 120 million tones per year [1]. The typical composition of raw
phosphogypsum is shown in Table 1.
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Table 1: Typical Composition of Phosphogypsum(2]

Gypsum(CaSo,/H,0) % 85-93
PO, % 0.2-1.
F % 0.4-1.3
SiO, % 1.4-8.4
Soluble salts % 0.1-5.3
PH 3.1-5.3
radium 226  pci/g 15-29

The maor composition of phosphogypsum is calcium sulfate. Application of high pressure
compaction results in a molecular modification of the calcium sulfate particles binding into a
rock-like body [3]. Test results [2] have shown that any industrial waste which contains similar
or higher amounts of gypsum could be used for producing similar bricks.

2.1. Fabrication of the bricks

All bricks were made on a bench model, semiautomatic press having a capacity of 400 kips
(1779.2 KN) to produce bricks of 1.75x3.75x8 in. (51x95x203 mm) in size under a static
compaction of 12,000 psi (82.7 MPa).[2]

2.2. Materials

The following materials were used to produce the bricks:
a) 60% Phosphogypsum
b) Sand (crushed limestone).
¢) Two to eight percent Portland Cement Type I.
d) Initial mixing water, 2, 4, and 6 percent.
e) Bonding compounds. Concrete Repair Adhesive (CRA), Type M Black
Magic (BMT), Ceramic Tile Cement (CTC)
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3. CHARACTERISTICS AND BEHAVIOR OF THE PRISMS

Characteristics and behavior of the prisms were determined on prisms constructed with bricks
made of 60% phosphogypsum, 36% sand, 4% Portland Cement, 4% initial mixing moisture
content bonded with different bonding compound. This mixes for the brick was chosen based on
good strength found in compressive and flexural tests of the bricks.

3.1. Flexural bond strength

Beam test method A of ASTM E518 third point loading and wrench flexural test according to
ASTM C 1072 were used.

3.1.1- Beam test

Each specimen had a span to depth ratio of 5.3 (ten bricks stacked together). Test results are
shown in Table 2.

Table 2. Flexural Bond Stress, psi (MPa) (from beam test)[4]

Beam No. Joint Materials
BMT CRA CTC cement mortar
1 80(0.55) 75(0.52) 49(0.34) 45(0.31)
2 62(0.43) 66(0.45) 46(0.32) 64(0.44)
3 54(0.37) 50(0.34) 76(0.52) 64(0.44)
4 - 65(0.45) 59(0.41) 83(0.57) 50(0.34)
5 70(0.48) 83(0.57) 63(0.43) 55(0.38)
Average 66.2(0.46) 66.6(0.46) 63.4(0.44) 55.6(0.38)

3.1.2- Wrench flexural test
This test was performed according to ASTM C 1072. Since the individual bond between the

bricks could be tested one after another, more data could be achieved by this test. Test results
are shown in Table 3.
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Table 3: Flexural Bond Stress, psi (MPa). (from wrench test)[4]

Beam No. Joint Materials
BMT CRA CTC cement mortar

1 124(0.85) 103(0.71) 75(0.52) 136(0.94)
2 156(1.07)  91(0.63) 83(0.57) 140(0.96)
3 107(0.74) 103(0.71) 87(0.60) 120(0.83)
4 99(0.68) 103(0.71) 95(0.65) 136(0.94)
5 95(0.65) 144(0.99) 79(0.54) 140(0.96)
6 111(0.76) 91(0.63) 79(0.54) 128(0.88)
7 99(0.68) 95(0.65) 56(0.39) 138(0.95)
8 107(0.74) 91(0.63) 75(0.52) 140(0.96)
9 83(0.57) 95(0.65) 79(0.54) 120(0.83)
10 75(0.52) 103(0.71) 55(0.38) 125(0.86)

Average 105.6(0.73) 101.9(0.70) 76.3(0.53) 132(0.91)

3.1.3. Comparison on beam test and flexural wrench test

Test results shown in Table 2 and 3 for beam test and wrench test, respectively, show that the
wrench flexural test results are approximately 60% higher that the beam test results for the same
prism bonded with the same bonding compounds.

3.2. Shear Bond Strength
Shear strength of different joint materials were tested by subjecting three bricks to double shear

loads. Shear strengths of the joint materials are shown in Table 4. Shear strength of as high as
176 psi (1.21 MPa) along with a high ductility was also observed during testing.

Table 4: Shear Strength of Joint Material§4]

Joint Materials Shear Strength psi (MPa)

CRA 175.9(1.21)
BTM 121.3(0.84)
CTC 83.00(0.57)
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3.3. Compressive Strength of Prisms

Compressive strength of the prisms with different height to thickness ratios and different joint
materials were tested in the direction of the depth of the bricks according to ASTM E447.
Compressive stress vs. strain for two different joint materials are shown in Figures 1 and 2. Table
5 compares the ultimate compressive strength for different height to thickness ratios for two
different joint materials.

Table 5: Comparison of Ultimate Compressive Strength[4]

Prism height to  Ultimate strength psi (MPa) Ratio

thickness ratio BMT CRA BMT CRA
1.6 3000 (20.7) 3167 (21.9) 0.71 0.80
2.13 2133 (14.7) 2533 (17.5) 1.00 1.00
4.27 1666 (11.5) 2400 (16.6) 1.28 1.06

4, CHARACTERISTICS AND BEHAVIOR OF STRUCTURAL MASONRY WALLS

Characteristics and behavior of structura masonry walls were determined on walls constructed
with bricks made of 60% phosphogypsum, 36% sand, 4% Portland Cement, and 4% initia
moisture content bonded with BMT bonding compound. The mixtures and bonding compound
were chosen based on the comparative good strength found in brick testing and prism tests.

4.1. Diagonal Tension (shear) Test of Walls

Shear or diagonal tensile strength is of considerable concern to structural designers, especialy
in geographical areas where seismic design is required. The diagonal tension tests were performed
using a procedure similar to ASTM E 519, but scaled down specimens.

This investigation used a 24 in. (610 mm) by 24 in. (610 mm) brick wallette, 3.75 in. (95 mm)
thick. The specimen dimensions permitted twelve courses of brick with eleven full bed joints. All
specimens in this investigation were laid in common bond. Half bricks were cut on a masonry
saw. Three like specimens were constructed with the same size and type of by-product gypsum
brick units, joint material, and workmanship.

Two steel loading shoes were used to apply the machine load to the specimen. The length of the
shoe bearing was 6 in. (152 mm). The upper and lower loading shoes were positioned so as to
be centered on the upper and lower bearing surfaces of the testing machine. The specimen was
placed in a centered plumb position in a bed of gypsum capping materia in the lower loading
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shoe. The upper comer of the specimen was capped similarly.

The shear stress was calculated on the basis of gross area. The shear stress of the specimen was
calculated as follows:

S,=0707 x P/ A
where:

S, = shear stress on gross area, psi (MPa)

P = applied load Ib (N),

A = average of the gross areas of the two
contiguous upper sides of the specimen, in” (mm?)

The shear strain was calculated as follows:
shear strain =y= V + H/g

where:

g = shear strain, in./in. (mm/mm),
V = vertical shortening; in. (mm)
H = horizontal extension, in. (mm),
g = vertical gage length, in. (mm)

H and V were based on the same gage length.
The modulus of rigidity (modulus of elasticity in shear) was calculated as follows:

G=S./g

where:
G = modulus of rigidity, psi (MPa)
Figure 3 shows shear stress vs shear strain.

Modulus of rigidity of 1.8x10" psi (124 MPa) was determined. Ultimate shear strength of 87 psi
(0.60 MPa) was found from the diagonal tension (shear) test.
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4.2. Compressive Strength of Walls Under Eccentric Axial Loading

Sound engineering design of structures using new materials requires accurate technical data on
the strength and rigidity of the basic elements employed in various construction systems. It is the
purpose of these test methods to provide a systematic basis for obtaining engineering data.

Tests were made on three like specimens, each having a height equal to 4 ft. (1.22 m) and 2 ft.
(0.61 m) in width with a thickness of a single brick 3.75 in. (95 mm). The specimen dimensions
permitted twenty four courses of brick with twenty three full bed joints. All specimens in this
investigation were laid in common bond. Half bricks were cut on a masonry saw.

This test was performed according to ASTM E 72, Standard Methods of Conducting Strength
Tests of Panels for Building Construction. Two brackets were attached to the specimen near the
upper end, supporting a metal rod. Two brackets also were attached to the specimen near its
lower end, supporting two dial micrometers with the spindle up. Similarly, dial gages were
attached at the mid depth to measure the deflection of the wall due to eccentric loading.

The specimen was tested as a column having a flat end at the bottom. Compressive load was
applied to a steel plate with cross-section of 2-5/8 in. (67 mm) in width and 7 in. (178 mm) in
depth. The steel plate was placed at the inside of the wall making 0.56 in. (14.2 mm) from center
of the wall to the center of the steel plate. Loads, shortening of' the specimen, and latera
deflection were recorded.

Load vs. compressive deformation is shown in Figure 4. Since the failure in the wall a tensile
falure in the transverse direction of the load rather than a compressive falure, falure is in the
elastic range.

Load vs. lateral deflection is shown in Figure 5. This figure shows the nonlinear relation of load
vs lateral defelection.

5. CONCLUSION

The past results [2] confirmed that by-product gypsum-based bricks produced under high static
compaction pressure, possess valuable compressive and flexural strength. Laboratory brick
specimens bonded with the bonding compounds as described, not only achieved high strength
vaues in flexure, shear, and compression, for the prisms but also showed valuable strength in
tension and compression plus bending for the walls. Based on the strength results from prisms
as well as walls testings here, it can be concluded that high-pressure compacted bricks utilizing
by-product gypsum have great potential for masonry construction. Due to the dimensiona
precision and surface flatness, use of bonding compounds other than the conventional cement
mortar, shall facilitate the construction process. It is believed that utilization of by-product
gypsum shall not only solve the environmental problems but also conserve the natural resources
for construction.
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ABSTRACT

Keywor ds: phosphogypsum lime mlk, pulping, neutralization
filtering, drying, dehydration, mlling, preparation of gypsum
paste, casting of products, packaging, properties of gypsum
bi nder and products.

This abstract introduces the results of scientific-research
and experinmental industrial work in the technology of production
of beta-nodification gypsum binder from phosphogypsum which is
an after-product of extraction phosphoric acid. It is shown. that
the negative influence of water-soluble conpounds of phosphorus
and fluorine contained in phosphogypsum can be elimnated by
neutralization of these conpounds, for exanple, by lime mlKk.

W show the relationships between the paraneters of the phospho-
gypsum dehydration process and the phosphogypsum acid nunber.
Settled are the requirenments to the equipment for dehydration
of phosphogypsum - the necessity of separation of the material
and heat flows, adjustability of the tine of material stay at
preset tenperatures.

W give the description of the design of a continuous-
action heat-exchange and conveying apparatus, in which the pro-
cesses of phosphogypsum drying and dehydration are conbined. W
present the binder property indiced, describe the process of
fabrication of wall. products based on phosphogypsum bi nder. The
abstract gives information on the property of the products,
fields of their application.
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I NTRODUCTI ON

Conti nuous no-waste techonology of manufacture of a beta-
nodi fi cati on gypsum binder from phosphogypsum and wall products
based on this binder is worked out and realized on industrial
scal e.

The results of experinental work in determning the Kkine-
tics of neutralization of water-soluble conpounds of phosphorus
and fluorine by line, data on possibility of reuse of filtrate
in the technological cycle, research and devel opnment work in
creation of special equipnent for phosphogypsum drying and dehy-
dration, nmoulding of wall tproducts from a phosphogzpsum bi nder
served as the theoretical foundation of such a technol ogy.

It is show that a gypsum binder of satisfactory characte-
ristics can be obtained both from "acidic" and "al kaline" phos-
phogypsum However, since in the first case the dehydration pro-
cess is acconpanied by liberation of aggressive conpounds into
the atnosphere, and in the second case it is associated wth
a high power consunption and formation of a slow binder, a con-
clusion is made thate industrial nmanufacture of phosphogypsum
bi nder can be based on utilization of “neutral” phosphogypsum
only.

W give information that water physically bound wi th phos-
phogypsum at its content up to 18 to 20 % by nmss, is a capil-
lary film water, and it can be renoved mainly by evaporation.

The conclusion on possibility of multiple reuse of filtrate
for pulping the source nmateriale, or preparing the line mlk is
gr ounded.

The content of water-soluble conmpounds in filtrate at its
mul tiple reuse cannot exceed the content of water-soluble
conmpounds in the noisture of the source material.

Principles are settled to be used in creation of equipnent
for dehydration of phosphogypsum It is shown that gypsum
cooking boilers, drying druns, rotary-tube driers, fluidized-bed
furnaces for thermal treatnent of gypsum are acceptable but
little.

The design of a continuous-action heat-exchange and convey-
ing apparatus with a conbination of the phosphogypsum drying
and dehydration processes is worked out and realized. W give
information on the main design approaches of this apparatus,
paraneters of the dehydration process, data on the binder
properties as per USSR State Standard GOST 125-79, setting tine
(beginning- 5 to 7 mn, end 12 to 15 mn), strength brand:

A-G5, normal density -60 to 75 %

Described is the design of the rotary machine for produc-
tion of gypsum blocks by the casting nethod. 128 noulds are arr-
anged around the edges of the rotary machine, with rotation of
t he machi ne, gypsum paste is cast in the noulds. During one re-
volution of the machine the gypsum paste is set, after which the
product is ejected of conpact. A special device orients the pro-
ducts in space and packages 96 pcs in a package.

In such a form the products are dispatched to the custoner.
The products are used for erection of |ow buildings of different
pur pose.
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THEORETI CAL PREM SES OF MANUFACTURE OF BETA- MODI FI CATI ON
PHOSPHOGYPSUM Bl NDER.

In the Soviet Union the by-product, forned in the process
of sulfuric-acid deconposition of apatites and phosphorites in
production of extraction phosphoric acid, was defined as phos-
phogypsum

The average yearly yield of this material at the enter-
prises of the USSR is about 18 mn tons. Yearly used of this
anount are only about 4 mn tons, mainly for soil devel opnent
and in the cenment industry.

In connection with worsening of the ecological situation
in a nunber of regions of the USSR, exhaustion of the natural
resources of gypsum stone in the areas of concentrated construc-
tion the urgency of utilization of phosphogypsum first of all
instead of the natural gypsum raw sources has grown recently.

Wthout denying other ways of wutilization of phosphogypsum
in the first stage we showed preference to the devel opnment and
realization of the technology of manufacture of the beta-nodifi-
cation phosphogypsum bi nder.

Such a conclusion is founded not only on the conparative
simplicity of technical solutions in manufacture of gypsum
bi nders from phosphogypsum but mainly on the estinmation of the
efficiency of use of various materials and products in construc-
tion.

The increase of the output of gypsum materials and products
is one of the ways of intensification of construction engineer-
ing, reduction of the specific consunption of materials and
Eomer capacity, that is rarely used in this country for the tine
ei ng.

The experience of construction in the Soviet Union tes-
tifies that the use of gypsum binders is rather effective not
only for production of such traditional itens as partition slabs
and panels, decorative and acoustic stabs, but also for nanufac-
ture of wall products. According to estimation of Soviet speci-
alists, in the conditions of |owbuilding construction gypsum
concrete walls are nore effective than walls made of clay-bric
and claydite-concrete panels by 10 to 50 % and |ess power-

i ntensive by 30-60 %

As the practice of construction in the USSR shows, the nbst
expedient is the manufacture of gypsumconcrete wall products
in the formof small blocks. Oganization of manufacture of
such products needs mninmum specific capital investnments and
running expenditure, and their conveying to construction sites
and erection of walls do not need any special facilities.

Just the efficiency of gypsum nmaterials and products, a
hi gh |abour and power-saving effect in their nmanufacture and
use, as conpared with simlar cenent- based materials and
products, caused, first of all, The necessity of work in nmanu-
facture of gypsum binders and products on their base from
phosphogypsum

Since the service |load on gypsum products, as a rule, does.
not exceed 5 MPa, we gave preference to the devel opnent, first
of all, of such a technology of nanufacture of phosphogypsum
bi nder that would provide manufacture of naterials and products,
having a strength higher than the specified one.
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wel | -known are the difficulties of industrial production
of gypsum bi nder from phosphogypsum conditioned nainly by
di spersivity and danpness of the source nmaterial, presence of
wat er sol ubl e conpounds of phosphorus and fluorine in it, and
variability of their content.

The data of our researches testify that the beta-nodifica-
tion gypsum binder satisfying the requirenents of USSR State
Standard GOST 125-79 can be obtained from phosphogypsum wi thout
a special preparation of it.

However, the industrial technology of production of
phosphogypsum bi nder cannot be based on utilization of phospho-
gypsum bi nder cannot be based on utilization of phosphogypsum
wi thout a special preparation of it. Firstly, it is conditioned
by the presence of aggressive conpounds of fluorine, sulphur
and phosphorus in the vapour-gas mxture fornmed at dehydration
of phosphogypsum This necessitates the manufacture of equipnent
f ramcorrosion-resistant alloys, and use of volatile conpound
trapping arrangenents in the I|ine.

The above circunstances will result in the necessity of
considerable capital investnents and servise expenditure.

Secondly, wvariability of the content of water-soluble com
pounds of phosphorus and fluorine in phosphogypsum necessitates
variation of the paraneters of its heat treatnent, which is
rather difficult in industrial conditions.

The analysis of the data of our experinental researches
(Table 1) shows that, with the increase of the content of acid
wat er - sol ubl e conpounds in phosphogypsum (determined indirectly
according to the pH value), the strength characteristics of
the binder obtained from such a material in the sane conditions
of heat treatnent essentially worsen, the setting tinme of such
a material 1ncreases.

This pH value should be within 6.5 to 7.5.

In this case preparation of phosphogypsum to dehydration
consists in pulping of the source material with water, neutrali-
nation of acid inpurities (for instance, with [ine mlk ) to pH
value within 6.5 to 7.5, filtering of neutralized pulp.

Table 1
Properties of phosphogypsum bi nder
with different content of water-
sol ubl e phosphorus
Sam— Content of pH value Binder properties
ple water-—- E3F S EILANT (S o oo o s o o i 1 e e st e e
No. soluble phog- Setting time, Ultimate strength, MPa
FO in phogypsum ML T e e e e o e o e e e
25 compression bending
PROSPRO e e e e e
gypsuim, . begi end at 2-h in dry at 2~h in dry
Z by mass ning age state age state
i B.25 5.5 s & 3.7 2.2 2.2 3.4
2 @a.7@ 5.9 5 12 2.4 7.1 1.8 2.3
3 1.48 .5 1% 21 1.7 4.6 1.1 1.4
4 1.82 2.9 28 45 2.9 2.8 0.4 1.2
5 Z.20 1.4 unspecified @ @.8 @& .4
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According to our data, this is caused by an increase of
the content of insoluble anhydrite in the binder (from 1.5 % in
sanple 1 to 97.9 % in sanple 5) wth the increase of phospho-
gypsum acidity.

The |ower the pH value of phosphogypsum the |ower tenpara-
ture of dehydration and tinme of heat treatnent of such a nate-

rial are required for obtaining calcium sulfate hem hydrate from
it (Table 2).

Table 2

Opti mum paranmeters of phosphogypsum
dehydration, depending on its acidity

Sample pH value of Optimum Curing period Content
temperature at optimum of hydrate
No. phosphogypsum of dehydration, temperature, water in
o min binder,
C % by mass
i 6.5 160 4] 5.%0
2 5.9 150 &5 5.73
3 3.5 14@ 75 5.81
4 2.9 125 70 5.91
5 1.4 120 70 5.78

Note. The dehydration paraneters given in Table 2 are
determined at heat treatnent of phospho-
gypsum in a muffle furnace.

The results of experinental researches given in Tables 1

and 2 testify that wthout stabilization of the content of
wat er-sol ubl e acid conmpounds in phosphogypsum the process of

production of binder fromit is uncontrollable.
The content of acid water-soluble conpounds in phospho-

gypsum can be stabilized either by their washing, or by
neutralization by known nmethods. W adopted the second way,
since realization of the first way raises a new problem
utilization of aggressive waste water.

As it is testified by our experinental data, neutralization
is possible both in the solid phase and in the agueous nedi um
The first way seens to be nore preferable due to the

absence of wet processes, however, its realization will entail
difficulties in the dosage of the stoichionetric anmount of the
neutralizing additive. An excess of the neutralizing additive

is undesirable, since (for exanple, when calcium oxide is used)
it necessitates an increase of the dehydration tenperature and

process period (Table 3)
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Table 3
Opti mum paraneters of phosphogypsum

dehydration with different anount
of additive (calcium oxide)

Sam—~ Amount of pH value of Optimum Curing pe— Content of

ple additive phosphogyp~ calcina- riod at hydrate wa-—
No. (calcium BLAM tion tem— optimum ter in bind-

oxide), perature, tempera-— er, %4 by

% by mass o ture, min mass

C

3 74 Z.5 140 75 5.81
& 2.5 5.2 15@ 89 5.73
7 1.@ b= 160 30 5.69
g 2.0 7.4 160 95 5.96
7 .0 .1 188 122 5.84
1@ 4.0 11.3 200 118 - 5.76
11 5.0 12.6 210 128 65.02

An excess of the additive (calcium oxide) above the stoichio
nmetric anmount causes not only a necessity to increase the dehyd-
ration tenperature and process period, but also results in pro-
duction of a slow binder of a conparatively |ow strength

(Table 4).
Table 4
Properties of phosphogypsum bi nder
with different anount of additive
(cal ci um oxi de)
Sam~ Amount of pH value Binder properties
ple additive [3F e o ot et e s e e e o e e 7 s e
No {(calcium phospho— Setting time, Ultimate strength, MPa
oxide) , gypsum ML FT e e o s e e o e i e e
% by mass Ccompressi on bending
begin— gnd at 2~h in dry at 2-h in dry
ning age state age state
z i} 3.8 4 ? 2.1 5.2 2.4 7.9
& .5 3.2 4 i1 2.5 ébad 2.9 8.9
7 1.@ 6.3 5 12 2.4 5.4 2.9 8.7
& 2.0 7.4 7 15 1.7 5.9 Z.2 2.8
9 .0 2.1 2 x4 2.6 2.1 1.3 2.5
i@ 4.0 11.3 3 47 ?.1 2.9 2.7 2.9
11 5.8 12.4 &7 2 @ B.7 a.2 2.4

Note. Heat treatnent of phosphogypsum was carried out in
a muffle furnace at a tenperature of 140 C during 75 mn.

Thus, neatralization of acid additives contained in phospho
gypsum in agueous nedium with an operative check and control
of the process in pH value seens to be preferable.
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The data of our researches testify that filtrate can be
used many tines (for exanple, for pulping of phosphogypsum) in
a closed cycle of production of beta-nodification gypsum from
phosphogypsum Naturally, in this case concentration of water-
sol ubl e conpounds in the filtrate will rise, which may result in
formation of salt cakes on products. However, the data of our
theoretical and experinental researches indicate that the
content of water-soluble conpounds in the filtrate in case of
its repeated wuse cannot exceed the content of these conpounds
in the source phosphogypsum

Formation of salt cakes on products manufactured on the
basis of phosphogypsum binder is associated mainly with the
presence of sodium sulfate in it. The data of our experinental
researches testify that when the content of sodium oxide is |ess
than 0.3 % by mass, formation of salt cakes on products is
i npossi bl e.

The actual content of sodium oxide in phosphogypsum of dif-
ferent enterprises of the USSR does not exceed 0.2 % by nass.

Thus, of all the considered variants of preparation of
phosphogypsum to dehydration at production of beta-nodification
gypsum bi nder, we gave preference to neutralization of acid
inmpurities contained in it to pH value within 6.5 to 7.5 with
a subsequent filtering of the neutralized pulp.

EQUI PMENT REQUI RED FOR DRYI NG AND DEHYDRATI ON OF
PHOSPHOGYPSUM

The equi prment for manufacture of gypsum binder from natural
gypsum stone (drying drums, gypsumcooking boilers) is
acceptable but little, if phosphogypsum is used as raw material.

For heat treatnent of phosphogypsum in gypsum cooking
boilers it is necessary to dry it to a noisture content not
exceeding 10 % by nass.

O herw se, phosphogypsum sticks to the boiler walls and
bottom worsening the already low efficiency of heat transfer
from the heat-transfer agent to the material being treated.
Sticking is so intensive that can cause a seizure of the
boiler agitator drive. Prelimnary drying of phosphogypsum
is connected with the necessity of installation of an additional
thermal set, which results in an increase of already high power
expenditure for production of phosphogypsum binder. O her
nmet hods of reduction of the content of physical water (except
the thermal ones;) from 18-20 down to 10 % and bel ow have no
prospects, since free noisture within O to 18 (20) % according
to our data, is in a tough chenosorption bond w th phospho-

gypsum

Drying druns, in which material and heat flows are not
separated, are acceptable but little for dehydration of phospho-
gypsum

Qur data testify that at a parallel flow of the heat-
transfer agent and phosphogypsum practically the whole material
being reated is carried away by waste gases. This circunstance
conditions the necessity of installation of a branched dust-
renovi ng system
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In our opinion, the necessity of creation of special heat
exchangers intended for heat treatnment of phosphogypsum is
beyond any doubt .

In such heat exchangers the material and heat flows should
be separated so as to prevent carrying-away of the heat treat-
rrecrj]t products, and probable "plastering" of the apparatus cold
end.

Due to a high sensitivity of phosphogypsum to variation of
the process parameters of production of gypsum binder from it,
the tenperature and duration of stay of the material in diffe-
rent zones nust be within a strictly preset range and subject
to control.

To intensify the drying and dehydration processes (from
the point of view of saving of power resources, these processes
should be conmbined in the sane apparatus), due to it, to reduce
the heat rate, the heat exchanger mnust have a |arge active
surface and provide a constant intensive agitation of the mate-
rial.

Finally, for clear reasons, the heat exchanger should
operate in a continuous duty.

The heat exchanger designed by us nost of all satisfies the
above requirenents.

Equi pped with such apparatus are the enterprises of the
USSR nmanufacturing gypsum binder both from phosphogypsum (the
production association "Almaz", scientific and production asso-
ciation *“Fosfogips" Balakovo production association "M nudobre-
niya"), and from natural gypsum stone (the U yanovsk gypsum
wor ks) .

Structurally, this heat exchanger, called by gypsum cooking
continuous-action plant, is a heat-insulated shell accommodating
deviced for feeding and renoving the heat-transfer agent. The
shel | acconmobdates a system of pipes interconnected by a seal ed
chanmber on the material charging side, and by a collector - on
the finished product uncharging side.

The seal ed chanber is connected to the charging device
passing through one of the thrust journals brought outside the
zone of heat-transfer agent circulation. A tight seal is instal-
| ed between the collector and the finished product uncharging
side and shell. The device for removing the vapour-air mxture
and the finished product uncharging device are installed behind
the tight seal. The piping systemis furnished with a common,
drive.

The gypsum cooking plant operates as foll ows.

Source phosphogypsum is supplied in a continuous flow to
the sealed chanber with the aid of the charging device, and
further - by scoops to each pipe. Due to the presence of an
Archi medean spiral in each pipe, during rotation of the piping
system phosphogypsum noves from the charging device to the dis-
charging device within a tine period determined by the helix
|l ead and pipe rotational speed. The heat-transfer agent flows
about the piping system and transfers heat to the material being
treated through a highly devel oped surface of the pipes.

The arrangenent of the sealed chanber in the place of
supply of the heate-transfer agent provides for its heating up
to the maxi mum tenperature. Owning to it, a steam jacket is for-
ned at the “chanber internal surface - source nmaterial" contact,
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whi ch prevents sticking of wet raw material to the surface of
t he gypsum cooki ng plant.

Hori zontal installation of the heat exchanger on journals
brought outside the zone of the heat-transfer agent makes it
unnecessary to use thrust bearings, the bearing roller cooling
system cushions the operating conditions of |oaded elenents.

PROPERTI ES OF PHOSPHOGYPSUM Bl NDER
For the averaged indices of the properties of beta-nodifi-
cati on phosphogypsum bi nder nanufactured according to the above
technol ogy refer to Table 5.

Table 5

I ndices of properties of phosphogypsum bi nder

Description of Unit of Index value
indices MIEBEGLLT o o o o e o e e o e st e
rement before mil-— aftter 20-min
ling milling

Specific surface m /kg 500 650
Water requirements
of paste of normal % 95 75
density
Setting time: min

beginning 7 )

end 15 13
Compression strength: MPa

in 2 h 2.6 3.8
. in dry state 5.7 P
Bending strength: MFa

in 2 h 1.9 3.2

in dry state 2.6 2.7
Softening ratio Q.40 @.4@

As is seen from Table 5, gypsum binder mnmade from phospho-
gypsum satisfies the requirenments of State Standard GOST 125-79.
A short-time mlling of beta-gypsum slightly accelerates its
setting, decreases the water requirenments for obtaining paste
of normal density and considerably increases the strength
characteristics.

Unli ke the gypsum binder obtained from natural gypsum
stone, phosphogypsum binder is characterized by sonme other
influence of different additives on it.

For instance, a positive influence of an addition of sodium
chloride on the strength characteristics of binder nade from
natural gypsum stone is well known. The data of our works tes-
tify that an addition of sodium chloride to phosphogypsum bi nder
has a positive influence only at the beginning of the solidi-
fication period (the first 24 hours).

At the age of 28 days the strength of the specinens from
phosphogypsum binder with an addition of sodium chloride is
1.5 to 2 times lower as conpared with the strength w thout any
addition, Such dependences can be also seen at introduction of
an additive of magnesium sulfate. Ctric acid and its salts,
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slow ng down the setting of noulded gypsum based on natural
gypsum stone, practically do not influence the setting period
of phosphogypsum bi nder.

An addition of a dihydrate-phosphogypsum to phosphogypsum
bi nder causes a sharp decrease of its strength indices (intro-
duction of 1 % of phosphogypsum - by 22 % 15 % - by 3.4 tines).
USSR Inventor's Certificate No.948937 has found out and pro-
tected the positive influence of a conplex mneral additive,
containing 2 to 4 % of sodium chloride and 1 to 4 % of magnesi um
sulfate, on the strength characteristics of phosphogypsum binder

A decrease of the water-to-gypsum ratio causes an increase
of specinen strength both in a dry and water-saturated states,

a decrease of the strain characteristics;

As it was nentioned above, mlling of phosrhogypsum binder,
as well as introduction of plasticizing additives, is an
effective way of reduction of the water-to-gypsum ratio. The best
effect is attained by the use of conplex additives, containing
both a plasticizer and a solidification activator.

WALL PRODUCTS MADE OF PHOSPHOGYPSUM BI NDER

As it was nentioned above, in the USSR gypsum binders have
found the nost effective use in manufacture of small-sized wall
products. Taking this into account, a continuous line for pro-
duction of wall blocks, neasuring 390x190x188 mm based on phos-
phogypsum binder is worked out and realized. Equipnent for pro-
duction of gypsum bl ocks and equi pnent for production of binder
are arranged in the sanme building, which nakes it possible to
consider such a solution as a conpleted cycle of mnmanufacture of
wal | products from the production waste - phosphogypsum

The bl ocks are produced on a continuous-action rotary
machi ne. From the hopper the binder is fed by the feeder to a
continuous-action gypsumconcrete mxer, whereto m xing water
is also proportioned. Water is proportioned visually proceeding
fromthe nobility of gypsum paste.

The gypsum paste, comng out of the gypsum concrete m xer
(on the average, the water-to-gypsum ratio 0.8), is poured
into cells-noulds of the rotary machine provided with 128 such
cells-noulds. During rotation of the rotary machine the gypsum
mass is snoothed out and levelled by the device installed above
it.

Then the bottons of each nould are opened by neans of a
special feeler nechanism and the blocks are pushed out onto a
turntable by a device synchronously operating with the drive of
the rotary machine. Enptied noulds nove to the automatic
greasing station, after which they are closed by neans of
anot her feeler nechanism and delivered to the casting station.
Thus, during one revolution of the rotary machine the noulds
are filled in with gypsum paste, the nould bottons are opened,
the products are pushed out, the noulds are greased and their
bottons are cl osed.

From the turntable the products are pushed onto a belt con-
veyer by a leverage operating in step with the other mechani sns
of the rotary machine. A summator is installed over the conveyer
used to determne the quantity of noul ded blocks. Besides, this
device transmts conmand signals to another device, with the
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aid of which the position of the blocks on the conveyer belt
periodically changes, depending on the adopted procedure of

bl ock packagi ng. The conveyer belt conveys the products to an
automatic stacker, which fornms a package of 96 bl ocks. The bl ock
package is reloaded onto a buggy, and further from the buggy it
is delivered to the stock-room by neans of a special grip.

The rotary machine capacity is 400 to 500 products per
hour, depending on the binder setting period. The line is
serviced by two operators.

For the averaged indices of the properties of gypsum
bl ocks refer to Table 6.

Table &

Averaged indices of properties of gypsum blocks

S 4n0o% #2008 ey 4meon FOOP THOAY SHRLE AMReR STAY SUVRD DSke SHeve SUARD Gerer LML SO0 SHrSE Torss Short RS SHSeF BIGSE SHNRD S4reR Sveat SR Wl saies minid Shelt Toial mieid mbied U Shevt SHIGh SoRst Sirio MSAY AWML Mot AANRS Shete ) ANIME PN TENS 0000 TaHE bibe Seibe snets Srrke Soums EENS NS S4PNS st L S &

Property Lnit of Froperty indices
measu—
rement at moisture content
1@ % by in dry
mass state
Volume density kg/m 1102 1200
Compression strength MFa 5.3 8.3
Coetficient of heat o
passage W/m C B.42 .38
Frost resistance number of 25
cycies

Coefficient of sof-
tening B.40

The bl ocks are used as a wall material in construction of
single- and two- storey buildings of different purpose.

CONCLUSI ON  AND RECOMMENDATI ONS

A beta-nodification gypsum binder within a w de range of
variation of acidity and noisture content of the source nmaterial
can be obtained from phosphogypsum The m ni num heat and power
expenditures are required for obtaining beta-gypsum from acid
phosphogypsum The |ower the pH value of phosphogypsum the
| ower tenperature is required for its dehydration. However, the
necessity of manufacture in this case of the whole equi pnent
of a corrosion-resistant version conplicates the production of
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t he bi nder and nakes it nobre expensive.

The nore acid water-soluble inpurities are contained in
phosphogypsum the higher the probability of formation (with all
other conditions being the sanme) of an insoluble anhydride
from such a material, which considerably decreases the strength
characteristics of the binder and increases its setting period.

Neutralization of acid water-soluble inpurities in phospho-
gypsum by surplus cal cium oxi de causes a sharp increase of heat
expenditure on dehydration of phosphogypsum and results in
obtaining of a slow binder. The strength characteristics of such
a binder are considerably |lower than those obtained from acid or
neutral phosphogypsum

Taking into account the considerable dependence of the
phosphogypsum dehydration paraneters on its acidity index, as
well as the unsteadiness of the contents of acid water-soluble
inmpurities in phosphogypsum the method of phosphogypsum heat
treatnent, wth its prelimnary neutralization to a pH val ue
of 6.5 to 7.5 may be recommended for industrial conditions.

Water, physically bonded w th phosphogypsum when its
content is up to 18-20 % by mass, is in a tight chem sorption
bond with the solid phase, due to which it can be renoved
mai nl y by heating.

Heat treatnent of phosphogypsum in continuous-action plant
is expedient from the technical and econom cal points of view,
the main obligatory condition in these plants is the necessity
of separation of the material and heat flows. The phosphogypsum
heat treatnment time in such plants, and the tenperature of the
process in its different stages should be checked and
control | ed.

The multi-pipe heat exchanger designed by us satisfies the
specific character of phosphogypsum heat treatnment nost of all,
each pipe of this heat exchanger is provided with guides instal-
led on an Archi nedean spiral.

An effective nmethod of inprovenent of beta-gypsum from
phosphogypsum is its short-time mlling (up to 20 mn), which
results in the reduction of water requirenents for obtaining
paste of normal density and in the inprovenent of the strength
characteristics of the binder.

For reducing the water requirenents and thereby inproving
the strength characteristics use of organic plasticizers and
conplex additives containing a plasticizing substance and a
crystallization process initiator is rather effective.

From the econom cal and technical points of view, the
expedient trend of wutilization of beta-nodification gypsum
binder in the USSR is the production of small-sized wall blocks
on its base.

An automatic flow line is worked out and realized for pro-
duction of gypsum bl ocks, neasuring 390x190x188 mm The bl ocks
feature a sufficient carrying capacity, snmall density, satisfac-
tory heat-insulating characteristics.

Such products are used with a high efficiency for construc-
tion of low buildings of different purpose.

The authors are very nmuch obliged to Prof. A V. Vol zhensky,
engi neers V.l. Kornev, A B. Levchenko, S. V. Pisarev for their
active participation in the devel opnent and nastering of the
technol ogy of manufacture of phosphogypsum binder and wall pro-
ducts fromit. 509



SHRI NKAGE OF CEMENT- PHOSPHOGYPSUM M XTURES
SUBJECTED TO COVPACTI ON

By
1 2 3
C X Ling, KT. Lin, and WF. Chang

SYNOPSI S

The huge quantity of phosphogypsum which has been
stockpiled in Florida has caused increasing concerns with
respect to its possible environmental inpacts. Many research
projects on utilization of phosphogypsum as construction
materials have Dbeen sponsored by the Florida Institute of
Phophate Research. It was found that phosphogypsum based
mat eri al s possess valuable strength sufficient for wuse in

building and road construction after conpaction.

The aim of the tests in this paper is to investigate
the shrinkage properties of phosphogypsum cement m xtures
and the influence of the factors, such as noisture content
(MO), cement content, curing conditions, the relation
between shrinkage and noisture |oss, conparison of shrinkages
of the compacted and vibrated specimens and anbient
hum dity. The specinmens covered 14% to 22% MC, 10:90 to 95:5
PGC, 3 to 28 days «curing and 50% to 70% anbient hunmidity.
Effect of this factors on the development of drying
shrinkage over tine is described, and relationship between
drying shrinkage and loss of water is given for each factor
i nvol ved. The volune change of the specinen in the air is a

swel i ng-shrinkage process wth loss of noisture. Shri nkage
of conpacted specinen is much less than that of vibrated
speci men. Curing conditions and ambi ent hum dity are

significant to the shrinkage. There is a maximm shrinkage at
about 25:75 PGEC ratio and an enpirical formula to predict
ef fect of PEC ratio is obtained, using a program which fit
| east-squares polinomals to bivariate data.

KEYWORDS: Shri nkage, Phosphogypsum  Cement, Conpaction
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. 1 NTRODUCTI ON

Recent | aboratory research and field projects on
phosphogypsum Chang, | 987, Li n, Nanni &Chang, | 986) have shown
that this material alone and when conmbined wth portland
cenent, usually in Ilow per cent ages, provi des adequate
st rengt h, after conpacti on, for roadway bases and subbases
construction. In addition to strength, one of the nost
i mportant factors effecting the performance of roadway
pavenment, especially rigid pavenment, is the shrinkage of the
paving m xtures. Excessive shrinkage results in severe
tensile stresses and cracks which may inpair the structural
integrity of the pavenent. VWhile shrinkage is a natura
phenonenon of cenment pastes, conventi onal aggregates usually
have a restraining effect on shrinkage. Herein the shrinkage
properties of cement-phosphogypsum pastes subjected to
conpaction are first studied
Shrinkage generally is brought about by the 1loss of
moi sture from either fresh or hardened cenment pastes.

However, it is the "drying shrinkage", whi ch undergoes after
m xtures have har dened, t hat has nor e practical
signi ficance. In this study, some essenti al factors
affecting the drying shrinkage of various cement -
phosphogypsum m xtures are investigated. To represent the
effect of roller compaction in the field , mxtures were
conpacted at a static pressure of 1,500 psi in the
| aboratory. The following factors affecting shrinkage of

cenment - phosphogypsum pastes are studied:

a) Misture content at conpaction (MS), from 14 to 22%
where the desirable dry density as well as
conpressive strength of the mnmixtures can be obtained
under the 1500psi of conpaction pressure. (Lin,I987)

b) Phosphogypsuni cement ratio (P/C, 10/90 to 95/5

c) Curing conditions and ages, 3-28 days versus
sealed curing

d) Amount of noisture |oss, and

e) Anmbient relative humdity, 50% and 70% RH

In addition, for the purpose of conparison, shrinkage

of sone specinens prepared by conventional vibration method
was studi ed.

In general, the shrinkage of cement-phosphogypsum
nmxtures can be expressed as a function of P/C ratio, age,
and noisture loss. In this paper, mathematical equations,
based on enpirical results, are developed relating the
shrinkage of certain ages to P/C ratio. Prediction of
shrinkage of the cenment-phosphogypsum m xtures, can be

achieved by sinply wusing these equations.

2. PREPARATION OF SPECI MEN

Portland cement type | was used in this study. For
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each m x proportion, three 1"x I"x 10" bar specinens for
nmeasurenent of length change were prepared in a steel nold
at a conpaction pressure of 1,500 psi. After conpaction,

specinmens were wapped in plastic nenbrane for sealed curing
for a period of three days unless otherwise noted. The
tenperature was nmamintained at 80F and relative hum dity at
50% . Before neasured, contact points were casted at the two
ends by using CYLCAP. At the end of the curing, specinens
were neasured in length and allowed to dry wunder the sanme
envi ronment followed by measurenment of specinmen length
changes at selected tines. To investigate the influence of
different curing environments and curing ages, SOmMe specinens
were also subjected to wet curing (100% RH and sealed
curing of 14 days and of 28 days.

3. EXPERI MENTAL  RESULTS
3.1 SHRINKAGE VERSUS SPECI MEN AGE
Figures 1 through 4 present the shrinkage as a function

of drying age of a series of cenent-phosphogypsum m xtures
of wvarying phosphogypsum content and cenment content (P/C

rati o) at conpaction noisture content of 14,16,18,20 and
22 percent, respectively. From t hese curves, it is first
observed that, except for sonme mxtures at a certain initial
drying period, the shrinkage generally increases with the
age as expected. Secondly , the cenent content indicates to
be an inportant factor affecting the shrinkage of these
m Xt ures. The shrinkage 1is largely reduced when cenent
cont ent is properly decreased. Mor e precisely, with

reference to Figure 5, there seenms to be a certain cenment
content, at which the shrinkage is a maxi mum and by which
the shrinkage decreases with |ower cenment content. Thus it is
found that the shrinkage property of cement - phosphogypsum
m xtures can be inproved by adjusting cement content. As was
noted above, for sonme mxtures, when the drying initially
starts, the shrinkage does not i ncrease but actually
decreases with the tinme. This is because the speci nens of
these mixtures expand for a certain period before they start

to shrink. In fact, these, mixtures are those wth |low cenent
content. The cause of this phenonmenon is attributed to the
fact that reaction between C A in portland cenment and SO
in phosphogypsum with adequate noi st ure, results in
formati on of ettringite, which is acconmpanied with
expansion. It is believed that during the initial drying,

the mpoisture retained in the specinen remai ns adequate for
the reaction. It is also believed the expansion is so |large

that it overcone the shrinkage due to the drying. As the
result, the net effect is expansion rather the shrinkage. As

the drying continues, it reaches to the point where the
shri nkage prevails. To have a better view of this
transition, Figure 6 is replotted in senm-log scale sone of
the curves shown previously in Figure 4. From these two
figures , the followings can be seen:
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1) The expansion-shrinkage phenonenon exists when P/C
ratio is above 3.

2) The duration wthin which the expansion exceeds the
shrinkage is approxinately one day.

3.2 MJSTURE LOSS VERSUS AGE

The term "drying shrinkage" inplies that the shrinkage
of cenment pastes exists as a result of drying or |oss of
nmoi sture. During the period of experinentation, it was found
the drying rate or rate of noisture loss (neasured in gram
of cement- phosphogypsum m xtures depends on the cenent

content as shown in Figure 7. For mixtures of [|ower cenent
content, the mpisture loss at any age is generally higher.
This is due to the fact that mixtures wth higher cenent
cont ent, consune nore noisture for hydration thus | eaving
|l ess noisture available for drying. From the different point
of view, this means t hat at the time of drying
cement - phosphogypsum m xture with |ower cement cont ent
retains nore noisture in the mxture available for t he
formation of attringite. Also shown in the figure is that
for low cement content nm xture, the drying of specinmens
proceeds in a rather short ©period. As indicated in the
figure, the drying curves for P/C ratio no |ess than 75:25
or 3:l reach their plateaus within 7-14 days. In contrast,
m xtures with lower P/C ratios or higher cenent content, dry
gradually and continuously with the age up to 90 days, which
is typical as for conventional cenment pastes.

3.3 RELATION BETWEEN SHRI NKAGE AND MJ STURE LGOSS

Figure 8 presents the relationship between shrinkage
and moisture loss for mxture of P/C ratio varying from
0/100 to 95/5. For 100% cement pastes, as shown in Figure
8, the relationship is quite linear. As the ratio goes
higher , the relationship becones nore and nore nonlinear. It
is interesting to point out tw aspects of the relationship
for high P/C ratio (above 75/25) nm xt ures. First, at the
time of initial noisture loss there is expansion due to the
formation of ettrigite as explained earlier. For m xture.
with extrenely high P/C ratio (90/10 or 95/5), the expansion
continues until very little moisture is | eft in the
m Xt ures. And the shrinkage 1is nuch off-set by the
expansion, as seen in the figure. Second, the curves
approach vertical at the end, nmeaning that the shrinkage
continues wi thout noticeable novisture |oss. It is possible

that at the final stage of shrinkage, nmoisture loss is not
the only factor causing the shrinkage for high P/ C ratio
m xtures.

3.4 CORRELATION BETWEEN SHRI NKAGE, |IN TIAL COVPACTI ON
MO STURE, AND P/C RATIO
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Figure 9 presents the 28 days and 90 days shrinkage as

a function of cenent cont ent, or P/C ratio, for different
initial conpaction noisture content. From these curves, it
is seen that conpaction noisture content within the range of
this study has only a mnor effect on the shrinkage as
conpared to the effect of cement content. The effect of the
conpaction noisture is significant only for high cenent
m xtures. On t he ot her hand, the shrinkage changes

drastically as the cenent content varies from 5% to 90% As
seen, peaks of shrinkage values can be spotted at a cenent
content range of approximately 60% to 75% Over the peak,

the shrinkage decreases continuously as the cenent content
decr eases. Simlar results are shown that the shrinkage of
cenment - phosphogypsum m xtures can be greatly reduced by
adjusting the cenent content.

3.5 EFFECT OF CURING CONDI TIONS ON SHRI NKAGE

For the purpose of conparison, five types of curing
conditions were used, as described as foll ows:

Type 1 : Specinmens were cured under sealed conditions
for 3 days then allowed to dry.

Type 2 . Specinmens were cured under sealed conditions
for 14 days

Type 3 Speci mens were under sealed curing for 28
days.

Type 4 . After sealed curing for 3 days, specinmens were
subnmerged in water inmmediately. The subnersion continued for

11 days. Then the specinens were allowed to dry.

_ Type 5 : Sane as type 4 except specinmens were subnerged
in water for 25 days.

All of the five types of specinens were under the sane
temperature during the <curing and the same tenperature as
well as relative humdity during the storing.

Fi gure 10 conpares the shrinkage of the m xture
subjected to type 1, 2 and 3 curing conditions. As observed,
prol onged sealed curing nerely delays the shrinkage of the

mxture and produces the sanme shrinkage at | onger ages as
does the shorter sealed <curing. During the prolonged sealed
curing after the initial 3 days, as indicated by the curve
for type 3 in the figure, the specinmens first expand due to
t he formati on of ettringite t hen shrink due to
sel f-desiccation for hydration of cement and possible
filtration of nmoisture from the specimens through the
sealing nenbrane to the environnent.

If after sealed curing, specinens were allowed to be

soaked in water for a certain period, then the shrinkage can
be reduced by the the expansion effect during the subnersion
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period, as demonstrated in Figure 11. From this figure, it
is seen that the longer the submersion period, the larger
the expansion, and the smaller shrinkage.

In summary, longer sealed curing can only postpone the
shrinkage while submersion after sealed curing reduces the
shrinkage.

3.6 EFFECT OF RELATIVE HUMIDITY

For conventional cement paste, it is well known that
the relative humidity(RH) affects the shrinkage. The lower
the RH, the higher the shrinkage. For cement-phosphogypsum
mixtures, Figure 12 shows the 90 day shrinkage for varying
cement content at RX of 50% and 70%. Basically the cement-
phosphogypsum mixtures indicate similar shrinkage
characteristics to conventional pastes in this respect.
However, the RH seems diminishing effective in affecting the
shrinkage as the cement content decreases. This behavior of
cement- phosphogypsum mixtures can be reasoned through the
test data presented in Table 3.1, where the moisture loss at
90 days is compared, of mixtures with different cement
content for RH of 50% and 70%. From this table, it is
observed that at high P/C ratios, the moisture loss becomes
practically the same for the two RH's. Since moisture loss
is the main factor that shrinkage is affected by R.H., the
characteristics shown in Figure 12 is well explained.

TABLE 3.1. WATER LOSS (GRAMS) WITH DIFFERENT RH

——— S — it S i o S " o T o Mo T S SO Sl S S S S e S S W e et S i S A Y A M P s S s D S S e S M S O P o S W O i W o S

i Cement i { | | i { {
| Content (%) { @@t 9 | 75 |+ S t+ 28 1 16 |
" P/C matie 1 @:1001 101901 25:751 Se:s01 751251 90:10l
\RH = Se % 1 15.0 1 15.4 | 17.8 | 21.2 | 26.3 | 34,7 |
RR = 70 % 1 714 9.7 4 13.2 | 14.7 1 23.6 | 34,7

——— — T o —— —— r— —— o o —— — —_ o —— | S . o s v ——_{— - - 0" o o ——— —— — ————— - o - 2o

3.7 SHRINKAGE OF SPECIMENS CONSOLIDATED BY VIBRATION

For the purpose of comparison, some specimens were also
prepared by the conventional vibration method. Consolidation

by vibration generally, due to lower consolidation energy,

requires more water than the compaction method to provide
suitable workability. Excessive moisture increases the
shrinkage of the specimens upon drying. As a consequence,
shrinkage of vibration specimens is expected to be larger

than that of compaction specimens.
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Figure 13 plots the shrinkage of some vibration
specinens wth respect to the drying age. As seen, sinmlar
to the case when the conpaction nethod was adopted, the
shrinkage increases with the drying age. Also revealed in
this figure and Figure 14 is the effect of cement content on

the shrinkage . To better denobnstrate this effect, Figure 15
plots the shrinkage at differant ages as a function of
cement content. As shown, cement content remai ns an
important factor in affecting the shrinkage , as is the case

for the conpaction nethod.
Figure 16 shows the relationship between shrinkage and
noi sture loss for wvibration specinmens. Due to the abundance

of noisture in the specinens , expansi on of specinens was
observed for cement content ranging from low (20% to
hi gh(80). In contrast, when the conpaction nethod was used |,

only specinens wth cenment content |ower than 50% shown the
expansion characteristics.

As a compari son bet ween shrinkage of vibration
specinens and that of conpaction specinens. The shrinkage is
plotted as a function of cenent content. As shown in Figure
15, specimens consolidated by conmpaction have nuch |ess
shrinkage than their counterparts due to Iless anounts of
noi sture in the mxtures. The difference in shrinkage does,
however, depend on the cenment content. As the cement content
goes down lower, the difference beconmes snuller, i ndi cating
that for low cenent content the shrinkage is less affected
by the noisture content in the mxtures. In other words, for
high P/C ratios the <conmpaction has less |everage on the
shri nkage.

3.3.8 PREDICTION OF SHRINKAGE BY SIMPLY MATHEMATI CAL
EQUATI ONS

From t he previ ous par agr aphs, it is known that
shrinkage of cenment-phosphogypsum m xtures under the static
conpaction is a function of age (t), cenent content(C),
initial conmpaction, noisture content(MC) relative humdity,
and curing conditions. For the RH of 50% and curing
condi ti ons(seal ed) mainly adopted in this program a
mat hemati cal equation was developed to predict the shrinkage
as function of t, C and MC Wth reference to Figure 9, as
presented earlier, the effect of MC ~can be elimnated by
using the average of the shrinkage values as presented. A
regression analysis wusing the |least-square fitting nmethod,

based on the average shrinkage values at ages of 28 and 90
days, results in a second order polynomal. The derived

equation as witten below makes simple prediction of
shrinkage of cement - phosphogypsum m xtures under the

conpacti on:
2 -5
Sm = At * (220 + 368 * (1-C - 588 * (I-©Q ) * 10

where Sm = shrinkage
At = coefficient depending on age; equals 0.9 for
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age of 26 days and 1.1 for age of 50 days
C = cenent content(% by weight

Figure 17 denmonstrates the perfect fitting of this
equation to average experinental data.

4.  CONCLUSI ONS

Based on the experinental results as presented in this
paper, the following conclusions on shrinkage of cenent-
phosphogypsum mi xtures wunder the conpaction can be drawn:

11 Cenent content plays an inportant role in affecting
the shrinkage of cenent-phosphogypsum m xtures. By
using low cenent content, the shrinkage can be
advant ageously adj ust ed.

2) The relationship between the shrinkage and noisture
loss is non-linear for cenent - phosphogypsum
m xtures, as opposed to that for conventiona
cenment pastes.

3) Due to the formation of ettringite wupon initial
drying, the specinens with |ow cenent content
exhibit the expansion- shrinkage characteristics.

4) Prolonged sealed curing would not alter but only
delay the long-term shrinkage. Proper duration of
soaking the specinens after curing, however, helps
reducing the shrinkage.

5) The shrinkage is also affected by the relative
humidity of the environent. Lower RH increases the
shrinkage, but the effect becomes negligible for |ow
cenent content in the mixtures.

6) For shrinkage, conpaction has an edge on vibration
The edge becones smaller as the cenment content
decr eases.

7) The shrinkage of cenent-phosphogypsum mixtures under
static conpaction can be assessed by using a sinmple
mat hemat i cal expressi on.
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FIG.3 SHRINKAGE VERSUS AGE (MC:18%)
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FIG.4 SHRINKAGE V.S. AGE(MC:20%)
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FIG.5 SHRINKAGE V.S. CEMENT CONTENT(MC:20%)
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FIG.6 SHRINKAGE V.S. AGE(MC:20%)
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FIG.7 MCLOSS V.S. AGE(MC:20%)
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FIG.8 SHRINKAGE V.S. MC LOSS(20%MC)
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90 DAY'S SHRINKAGE(X10 -5)

FIG.9 SHRINKAGE V.S. CEMENT CONTENT(90 DAYS)
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FIG.10 EFFECT OF CURING CONDITIONS(SEALED)
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FIG.11 EFFECT OF CURING CONDITIONS(SOAKED)
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FIG.12 EFFECT OF R.H.(MC=16%)
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FIG.13 SHRINKAGE OF VIBRATION SPECIMENS
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FIG.14 SHRINKAGE V.S. CEMENT FOR VIBRATION SPECIMENS
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FIG.15 COMPARISON OF VIBRATION &COMPACTION
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FIG.16 MC LOSS V.S. SHRINKAGE FOR VIBRATION
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FIG.17 FITTING OF EMPIRICAL EQUATION
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BASI C ENG NEERI NG PROPERTIES OF
PHOSPHOGYPSUM | NCI NERATOR FINE ASH BASED M XTURES

SUBJECTED TO COVPACTI ON

by
, 1 2
C. X. Ling and WF. Chang

ABSTRACT
To devel op further pot ent ai | applications of

phosphogypsum in this paper, phosphogypsum is wused as a
bi nder to stablize incinerator fine ash, a solid waste
prossessed poor binding properties. The basic engineering
properties of phosphogypsum ash- based mat erial s wer e
i nvesti gated, including water resistant, noisture-density-
compaction pressure relationship, opti mum noisture content

and conpression strength which is affected by sone factors
such as cement content, phosphogypsum /ash ratio, npisture

cont ent, compaction pressure and age. It is found that
phosphogypsum possesses good binding properties under

compaction and retains these properties when nixed wth the
fine ash, and phosphogypsum -ash-cenent mixtures are of good

water resistivity and conpressive strength under static
conpacti on.
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| ntroducti on

Incinerator fine ash which nmay contain toxic materials
comes from buring solid waste, i.e. muni ci pal gar bage.
Virtually all of the incinerator fine ash is deposited in
landfills. Such landfills should be specially designed to
prevent groundwater and surface water contam nation. The
objective of this chapter is to stabilize and reuse the fine
ash, combi ni ng with phosphogypsum as a construction
mat eri al .

The incinerator fine ash possesses poor binding
property. It is difficult task to find wuseful applications.
In this paper, phosphogypsum whi ch possesses good binding
property after conpacted, is conbined with ash to form
phosphogypsum ash nixtures. The basic engineering properties
of phosphogypsum ash mxtures and phosphogypsum ash-cement
m xtures subjected compaction are I nvesti gat ed. The
significance of this effort is twofold: first, to find a
potential applications for the two waste materials, second,
to alleviate the pressure on the demand for aggregates in a
region poor in this type of resource.

Two kind of nixtures, phosphogypsum ash m xtures and
phosphogypsum ash- cenent m xtures were studied in the course
of  experinentation. First, water resistant property of the

m xtures with various proportions is investigated to
establish the range of the material contents for the
m Xt ures. Second, the relation anmong density, conpaction
pressure and moisture content is studied to obtain proper
conpaction energy and noisture content for the test of the
m xtures. Then, the conmpressive strength properties are
presented. The factors affecting the conpressive strength of
the m xtures, such as phosphogypsum ash ratio, cement
cont ent, conpaction pressure and test conditions, are
st udi ed.

1. Water Resistance of Phosphogypsum Ash-Based M xtures

Pure ash specimens possesses poor binding property, as
shown in Table 1. The specimens were consolidated ranging
from low conpaction pressure of 1,500 psi to high conpaction
pressure of 24,000 psi with proper nmoisture contents and
then sealed in plastic nmenbrane for 28 days. There were
visible cracks occurred on the surface of speci nens of the
pure ash specinmens under conpaction pressure of |ess than
6,000 psi after several days of sealed curing. No crack was
observed on the surface of the specinmens under conpaction
pressure of nore than 12,000 psi. The signs "+" and "-" shown
in Table 1 indicate these two situations.

No such binding problem occurs for phosphogypsum ash
mxture with 25 % phosphogypsum and 75 % ash and cenent-ash
m xture with 5 % cenment and 95 % ash. The conpaction
pressure applied to both of the mxtures is as low as 1,500
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psi. These facts illustate that both phosphogypsum and
cement could inprove the water resistance of the m xtures.

Water resistance of specimen is defined here as that
there is no crack occured on the surface of the specinen
after subnerged in fresh water for nore than two days (48
hour s) . To i nvestigate wat er resi stance of t he
phosphogypsum ash-cement m xtures, specinens with cenent
content varying from 0% to 10% and phosphogypsum content
varying from 0% to 75% were nmade. Two typi cal conpaction
pressure, 12,000 psi and 1,500 psi, were used to prepare the
specinens. Al of the specinmens were sealed in plastic
menbranes for 7 or 28 days and then subnerged in water for
two days.

Table 2 through 4 present the results of the tests. The
signs "+" or "-" nean that the specinmen possesses positive
or negative water resistance, respectively.

Table 2 gives the water resistance of phosphogypsum

ash mxtures (no cenent). It can be seen that all of the
pure ash specinmens and the phosphogypsumash mxture at age
of 7 days do not possess water resistant. Al of the

phosphogypsum ash specinens at age of 28 days possess water
resi stance except those w th phosphogypsum content of 25% and
| ow conpaction pressure, sone of which «cracked. It seenms to
indicate that the water resistivity of phosphogypsum ash
m xtures is inproved with the age of the specinens.

Tabl e 3 i ndi cat es t he wat er resi stance of
phosphogypsum ash -cenent mxtures wth cenent content of
5% Conpared with Table 2, it is shown that the cenent can
i mprove water resistance of the mxtures with phosphogypsunt
ash ratio of 1/1 and 3/1 at the early age of 7 days.

If the cement content increases up to 10% all of the
ash-cenment nixtures and phosphogypsum ash-cenent nm xt ures
possess good water resistance property, as shown in Table
6. 4.

To be summary, the effect of factors on water resistance
can be repeated as foll ows:

(1) Cenent and phosphogypsum contents are the nost
important factors inproving the water resistance of
the m xtures.

(2) Water resistance of phosphogypsum ash based
m xt ures is inproved with the age of specinens
under seal ed curing.

2. Relation Among Conpaction Pressure, Density and Mbisture
Content of Phosphogypsum Ash-Cenent M xtures

For speci mens consolidated by static conpaction,
noi sture content is an inportant factor affecting density,
strength and other engineering properties. Under static
conpaction, noisture acts as a lubricant between particles
of the mterials in order to achieve adequate conpaction
density. |If excessive water is provided, it wll m grate
within the specinmens and accumulate on the specinmen top and
bottom surfaces. This surplus water and its mgration may
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soften the already conpaction solid nmaterial and have a

harnful effect on the strength properties. Therefore, it is
neccessary to find the relationship anbng conpaction
pressure, density and nmpisture content and to find the
opti mal noi sture cont ent for phosphogypsum ash- cenent

mxtures with different proportions under varying conpaction
pressures.

The optimum  noisture content is defined as the
experimental ly found maxi mum noisture content at which the
noi sture in m xture is not pressed out at the given
compacti on pressure. This definition was introduced by
Skal ny and Bajza (1970) in early work on cenent paste. Under
a certain static conpaction, noisture in specinen acts as a
[ ubri cant between particals and helps obtaining higher
density. |f excessive noisture is provided, it will mgrate
within the specinens and accunulate at the specinen top and
bottom surfaces. This surplus water and its mnigration may
have a harnful effect on the strength properties.

2.1. Relation between Conpaction Pressure and Density

Figure 1 shows the relation between conpaction pressure
and density of phosphogypsum ash-cenent m Xt ur es. The
m xtures consist of 10% cenent, 45% phosphogypsum and 45% ash
and noisture content varies from 10% to 25% The density
generally increases wth pressure as expected. For a certain
pressure, say 140psi and 430psi in Figure 2, the density of

the specinens is increased wth noisture content. Thi s
illustrates the lubricant action of the noisture content in
t he speci nens. However, for specinen wth a certain noisture
content, there is a naxinum conpaction pressure over which
noi sture will be pressed out. As the conpaction pressure is

increased the optinmm noisture is decreased.

It is observed from experinental data (Ling, 1990) that
phosphogypsunfash ratio only has little effect on the
relati onship between conpaction pressure and density within
the range of 10% to 20% noisture contents. Therefore, the
relation can be sinplified by taking the average density of
specinmens wth different phosphogypsumash ratio. Figure 3
has the regression curves for relation between conpaction
pressure and density with different npisture contents.

2.2. The Ralation anong Conpaction Pressure, Optimm Misture
Content and Density

From the data in (Ling, 1990), the relation between

optimal noisture nmoisture content and conpaction pressure
and relation between optinum noisture content and naximum
density can be expressed by the following sinple equations.

1 2
————— = 0.0332+(1. 268+Pr-0. 0584+Pr )*100 (1)
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DS = 139-1.28*MC (2)

where MC(% = Optinmum noisture content
Pr(ksi) = Conpaction pressure
DS(I b/ft 3) = Maxi rum density

The two equations were plotted in Figure 4 and 5. As
shown in the figures, the optimm noisture content decreases
as the conpacti on pressure increases. For a certain
conpaction pressure, the optinmum noisture content MC can be
obtained from equation(l). The density of the specinen, under
this conpaction pressure Pr and with the opti mum noi sture
content MC, can be calculated by using equation(2).

2.3. Effect of Cenent Content on Optinum Misture Content

Equation (2) for optimal noisture content is applies to
t he phosphogypsum ash-cenment m xtures containing 10% cenent

content. For the mxtures wth different cenent, content,
experimental results indicate that the relation bet ween
cenent content and optinmm noisture content is linear, as

shown in Figure 6. The relation can be expressed as follow :

Fc = 0.94 + 0.0062 Ce (3)

where Fc = cenent effect factor
Ce(% = cenment content

This relation only applies to the phosphogypsum ash-
cenent mxtures with cenment content between 0% and 20% which
was the range of the experinments in this chapter.

3. Conpressive Strength of Phosphogypsum Ash M xtures

All  of the specinmens for conpressive strength were
sealed in the nmenbrance for 28 days unless otherw se noted.
The noisture content used was calculated by using equations
(1) and (3).

3.1 Effect of Phosphogypsum Ash Ratio on Conpressive
Strength

Figure 7 shows the effect of phosphogypsum /ash ratio
on cornpressure strength of phosphogypsumtash m xtures. The

phosphogypsum ash rati os used in this experinment are,
0/1, 1/3, 3/5, 1/1, 5/3 and 3/1 wth respect to compacti on
pressure of 3 ksi. It is shown that there is a certain

phosphogypsum ratio at which the strengths under the three
testing conditions are maxi mum These curves indicate the
interaction between phosphogypsum and ash in these m xtures.

Phosphogypsum content inproves the binding ability of the
m xtures in the range of phosphogypsumash ratio from 1/3 to
1/1 and the strength increases with the phosphogypsum /ash
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ratio. However, the strength decreases wth phosphogypsum
/ash ratio if the ratio is beyond 1/1.

3.2. Effect of Conpaction Pressure on Conpressive Strength of
Phosphogypsum Ash M xt ures

Figure 8 shows the effect of conpaction pressure on
conpressive strength of phosphogypsum ash m xtures. The
figure indicates that conpressive strength of phosphogypsum
-ash m xtures depend on conpaction pressure. As t he
compaction pressure increases, the resulting conpressive
strength also increases due to the increase of density. In
the mxtures wth hi gher compacti on pressure, t he
phosphogypsum has a better binding ability which helps

i ncreasing the strength.

3.3. Effect of Testing Conditions on Conpressive Strength of
Phosphogypsum Ash M xt ures

Three types of testing conditions were used in this
experi ment. They are air-dry testing condition | sealed
testing condition and soaked testing condition. Al of them
are defined as foll ows:

Air-dry testing condition: specinens are sealed in
plastic nenbrane for a period of 26 days. And then the
specimens are allowed to dry quickly wunder a electric fan
for 48 hour before tested.

sealed testing condition : specinens are sealed in
plastic nenbrame for a period of 28 days.

soaked testing condition : specinens are sealed in
pl astic menbrame for a period of 26 days. And then the

specimens are subnerged in water for 48 hours before tested.

From Figure 7, it can be seen that the conpressive
strength of the mxtures wunder air-dry condi tion i's
general ly hi gher t han those wunder sealed and soaked
conditions. It seenms that phosphogypsum ash ratio affects

the strength of the mixtures greater for air-dry condition
than far soaked condition.

Figure 9 gives the relative strength with different
testing conditions. The relative strength is defined as the
ratio of strength under wvarious testing conditions to the
strength under air-dry testing condition. The relative

strength for sealed testing condition varies from 0.67 to
0.84 and the relative strength for soaked testing condition
varies from 0.42 to 0.68. The averages are respectivly 0.75
to 0.55.
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3.4. FEffect of Age on Conpressive Strength of Phosphogypsum
Ash M xtures

In all of previous cases, the tests were done only at
the age of 28 days of specinens. In this section, the
conpressive strength of phosphogypsum ash m xtures were
tested at different ages. Figure 10 shows the effect of age
on strength of phosphogypsum ash m xtures. Simlar to
conpressive strength of ordinary concrete, the strength of
phosphogypsumash nmixtures at age of 28 days is considerably
different from those of at age of 7 days and 60 days.

Al t hough t he physi cal and Chem cal reaction in
phosphogypsum -ash mxtures is not well known, it is certain
that the strength of phosphogypsumash mxtures increases

with the age of specinens.

4. Conpressive Strength of Phosphogypsum Ash-Cenent M xtures

All  of the specimens for conmpressive strength were
sealed in the nmenbrance for 28 days unless otherw se noted.
The noisture content used were calculated by wusing equations
(1) and (3).

4,1. Effect of Phosphogypsumash Ratio on Conpressive
Strength of Phosphogypsum Ash- Cenent M xtures

It is expect ed t hat conpressive strength of
phosphogypsum -ash m xtures greatly increases as cenent is
added into the m xtures. Cenment acts as a binder which
increases the strength of the mxtures, particularly in
soaked <condition. Furthernore, cement gel itself is rmuch
stronger than hardened phosphogypsum -ash m xtures. To
i nvesti gate the conmpressive strength of
phosphogypsum ash-cement m xtures, 10% cement content was
used in this paper unless otherwi se noted. Figure 11 shows
t he conpressive strength of phosphogypsum ash- cement
m xtures subjected to conpaction pressure of 1500psi. It
seens that the binding action of phosphogypsum becones |ess
i mportant due to the addition of cenent. Conpr essi ve

strength of phosphogypsum ash-cenent mixtures increases from
phosphogypsum ash ratio of 1/3 to 3/5 and decreases from 3/5
to 3/1. For the m xtures subjected to high conmpaction
pressure of 12ksi, the conpressive strength increases wth
phosphogypsunyash as shown in Figure 12. This neans that
phosphogypsum is of better behavior of conpaction.

4.2. Effect of Conpaction Pressure on Conpressive Strength of
Phosphogypsum Ash- Cement m xtures

Static conpaction pressure from 1.5 ksi to 12 ksi were
applied for conmpaction of phosphogypsum ash-cenent m xtures.
Speci mens wer e compacted at optimal noi sture content
corresponding to each conpaction pressure. Figure 13 shows
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the effect of conpressive strength of phosphogypsum ash-

cenment mxtures. As shown in the figure, the conpressive
strength of phosphogypsum ash- cement m xtures greatly
depends on the conpaction pressure, especially under air-dry
and sealed testing conditions. From this figure, it can be
seen that the conpressive strength of the mxtures increases
almobst linearly under air-dry and sealed testing conditions
with the conpaction pressure from 1.5 Kksi to 12 ksi. This

i ndicates that conpaction pressure play a very inportant role
in conpressive strength of the mxtures.

4.3. Effect of Testing Conditions on Conpressive Strength of
Phosphogypsum Ash- Cenment M xtures

Three types of testing conditions were used which have
been defined in section 3.3. Figure 11 and 12 indicate that
the compressive strength of phosphogypsum ash- cement
m xtures under air-dry condition is generally higher than
those under sealed and soaked conditions.

4.4, Effect of Age on Conpressive Strength of Phosphogypsum
Ash- Cement M xtures

In this section, effect of age on conpressive strength
of phosphogypsum ash-cement mxtures is investigated. Figure

14 shows t he ef f ect of age on t he strength.

Phosphogypsum ash ratio of 1/1 and cenent content of 10%
were used to prepare the specinens. Conpaction pressure was
1.5 ksi. Specinmens were sealed in nmenbrance for 7, 28, 60
days, respectively. Tests were performed under the three
testing conditions. It is seen that the conpressive strength

of the mxtures under three testing conditions increases

with the age of the specimens as expected.

4.5. Effect of Cenent Content-on Conpressive Strength of
Phosphogypsum Ash- Cenment M xtures

For all of phosphogypsum ash-cement m xtures above,
only 10% cenment was used. To investigate the effect of
cement content on conpressive strength of phosphogypsum ash-
cement m xtures, sever al cement content were used in this
section. The phosphogypsunmiash ratio of 1/I and the optinal
noi sture contents corresponding to the nixtures are used (see
equations (1) and (3)). Conpaction pressure was 1.5 ksi. Test
were performed under three testing conditions.

Figure 15 gives the effect of cenment content on the

conpressive strength. it is showmn that the conmpressive
strength of phosphogypsum ash-cement m xtures greatly
depends on cement content under all of the testing

conditions as expected.
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5. Concl usi ons

(1) Pure ash specinmens possess very poor binding
property. Pure ash can be stabilized by adding 25%
phosphogypsum or 5% cenent wunder the [|ow conpaction
pressure of |.5ksi.

(2) Strength as well as water resistivity of the ash can
be inproved by adding a mininmm of 25% of
phosphogypsum or 5% of cenment under conpaction
pressure of not less than |.5ksi.

(3) Strength properties of phosphogypsumash nixtures as
well as phosphogypsum ash-cement nixtures inprove
with age.

(4) Compressive strength of phosphogypsumash m xture
increases approximately 1in proportion to conpaction
pressure.

(5) The conpressive strength of the phosphogypsum ash
m xtures wunder air-dry condition is generally higher
t han those under sealed and soaked conditions due
to the reduction of internal friction of specinens.

(6) Conpaction pressure has a marked effect on strength
of  phosphogypsum  ash-cenent mxtures. The
conpressive strength of the nixtures increases
linearly wunder air-dry and sealed testing conditions
with the conpaction pressure from 1.5ksi to 12ksi.

6. ACKNOW.EDGEMENTS

This research was mmde possible by a grant from the
Florida Institute of Phosphate Research, Bartow, Florida, to
t he University of Mam, Col I ege of Engineering, Cor al
Gabl es, Fl ori da.

7. REFERENCES

[ 1] C. X Li ng, Def or mati on and Strength of
Phosphogypsum based M xtures Subjected to Static Conpaction,
1990, Ph. D Thesi s, Uni versity of Mam, Cor al Gabl es,
Fl ori da.

[2] K T. Lin, A Manni and WF. Chang, Conpressive

Strength of Conpected Portland-Based M xtures Using
Phosphogypsum on Consolidation of Concrete, 1986, Synposium
on Consolidation of Concrete, ACH Annual Convention, San
Franci sco. CA

[3] K T. Lin, Basi c Engi neering Properties of

Phosphogypsum Based M xtures Subjected to Conmpaction, 1987,
Ph.D. Thesi s, University of Mam, Coral Gables, Florida.

544



Table 1. Condition of Ash Specimens
under Sealed Curing

1

L]

¥

i

! 1,500 I, 000 &, DO0 12,000 24,000

{psi) :
B oy e oo soom mems e i it ot b e e e et ot otre o ettt et o it oS SRS SO b A4 S0 AoASS e Pt eSS S fmait e S b b Hove 4440 URA Sane bt WhAre b O SenSd Sh0de ass Pemes e S e S T 1
b 1 t
i Specimen i
iCondition! - - - + + :
!
1]

NOTE: ~ cracks on surface
+ no cracks on swface

Table 2. Water FResistance of FPhosphogypsum—ash mixture
{ no cement )

1

]

!

! Age e o e e j————————

i P o100 V2875 ) SOAS00 0 T7S/25 0
o e e e o } o e e f o g
! High i 7 days | - H - ! - ; - i
H e e e § o e e o o e o e } o e ‘
V{12 ksi) 128 days | - ' + ‘ + ! + :
} o e o e e e fm—————— } e oo e P ————— H
i Low i 7 days | - H - ! - : - !
) B e et e v e v e} e e mmen e e e o pants U s s croee woves soaen mnan e e B e ot oree ovare o i e S T e e otms moen amree e o S 1
3 ¥ ] i L ) 1
1{1.5ksi) 128 days - H +- + ' +
) 1 1
1 1 1

NOTE : -~ no water resistance
+ water resistant
+- unstable

545



i
t
t
§
1
1
1
t
i
i
¥
¥
¥
¥
1)
1
1
1
1
i
'
1
1
t

Fhosphogypsum—ash—cement

)

Gypsumi%) /Ash {4

5% cement

Resistance of

Water
mivtures(

S a

-

Table

t
¥
!
t
)
¥
1
]
g
i
1
i
1
:
]
}

I i | i i | 4 i i i | i |
i i i { i i [, i i | ! i |
I byt | | 1 I ] i b | i |
I i i | | & i b4, i i i
P~ 4t 4+ L+ 0+ 1+ U 1 P~ + i 4+ 1 4+ | +
P | | i | U | o i } |
P i i i | i | ~ b | i |
I ! | i i i £ [ i ! i i
- e W @ e e MmO e W 5 _ St Emat e W e W G e gmem S wem W
1 i | i i | i} { i i 1 ! i
! | i | i { | | i I i i |
P i i | | =3 o4 T i i i
| s | i ] { i e | | [l B o { i I
P~ 4t 4+ 0+ 1 + 1 4+ | n i @~ b+ e+ +
Pt { { | i L R I T i I !
- | i i i > i Tl B | | i
H | i i 1 i o i (V! i | i }
R i e el 0 I Ll el it
i i | i { i £ i 1 i | i i
{ i 1 i | I [l | ! | ! | i
NS i i 1 i i i o i i |
s i | P | i} | E 1t } i |
A I T . | o~ i Tt~ 4+ b4+ 1+ 0+
P F i i I i i . i {11 A | i i
P4 i i ! | + I o I i | |
{ { | I i i 1] e 20 > ] } i i
Rl I ¥ | T B B i
i i { i i i o £ 1 i i i i i
| i i i | i i GO i | | I ! |
I | i 1 i e uu i [ 1 i i
P o i i ! i {1 C i i o I | |
[ H U R T T T N T R I e 10 o | P~ + 4+ + 1+
I i i i i THEEN FE N o o i l {
| i | i { { b w ot ! | i I |
| i i i i i Lo ed | i { I i l
B R o M~ == e = e mm mm o e s e e e e
{ i i { | [ [ i i i i
P bow oo U Lo S B Pl owlom
P> >0 >0 > 1 by Lo P> d >0 >0 >
o b b g ow o | UL 4 S~ B ] gt i w1 ®
o ot ioio | 2L | h {2 v S T s S T v O B ¢
q i i i | o - o < 1 i i i
INt @it |V Owd 0o | I~ o i~ @
i P Fed | gl 4 = E " ! P by
il 1 ~ 1 ~ 1 { i i i ~ ~
L i PR e I+ + = i |1 i et ot
o} b W W L ! i [ oo W
i i o X0 2 s i [i{] i o G I 4 8
i | oo~ I 0 [T I s i { i | - I O in
il [ {3 I = b — I it} [ [ I B .
L { ~ | L D XL { L i -~ | vt
o i ~ 1 ~ b i} i . { ~ ~
B L L = - R i

rno water resistance
unstable
546

water resistant

-

+

NAOTE:



LVS

DENSITY (Ib/ft3)
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FIG.3 DENSITY V.S. PRESSURE BY REGRESSION(MC:10%)
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FIG.4 OPTIMAL MC CONTENT
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FIG.5 MAXIMUM DENSITY V.S. MC CONTENT
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FIG.6 EFFECT FACTOR OF CEMENT CONTENT
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FIG.7 EFFECT OF P/A ON STRENGTH(Pr=3ksi)
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'FIG.8 EFFECT OF COMPACTION PRESSURE(P/A=1/1)
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FIG.9 RELATIVE STRENGTH WITH TEST CONDITIONS(Pr=6ksi)
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COMPRESSIVE STRENGTH(PSI)

“FIG.10 EFFECT OF AGE ON STRENGTH OF P-A MIXTURES
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FIG.11 EFFECT OF P/A ON STRENGTH OF P-A-C MIXTURES{Pr=1.5ksi)
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FIG.12 EFFECT OF P/A ON STRENGTH OF P-A-C MIXTURES(Pr=12ksi)
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28 DAY'S STRENGTH(PSI)

FIG.13 EFFECT OF COMPACTION PRESSURE(P/A=1/1)
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FIG.14 EFFECT OF AGE ON STRENGTH OF P-A-C MIXTURES
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ABSTRACT
The results of a study that encompassed a comprehensive literature survey

concerning the production, properties, and utilization of by-product gypsum are
reported. A synthesis of the articles published in English was prepared in an attempt
to reach some understanding of the current state-of-the-art in by-product gypsum
(principally phosphogypsum) research and utilization. An abundance of information on
chemical composition, environmental factors, leachates, and radon emissions related
to by-product gypsum was found. However, little or no information appears to exist on
the fundamental properties of mixtures of phosphogypsum and stabilizing additives. In
spite of the extensive research efforts conducted to date, no generally accepted
product has been produced or marketed in the United States. Even prior to the
implementation of the recent EPA Regulations, phosphogypsum utilization was
constrained by the presence of impurities (including radioactive minerals), and,
perhaps, the comparatively low cost of competitive naturally-occurring materials. It is

concluded that a well planned and coordinated interdisciplinary research effort is

needed to find solutions to the problem.
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INTRODUCTION

The purpose of this study was to: review catalogue and annotate available
literature on by-product gypsum determne the state-of-the-art of reuse; and prepare
the outline of a proposed approach for the solution of the phosphogypsum probl em
Although the study enconpassed the various types of by-product gypsum its primary
focus was directed towards phosphogypsum Literature on fundamental properties,
environmental characteristics, reuse, known engineering and other properties of
phosphogypsum was col | ected, reviewed and analyzed. Interviews were conducted
with users of by-product gypsum products and conferences were held with researchers
working on the reuse aspects of by-product gypsum A discussion of the study results
and a plan of research for developing a viable solution to the phosphogypsum probl em
are presented herein.

An annotated bibliography (Arman and Seals, 1988) containing over 275
citations of hoth English and non-English articles was prepared. These articles
enconpass published and unpublished works. Copies of these articles have been
placed in the library of the Institute for Recyclable Materials at Louisiana State
University and are available for [oan. This bibliography is now being incorporated into
a conputerized retrieval systemthat wll allow specific searches to be conducted using
key words.

DI SCUSSI ON OF RESULTS OF LI TERATURE REVI EW

A review of the literature and results of personal interviews indicate that nuch
i's known about the chemcal properties and environnental characteristics of
phosphogypsum fl uorogypsum and flue gas desul furization (FGD) gypsum As noted
above however, the primary enphasis was given to phosphogypsum Little remains to

be done to determne the chemcal conposition, |eachates or radionuclides present in
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unmodi fied forms of by-product gypsum However, additional studies are needed to
eval uate the effect of stabilizing agents on the environnental and structural properties
of modified by-product gypsum

Environmental |y, the items of concern for outdoor use of phosphogypsumin its
raw formappears to be the emssion of |ow levels of radon and enission of |ow |eve
gamma radiation. The literature indicates that radon emssion from waste gypsum
piles is at lowlevels (20 to 30 pO/rﬁ-s) for thick sources. Gamma |evels range from
30 to 70 microRem hr including background. EPA has calculated risk estimates and
nunbers of cancers resulting from exposure to radium and radon associated wth
gypsum Based on their assessment, EPA pronul gated the National Em ssion
Standards for Hazardous Air Pollutants; Regulation of Radionuclides (EPA 1989)
which, among other facilities, addresses phosphogypsum stacks. These regul ations
currently restrict the use of phosphogypsum for any purpose by requiring that al
phosphogypsum be placed in a properly designed, operated and maintained di sposa
fill. This restriction applies to the use of phosphogypsum for research as well as for
products for commercial purposes. Recently, the Nuclear Regul atory Comm ssion
(NRQ published a policy statement (NRC, 1990) that provides a mechanism to
deternmne when radiation levels are so low that they do not warrant further regulatory
control. This statement, termed “Below Regulatory Control,” can be utilized to assess
the risk associated with various uses of phosphogypsum or any other nateria
containing radioactive minerals. Such an assessment may reveal, according to the
NRC policy, that certain uses of phosphogypsum may be “bel ow regul atory control.”
However, the response of EPA to such considerations is unknown,

Radiation and other potential contamnates result frominpurities present in the

original phosphate rock and are associated with the phosphoric acid production
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process. These inpurities include the radioactive elements of uranium and radi um
netals, lanthanide series elements, fluoride, and excess phosphate. Two of the nore
inportant and often discussed contaninants in phosphate ore and phosphogypsum are
the radioactive el enents uraniumand radium Atschuler, et al. (1958) discussed the
association of uranium with sedimentary phosphates. They found that U™ partially
repl aces ca® in the apatite structure mainly because the ionic radii (0.97A and 0.99A
respectively) are conparable. This occurs through a conplex coupled replacenent in
the apatite structure. When the apatite crystallizes in sea water it removes U
produced in sea water by the reduction of (UOZ)2+. This causes more U” to form
which can then be incorporated into the apatite structure as it continues to crystallize.
This results in the presence of high concentrations of uraniumto be present in the
apatite. In the Florida phosphate rocks, U represents from 40 to 91 percent of the
10 to 200 ppm of uranium present in the phosphate, with the reminder being U
The U cation cannot be incorporated into the apatite structure and is absorbed on
the surface of the crystal by chemisorption. The tetravalent form of uranium

predoni nates when the apatite originally crystallizes, while the hexavalent form
emerges later as a result of oxidation.

Wiere uraniumremains undi sturbed in nature, the menbers of the uranium
decay series through radium 226 are approximately in radioactive equilibrium In other
words, all the menbers are present in nearly equal concentrations of radioactivity. Wt
process phosphoric acid production disrupts the radioactive equilibrium which exists in
the phosphate rock. Mst of the uraniumis renmoved in the phosphoric acid, while the
radium226 and a trace of uranium appear in the phosphogypsum The radi um 226
then breaks down into radon-222 which decays further into the radon daughters

(Roessl er, 1987)
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Agricul tural uses of phosphogypsum may have inportant inplications on the
exposure of humans to radioactivity caused by the breakdown of radium226. First,
radium could build up in the soil with repeated applications of phosphogypsum This
could affect the uptake of radium by plants although the presence of calciumin the
phosphogypsum woul d probably reduce the uptake of the less soluble radium
Secondly and nore inportantly, land use changes fromagricultural to residential may
cause hones to be built on agricultural |ands where phosphogypsum was applied
(Lindeken, 1980). Qher uses of phosphogypsum especially as construction materials,
will definitely be hanpered by the Iingering questions of radon buildup and gamm
radiation exposure.

Qher environnental considerations associated with phosphogypsum primarily
deal with trace elements and heavy netals that may be found in the phosphogypsum
and their potential mobility. Also of concern is the pH of any |eachates produced by
phosphogypsum stacks or facilities constructed using phosphogypsum Sever al
studies have been performed to eval uate phosphogypsum that has not been stabilized.
These investigations have addressed fresh and aged phosphogypsum and active and
inactive storage areas or stacks. Senes Ltd. (1987) studied |eachate from fresh
phosphogypsum specifically addressing | evels of calcium sulfate, phosphorus,
fluoride, potassium alumnum cadmum chromium iron, magnesium nickel and
vanadi um Results indicated elevated | evels of cadmum sulfate, phosphorus, fluoride
and alumnum with only fluoride and sulfate above allowable concentrations for
drinking water.

Two studies conducted by My and Sweeney (1982, 1983) evaluated |eachate
from cored active and inactive phosphogypsum stacks. Leachates were generated

using the EPA Extraction Procedure to address toxicity characteristics of a nunber of
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heavy metals including arsenic, barium cadmum chronmium lead, nmercury selenium
and silver. Results indicated that no constituents in the leachates were above
allowabl e levels. Chromium nercury and selenium were not detected while
concentrations of other netals were detected at |evels far bel ow EPA requirenents.
The Mobil Chenical Conpany (Naff, 1984) studied |eachate from fresh

phosphogypsum stacks with the results indicating that all heavy netal concentrations
were below |eachate and drinking water standards

A very limted amount of research has been performed on stabilized
phosphogypsum wi th al most no results being presented in the scientific literature
Results from the Mbil study (Naff, 1984) have indicated that |eachate constituents
fromstabilized phosphogypsum were at nuch |ower |evels than fromraw
phosphogypsum In general, there is an identified need for additional research to be
performed on various stabilized phosphogypsum products to eval uate possible
environnental inpacts.

Qher characteristics of concern relative to phosphogypsum utilization are the
presence of fluoride and phosphate and |ow pH The quantities of phosphate and
fluoride depend on the phosphoric acid process used, the efficiency of plant operation
and the quality of the phosphate rock. Phosphate and fluoride contents may greatly
affect the performance of products made from phosphogypsum especially in cenent
and plaster of Paris manufacturing. The pH of phosphogypsum is generally low and
usual 'y ranges from2 to 5. The pH can be increased by further processing to renmove
excess acid contained in the phosphogypsum or by the addition of [ime. The pH
general |y needs to be increased before the phosphogypsum can be used beneficially.

Industry and governmental agencies (e.g., Tennessee Valley Authority - TVA

and Florida Institute for Phosphate Research - FIPR) have spent considerable effort
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and monies to find uses for phosphogypsum TVA's work in agricultural applications
are of particular significance. The results of agricultural applications (e.g., sugar cane
groundnuts, soybeans, etc.) have shown beneficial results. Additional agricultura
research funded by FIPR is in progress at universities in Georgia.

Phosphogypsum has been tested and used in many types of soil applications.
[t has been used in soil conditioning for reclamation of saline and/or alkaline soils. In
saline soils, the high salt content greatly restricts crop and vegetation growth. A kaline
soils suffer from poor drainage, surface crust formation, and runoff problens.
Phosphogypsum can be used to disperse particles in the soil and thus inprove
drainage and crop yields. The Na* ions on cation exchange sites are replaced by
Ca’* ions. The soil can then be Ieached to remove Na,SQ, salt. In the United
States, this application is used mainly in California. Gypsum and phosphogypsum
have al so been used to reduce soil pH

In soil applications, phosphogypsum can also be used as a source of cal cium
and sulfate. Goundnuts in particular may suffer froma lack of calcium In the
southeastern U S., peanut farmers have used mnor applications of phosphogypsum as
a source of calciumand to keep the soil slightly acidic. Both of these conditions are
favorable to the growth of peanuts

Agricultural applications have two drawbacks relative to having a major inpact
on the by-product gypsum probl em besides the possibility of radionuclide accunulation
discussed earlier. The most critical limtation in such applications is the necessity of
transporting gypsumlong distances fromtheir sources to potential narkets. The
transportation cost quickly becomes prohibitive when the distance exceeds 50 mles.
Qher commercially available soil beneficiation products easily compete with gypsum in

nost farming markets. The second drawback is that the total tonnage needed for
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agricultural use is low relative to the tonnage of phosphogypsum stockpiled or

produced annual |y (about 45 million tons in the USA). Thus, unless some unique
agricultural needs and uses for phosphogypsum are identified, the market for this
material in agriculture appears to be miniml and does not appear to have the potentia
of providing short term nassive usage narkets

The literature and the authors’ interviews indicated great interest anong
producers and researchers in finding uses for this material in civil engineering works
The reason for this wide spread interest is that, if proven to be technically and
economical Iy useful in engineering works, the need for materials in this mrket is
massive. The solution to the by-product gypsum usage problem lies in finding such
massive markets which can use large amounts of this material

There has been sone scattered research and devel opment work done by
various private and public agencies in determning the engineering properties of waste
gypsum in road enbanknents and road foundations. During the last five years severa
experimental and permanent roads have been constructed in Texas (Houston
Carthage, and Tatum) and Florida (Columbia and Polk County)

Monitoring of these structures (roads) has been conducted by gypsum
producers, marketers or by agencies comm ssioned by producers and marketers.
These studies have generally been limted in scope. There appear to be a few
“success stories” reported in this area. Thorough environnental monitoring is in
progress at the Florida road sites. However, nost of the engineering nmonitoring and
other studies performed have been |ow budget, short termand in some cases, in the
opinion of the authors of this report, superficial ones. The cunulative results of these
studies have not produced the type of engineering information needed by major users

of aggregates and construction materials (e.g., US. Corps of Engineers, Federa
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H ghway Administration, Federal Aviation Agency, state highway departments, etc.) to
deternine the long term stability of facilities constructed using raw or stabilized
phosphogypsum Sone of these applications have used Portland cenent (4 to

6 percent), fly ash (5 to 25 percent} or a combination of cement and fly ash to inprove
the strength and stability of the product. Qther applications made use of unstabilized
mxtures of gypsumand natural aggregates (e.g., granite, crushed |inestone, and
sand) as road bhase materials. Several field installations have been in use for five or
nore years and appear to be successful. However, sone have al so exhibited

problems attributed (but not clearly identified) to the formation of reaction products
such as ettringite and traumsite

Little discussion appears in the published and other literature on the use of
phosphogypsum for coastal protection structures or other civil engineering applications.
In the building industry, phosphogypsum has been used as a cement additive or
setting retarder, and in the production of precast gypsum building blocks, plaster of
Paris, and plasterboard. For exanple, in 1978 over 90 percent of the Japanese supply
of gypsum cane from phosphogypsum Nearly all of it was used in building materials
as a setting retarder for cement or in gypsumboard and plaster of Paris (Pena, 1985)
May, et.al (1985) of the U S. Bureau of Mnes stated that using phosphogypsum with
silica powder or calciumoxychlorides to make aggregates is not practical. The
products obtained had |ow strengths or stability.

There are also processes developed to reclaim sulfur, sulfur dioxide and fused
aggregates by incinerating phosphogypsum at high tenperatures. There appears to be
several viable processes developed or under devel opment which produce results
simlar to each other. The reactions resulting fromthe heating of the gypsum at high

tenperatures are exothermc. Thus, they produce nore BTUs than they consune.
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Such processes appear to be ideal where cogeneration is also an econom ca
alternative. The product of this process may be a fused aggregate, sulfuric acid and
cogenerated power. Sonme of these processes appear to be econom cal, provided the
aggregate produced has properties acceptable for use in construction and is
econom cal |y conpetitive with other readily available construction materials.
Furthernore, the question of the capital investment needed to build a plant to produce
sufficient volumes of material (aggregate) to neet the requirenments of the construction
market remains to be studied. Initial bench top and pilot plant results indicate that
these processes tend to “lock in” the radionuclides and will either conpletely elimnate
or reduce the radon emssion to negligible levels. At the time of the preparation of this
report, no literature about or sanple of this latter product was available to the authors
for further evaluation.

There are other treatments that can be used to render phosphogypsum or
phosphogypsum products more usable. For exanple, separating the finer fractions by
hydrocycl oning has been shown to reduce the radioactivity of the phosphogypsum by
approxi mtely 30 percent (Pena, 1985). Also, the Cak Ridge National Laboratory
studied two processes that recover uranium from wet process phosphoric acid
production. O course, the inplenentation of these and other nethods have to be
considered in light of their inpact on the cost of the end product and world market
prices.

Habashi (1985) and Altschuler, et al. (1967) proposed several nethods for the
recovery of lanthanide (rare earth) elements fromboth the phosphate rock and the
phosphogypsum These include |eaching with HNO, or HCL (recovering nore than 80

percent of the lanthanides), using |ess concentrated HSO, in the phosphoric acid
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making process, liquid-liquid extractions, selective precipitation, and extraction from
caustic solutions.

One of the nmost widely studied treatnents of phosphogypsum and gypsumis
that of thermal deconposition. Several Soviet authors studied the kinetics of this
reaction. Kouloheris (1981) did an excellent job evaluating the thermal deconposition
processes that could be used for the production of various products from
phosphogypsum These products include sul fur dioxide, sulfides, lime, and sulfuric
acid. Qhers have used mcrobial and bacterial sulfate degradation to breakdown
gypsum or phosphogypsum into sulfur and sulfides.

Qt her possible uses of phosphogypsum have been discussed by Pena (1985),
Nel (1981), and Kouloheris (1981). They include the follow ng:

Source of sulfur

Fluorine recovery

Source of elenmental calcium

Cal ci um carbi de manufacture

Ammoni um sul fate manufacture
Recovery of nickel fromlow grade ore
Mol ding gypsum for ceranics industry
Sodi um sul fate manufacture

The recomendations made by Pena (1985) in a study for the United Nations
Industrial Devel opnent Organization can be applied as well to the phosphogypsum
studies in the Qulf Coast region. Two recormendations that seem appropriate to this
region are

L In the construction of new plants, plant planning should include

specifications for a process that produces phosphogypsum suitable for

utilization. For exanple, the Japanese have devel oped the N ssan
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Phosphoric Acid Process. This process produces a phosphogypsum of
quality sufficient for direct use in wallboard and cement production.

2. In the case of existing plants, a feasibility study should be conducted on
possi bl e plant nodifications (such as inproved stirrers in the reactor)
that would allow production of phosphogypsum that could be nore
readily utilized.

CONCLUSI ONS AND RECOMVENDATI ONS

A review of the literature and the results of interviews indicate that industry
industrial organizations and universities have performed a number of studies in
identifying uses for by-product gypsum It appears however that there has not been a
major interdisciplinary research effort organized to determne the scientific,
engi neering, environnental, economc and marketing aspects of products that may be
devel oped by such an effort. In spite of the fact that large amounts of funds have
been expended by many parties, research efforts in reuse of this material have been
sonewhat narrowy focused

To date, no generally accepted product has been produced or marketed in the

USA. Lacking such outlets, the by-product gypsum problemis yet to be solved. FIPR
and its menber industries have done commendable work in the area of |and
reclamation and environnental protection of mned wetlands. They have al so
thoroughly studied the stability of by-product gypsum stacks and their environnmenta
aspects such as |eachates, radon emssion from stacks, etc.

Based on project findings, the authors conclude -

A well planned, well funded interdisciplinary effort nust be initiated to

find a solution to the problem An outline of a study is presented herein

Such a study should be supported by both public and private entities
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The combined talents and financial resources of public and private

agencies are absolutely necessary to find uses for phosphogypsum

Use of phosphogypsum in nmassive amounts may be possible with

proper research results and technol ogy transfer prograns.
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PROPOSED RESEARCH PROGRAM

Research (bjective

The objective of this proposed research programis to identify and eval uate
potential commercial utilization alternatives for phosphogypsum waste products. This
program seeks to devel op new products and applications for phosphogypsum and
other waste gypsum products which will help maintain the economc viability of the
affected manufacturing industries while assuring protection of the ecology and public
heal th.
Appr oach

A multidisciplinary approach is proposed which will conbine the technical
expertise of chemsts, environmental engineers, civil engineers, materials engineers,
biologists, clay mneralogists, business, legal and agricultural experts. It is further
recomended that a permanent pool of expertise be established involving the
research, academc and industrial communities to provide for scientific management of
the phosphogypsum probl em on a continuing basis.
Qutline of Research

Four ngjor phases of research are proposed, with multiple tasks required for
each phase. It is intended that formal research proposals detailing each of the
required tasks will be generated once funding for the effort is secured.

In the interests of expediency, some elements of each phase should be initiated
concurrently.

. State of the Art and Fundamental Property Assessment - Although a

consi derabl e amount of previous work has been attenpted in the area of

phosphogypsum use, those studies have not included a detailed
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analysis of fundamental properties or a determnation of |ong-term
integrity of potential uses.

This phase of the proposed research will examne previous
studies, supply and production factors, user experience and the
fundamental properties of waste gypsum materials. This phase will
provide a prelimnary technical assessment of potential uses to be
studied in subsequent phases, and will allow the research teamto take

a fresh approach towards resol ution of the phosphogypsum probl em

A Literature Review - Includes review classification, cataloging and
correlation of existing information. Theoretical, enpirical and
experimental data will be examned, including material properties,
mxture properties and utilization of phosphogypsum
fluorogypsum and flue gas desulfurization (FGD) gypsum

B. Engi neering Study of Phosphogypsun Fl uor ogypsum Fl ue Gas

Desul furization Gypsum Supply and Production Factors -

Includes an analysis of the nethods of production and disposal,

quantities produced and stockpiled, variability and conditions of
the stockpiled material, the locations of phosphogypsum
fluorogypsum and FGD gypsum stockpiles, and existing
environnental constraints.

C Survey of User Experience - Includes data acquisition and field

surveys of those uses of phosphogypsum fl uorogypsunt FGD
gypsum and their conposite forns as determned in A This task
would yield existing information and observations as to design

procedures, mnufacturing, processing and construction
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methods, quality control and assurance, and specifications, as
wel | as user experience with durability, cost effectiveness, and
overal| satisfaction with nmethods of utilization. Travel and on-site
inspection will be required.

Deternination of Fundanmental Phosphogypsunt Fl uor ogypsum

FG& Gypsum Properties -Includes an examnation of the basic

properties of phosphogypsum describing the physical, chemical,
m neral ogi cal, biological, nmechanical, radiological and
environnental behavior of this material. This analysis will

suppl ement and anplify existing information. It will take into
account the variability within and between sources and the effect
of time and elements on these properties.

Prelimnary Technical Assessnment of Potential Uses - A study

will be done of current materials utilization by agency and
function and a technical and econom ¢ assessnent made of
possibl e replacements for these materials with phosphogypsum
fluorogypsum FG gypsum or their conposite forms. Novel
applications will also be considered. Priority rankings will be
given to those applications offering the best conbined technical
and econonmic feasibilities and the largest potential markets.

Refinenent and Devel opnent of Phase || Wrkplan - The

detailed workplan for PHASE Il research activities will be
structured to reflect those conposites and applications receiving

the highest priorities as a result of PHASE | efforts.
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Product Devel opment - This phase of the research will identify and

define new products and applications and provide in-depth studies of

previously characterized applications. The engineering behavior of

phosphogypsum fluorogypsum FG gypsum and their conposite forns

will be determned. Environmental screening of selected applications

combined with econonic analysis wll determne those deemed feasible

for inclusion in the field application studies of PHASE Il1.

A

New Product Evolution and Devel opnent - Basic research will bhe

conducted to evolve previously uncharacterized modifications of
phosphogypsum fluorogypsum and FGD gypsum into new
conpounds with practical applications. This effort will include

| aboratory experimentation, followed by selection or design of
processing technol ogy.

Define the Engi neering Behavi or of Phosphogypsum

Fl uor ogypsum F& Gypsum and Their Conposite Forns -

Laboratory studies of raw and stabilized phosphogypsum will be
performed to examine those properties pertinent to the uses
determned in PHASE |. This will include the effects of organic
conpounds, salts, saturation, wave action, solubility, and
conpatibility with geosynthetics. These studies will also include
nore conventional engineering properties, such as the moisture-
density relationships, wet/dry and freeze/thaw durability, vacuum
saturation, unconfined conpressive strength, bearing capacity
and perneability, the effects of tenperature and reactions with

other materials such as asphalt cement, Portland cement or fly
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ash will be studied. In addition, fatigue characteristics, resilient
nmodul us testing, pavement design analysis, autogenous healing
and recrystallization of failure phases of conpacted, stabilized

gypsum wi Il be studied. Design procedures for use in PHASE |11
applications will be generated.

Environmental Screening of Selected Mxtures (Uses) - An

analysis wll be made of the possible effects on the environnent
for each proposed product and use. An assessment based on
this information will be enployed to screen out environnentally
unsound applications and to determne the extent and nethod of
moni toring environmental considerations for Phase Il1 application
studi es.

Devel opnent of an Economic Mdel - A data base and

methodol ogy will be developed for relating current and projected
phosphogypsum f | uor ogypsum FGD gypsum uses and associ at ed
costs. An economc nodel will be devised to relate the variables
describing costs (location, transportation, processing, quantities,
etc.) to those describing uses (highway construction, marine and
coastal protection, hazardous waste encapsul ation, others) and
users (La. DOTD, industry, commerce, municipal/parish bodies,
Corps of Engineers, federal agencies, others). This model will
provi de guidance in the refinenent of Phase Il and IV tasks and
be used in developing the marketing strategies resulting from

application studies.
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E Refinenment and Devel opnent of Phase 111 Wrkplan - The

detailed workplan for PHASE Il research activities will be

structured to reflect the findings of PHASE Il studies.

Field Application Research and Evaluation - The various gypsum
conposites and new products identified in previous phases of this
research will be field evaluated, with enphasis given to applications of
potentially large vol une. Engineering effectiveness, environmental
safety, and economic feasibility will be evaluated. In addition, marketing
strategies will be developed for those products identified by field studies
to have merit.

A Product Field Application and Monitoring - Field application

and/or prototype evaluation will be done for those uses of
phosphogypsum fluorogypsum and FGD gypsumidentified by
the previous phase as feasible from an engineering/econonics
viewpoi nt. Each subtask will include design of the application,
formlation of plans and specifications, construction, quality
control and assurance, and nonitoring |ong-term effectiveness
and environmental inpacts. Final results will be utilized to

determne feasibility and adjust standards for use. Applications

may include:
1. New products evolved in previous phases of research.
2. Use of gypsum and conposite forns in marine and

coastal protection structures (levees, riprap, etc.).

3. Use in hazardous waste encapsul ation.
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4, Use in transportation and other high-volume construction
applications. Possible applications mght include use as a
soil stabilization agent in treatnent of bases and
subbases, as a mineral filler in a hot asphaltic-concrete
mx or in concrete, enbanknents, buildings, parking lots

or airport facilities.

5. Agricultural uses
. Aggregate manufacturing
B. Devel op Marketing Strategies - Factors affecting supply and

demand shoul d be exanmined to develop markets for those
products proven effective in applications research. Strategies
could include subsidies through tax structure revision or through
bonus noney incentives for using gypsum products. It is
intended that this task enploy and fine-tune the economc node
devel oped in Phase |

Technol ogy Transfer - Seminars and conferences should be held to facilitate

interchange anong the engineering, industrial and user comunities. This
phase may include the devel opment of formal training materials for local and

national distribution
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EFFECT OF PHOSPHOGYPSUM ON SOVE  PHYSI CAL
PROPERTIES OF A SILTY CLAY SO L

Dougraneji , J.S. Ali, NM Al - Aubaidi, Z.H

Soil sci. Dept. Agri. College Abu - Ghraib , Irag.

Abstract

A conmpletely random zed bl ock design experinment with five
treatnments, O, 0.5 1, 2, 4 T | ha of phosphogypsum
and four replicates was conducted in the field of the soi
science departnent at Abu Ghraib to study the effect of
phosphogypsum on sone physi cal properties of a silty
clay soil. Phosphogypsum was mxed wth the wupper three

centineters of the soil.

Mean weight dianeter, nodulus of rupture , bulk density |,
soi | penetration resistance and infiltration rate were
nmeasured as indicative paraneter . The results of the study

showed no significant effects of phosphogypsum on the
studied properties under the prevailing conditions of

the experinent.
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I NTRODUCTI ON

Soil crust is a common problemin the soils of alluvial
plain in lraq . The problem of «crust ins which affects

seedling emergence and crop yield as in other parts of the

world is due to Ilow organic matter , low degree of
aggregation high silt + clay content : high ESP
value ..... etc ( Awadhwal and Thierstain 1985 , Dougraneji
1988 , 1989 ) . Inproving soil structure through enhancing

the aggregate stability provides one of the neans for reducing
soil crusting by application of organic matter , synthetic
pol yel cetrolytes and polyners ..... etc . Gypsum has been
wi dely used for this purpose on the basis of exchanging Ca for

Na" ions on exchange conplex and hence favouring floccul ation

of colloids and increasing aggregate stability , water
infiltration, porosity , and hydraulic conductivity ( Frenke
and Hadas 1981 Agassi et al 1981 , Gal et al 1984 and

Shai nberg and singer 1985 ).
The aim of this study was to investigate the effectiveness of
phosphogypsum (PG) in reducing soil crusting of a silty

clay soil

MATERI AL  AND METHODS

A conpl ete random zed bl ock: design field experinent in

four replicates was conducted during 1986 - 1988 in the
research plots of soil department on a silty clay soil

( Al - Aubaidi , 1988 ) . The soil properties is shown
in table 1.
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Table 1 . Sone physical and chem cal properties of
the soil studied

Soil class vertic torrifluvents
Soil texture silty clay
% Cilt 46 .15
% Clay 42,467
% Carbonate 25 .2
% Bypsum & .23
% Organic matter 1.2

ECe dc / m 5.76

FH 7 .69

CEC me / 102 g soil 22.31

ESF 4 .71

The soil treatnents were control , 0.5 ,1.0 ,2.0

and 4.0 t/ha- phosphogypsum ( industrial bypr oduct of
phosphate fertilizer , contains 96 % CaSO4 7 HZO 1%
P205 , 0096 % F and sone trace elenents with a PH value 3.44
and EC 2.38 dc / m) The phosphogypsum ( PG ) was added as
surf ace broadcast Corn and Barley were taken as crop
sequence during the period of i nvestigation
The crops irrigated with basin irrigation nmethod wth class
C381 wat er The corn and Barley consuned 1070 and 600 mm
water during their grow ng season soil sanples were taken
after the <crop harvest mean weight dinmeter ( MAD ) |,
nmodulus of rupture ( MR ) , bulk density ( BD ) and particle
size distribution ( PZD ) of the crust and subcrust were
measured wusing. the procedures described by Youker and
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MeQui nness 1956 , Richards 1953 and piper 1958 . Furthernore
infiltration rate and accurul ated infiltration were nmeasured

after harvest ( Mchael 1981 )

RESULTS AND DI SCUSSI ON

The results of this investigation as shown in table 2
indicates no significant increase in nean weight diameter or
a decrease in nodulus of rupture and bulk density of soil
with an increased addition of phosphogypsum . This was due to
low ESP value and high electrohyte concentration of soil
solution which was remained above flucculation threshold
value ( 25.9 M / L in our soil ( Loveday 1976 , Haider 1986 ,
Sharma and Tunny 1981 ) . Also its Known that cal careous
soils are generally well aggregated and do not response to
gypsum applications as Ca ions wll be domi nant in soi
solution . The poor structure of the soil studied probably
was due to low organic matter and high silt and clay contents
( Dougranrji et al 1976 , Hardan and Al - Ani 1976 )

Comparing the soil crust ( C ,0 - 1 cm depth ) wth the
cubcrust ( SC , 1 - 3 cm) showed a decrease in nean wei ght
dianeter and an increase in nodulus of rupture and bul k
density values of the subcrust in all treatnents

This was due to the physical dispersion of soil aggregates
caused by the inmpact of irrigation water on soil aggregates
and deposition of dispersed fine particles of soil materia

on the soil surface as well as their nove downwards with the
percol ating water and subsequently clogging the pores . Data

in table 3 shows an increase in the clay contents of the
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Table 2 . Mean weight dianeter , nmodulus of rupture and

bul k density of crust and sub . Crust of a silty

cl ay soi | treated with different dozes of
phosphogypsum .
Treatments MWD MK B D
{mm) C( Epa 3 ¢ kg / m™3
Control #5955 261.07 11499
D.392 324 .45 1539
2.5 t / h e 2.453 24 .28 1486
sc p.35@ 360 .08 - 1s3s
t.&a ¢t / h C D562 237 .44 1471
5 C .32 336 .92 1537
2.2t / h C ?.393 264,18 15
5 C @, 348 348.41 1565
4.t / h C 7 s e 247 5 1469
s C L3113 317.12 152

LsD 5 U C B.215 b5 .22 37 .22
g C 7.14%9 D56 LT BZ.5@
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Table 3 . Particle size distribution (PzZD) of the
crust and subcrust of a silty clay soil

after treatnents W th di fferent dozes of

phosphogypsum

FZn Treatments
/M m Control 2.5 i 2 4 t /
254 D@ c &.39% 2.476 L2210 &.2al B.284
5 C 222 @.171 B.219 7 .257 2.263
lag 258 [ S.141 4.al1a 4,345 2.871 4 200
8 C 3.11%2 3.9764 3.136 3.589 4 .29
L N B 17 c F .26 6.719 &£.319 7 .21 7 .97
g C 7 .487 7.416 7 .086 T.677 8 .85a
2@ bt c 34 .824 48 .724 51.94%5 &2 .1282 51 .569

S C 44.89%9 44,557 46 .279 49 .837 47 .247

~

5 _ 0 2@ c 8.42@ 2.523 1.642 1.767 @.548
S C 1.926 3.329 3.741 2.487 1.786
2 _ 0 e 7020 3.291 2.31@ 1.830 2.862
S C 1.77 1.913 793 2. 285 1.518
2 < E/ﬂm C 34 .4560 34 .466 34 .z2e8 34 .323 34 .432

S C 42.584 38.608 37 ..026 35.948 36 .936
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subcrust which was anmounted to 17.8 % in control and 14.08
with 1.0 t / h phosphogypsum . Also there was an increase in
silt contents of the subcrust , therefore it is possible that
sonme fine particles of the PG noved downward during m Xxing
the surface soil ( 34 % of the phosphogypsum used was |ess
than 0.1 mmin size ) or was dissolved in the irrigation

water and precipitated in the subcrust soil

CONCLUSI ONS

Based on the results of this and previous studies
application of phosphogypsum for inprovenents of soil
structure should be further studied in relation to carbonate
content of the soil , size of phosphogypsum particles and

met hod and dozes of application
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Phosphogypsum Resources

Basically, only 39.0% P,0; Kola apatite concentrate and 24.5%
P,0; straight Karatau phosphate rock are used in the USSR to
produce wet-process phosphoric acid. In 1987 79.3% of wet-process
phosphoric acid was produced from apatite concentrate, while 20.7%
- from Karatau phosphate rock. The respective figures for 1990 are
expected to be 72.7% and 25.3% (and 2% will be produced on the
basis of imported phosphates).

The di- and hemihydrate processes are used in the USSR to
produce wet-process phosphoric acid. Only the dihydrate route is
used with Karatau phosphate rock.

In 1987 80.8% of wet-process phosphoric acid was produced
using the dihydrate process, and 19.2% - using the hemihydrate
process.

In 1988 23.5 mIn t of phosphogypsum were produced at the
Soviet wet-process phosphoric acid plants, including 3.5 mIn t in
the form of the hemihydrate (from here on - as dry dihydrate).
Considering the amount of phosphate fertilizers to be produced, the
amount of phosphogypsum will total 43.6 mIn t in 2000.

On January 1, 1990 there were about 300 mIn t of phosphogypsum
(natural weight) in the disposal areas at the Soviet plants.

At certain wet-process phosphoric acid plants the amount of
phosphogypsum produced has reached very high levels (between 1.3
and 3.8 mIn t/a at full plant capacity).

Phosphogypsum Disposal and Storage

Phosphogypsum storage in disposals (dry or hydro-transporta-
tion).

In the USSR, like in other countries, phosphogypsum disposal
and storage involve considerable one-time and operating costs.
According to the plants®™ data, the one-time costs amount to 12% of
the wet-process phosphoric acid plant installation cost and to
approximately 18% of the operating cost.

Phosphogypsum disposals require big plots of land; sometimes
it is necessary to allot even agricultural lands for them.
Phosphogypsum storage in disposals has a detrimental effect on the
environment, even if the storage conditions meet all the necessary
requirements and the soluble impurities phosphogypsum contains are
neutralized.

The negative effect of phosphogypsum disposals on the
environment manifests itself in the contamination of ambient air,
underground and surface waters, top-soil and vegetation with
noxious substances infiltrating through the screen. This
contamination can also occur because of weather erosion and
dusting. Thus, during dry storage (without prior neutralization)
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the gas phase receives (on average) 0.1% of the fluorine contained
in phosphogypsum; dust from the disposal area has, on average, 10
g F per 1 t of phosphogypsum (the radius of dust spread is up to
1.5 km); 10% F are washed out with precipitation (this figure
refers to the plants where such observations were made).

Therefore, to solve the problems of phosphogypsum utilization
in the USSR often means the possibility of building new phosphate
fertilizer plants and expanding or even operating the existing
ones.

At the same time it has been proved that phosphogypsum can be
used as secondary raw materials replacing natural raw materials
including natural gypsum, the requirement for which in the building
materials industry and agriculture of the USSR reach 20,000,000
t/a.

In the USSR phosphogypsum is disposed only on land. In other
countries (mainly in the USA) phosphogypsum is, as a rule,
transported to disposal areas in the form of slurry, while in the
USSR several ways of phosphogypsum transportation are employed now.

1. It can be transported by belt conveyors and rope-ways.
Belt conveyors (usually two) are installed in the
galleries that are heated. Phosphogypsum is transported
by belt conveyors to the point of leading into charging
cars of the rope-way at the battery limits.

2. Phosphogypsum can be transported by belt conveyors and
dump trucks, disposals being formed later by bulldozers.

3. Phosphogypsum can be hydrotransported, with the slurry
settling in gypsum ponds and the clarified liquor
recycled for phosphogypsum repulping (after mixing with
phosphoric acid a portion of it is sent into the wet-
process phosphoric acid manufacture).

The fourth way of phosphogypsum transportation has also been
used: phosphogypsum is taken by belt conveyors to the disposal area
where it is stacked by the reversible tramways.

Main Trends of Phosphogypsum Utilization

The USSR has carried out and is still continuing research and
development work on different ways and methods of direct
phosphogypsum utilization or its processing into other products
because research has proved the feasibility of phosphogypsum
utilization in the national economy instead of traditional types of
raw materials. Some of the results of this research and
development work have been put into practice.

The main trends of phosphogypsum utilization are described
below:
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In Agriculture:

for chemical reclamation of solonetz soils instead of using
ground raw natural gypsum;

for chemical reclamation of acid soils. Phosphogypsum is
mixed with powdered lime materials (ground limestone, shale,
ash, etc.);

for cornposting with organic fertilizers instead of ground
phosphate rock.

In the Cement Industry:

as a means of mineralization: as an admixture in the raw
materials (including the pyrite cinder);

as a cement retarder: phosphogypsum is added instead of
natural gypsum to the cement clinker before it is ground.

In the Manufacture of Gypsum Plasters and Associate Products:
instead of conventional methods:

a. Phosphogypsum is used in the production of strong composite
autoclave gypsum plasters (the « -hemihydrate of calcium
sulphate) of improved water resistance and anhydrite gypsum
plasters which are used:

- in the building industry: they are used directly
(together with additions), or as plaster and filler
materials, or for filled self-levelling bases of floors,
or in the production of building materials (partition
plates, acoustic and decorative boards, bricks and blocks
for outer fencing of buildings, etc.);

- in collieries and other types of pits for packing goafs
and building guard belts during mining without
establishing pillars (instead of cement);

- in the production of oil-well cement which is used in
low-temperature oil and gas wells and in geology (instead
of cement);

b. calcined gypsum plasters (the b -hemihydrate of calcium
sulfate) which are directly used in the building industry as
plaster and coating materials, and in the production of
building materials (partition plates and panels, gypsum-board
sheets, gypsum fibre and gypsum-chip boards, sound-absorbing
and decorative boards, etc.).

In the Sulphuric Acid Manufacture: (instead of conventional sulphur-
containing raw materials - elemental sulphur and pyrite); a number
of by-products are also produced:
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- cement (including white cement): by using the thermal
process;

- lime: by using the thermal process, with elemental
sulphur obtained at the intermediate stage;

- silicate materials: by using the thermal and electro-
thermal processes.

In the Manufacture of Building Materials (raw phosphogypsum is
used):

- blocks and panels (phosphogypsum is mixed with flying ash
and lime);

- bricks: by compacting a mixture of phosphogypsum and
gypsum plaster produced from phosphogypsum;

- products made of phosphogypsum and organic binding agents
(for example, urea resin).

As Asphalt Addition:

Research is under way to investigate the possibility of using
phosphogypsum for foundation bases.

In the Production of Fertilizers and Salts:

Ammonium sulphate (without using sulphuric acid) and chalk, a
mixture with carbamide, sodium sulphate.

As Filler

In the production of paper instead of kaoline, in the pain and
varnish industry and in the production of plastics, glass, ammonium
nitrate instead of conventional materials (heat-treated
phosphogypsum - instead of microbarite, kaoline, chalk;
phosphogypsum - instead of sodium sulphate, etc.)

In the Production of Heat-Insulating Materials.

In the Building of Motor Roads (some phosphohemihydrate can also be

used directly.

Practical Phosphogypsum Utilization

4.1 InAgriculture for Soil Chemical Reclamation

The USSR has about 66,000,000 ha of acid soils including
52,000,000 ha of agricultural lands, and over 100,000,000 ha of
solonetz soils and solonetz-like complexes together with zonal
soils (12.1% and 18.4% of the total agricultural land area,
respectively) which require chemical reclamation.
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In 1988 3.2 mIn t of phosphogypsum were used instead of
natural gypsum for chemical reclamation of solonetz soils.

In 1955 the phosphogypsum requirement for this purpose will
reach 9.3 mIn t, in 2000 - 19.2 mIn t.

The problem of using phosphogypsum in mixtures with powdered
limestone materials is still being studied.

This trend of phosphogypsum utilization is very promising
because the requirement for limestone decreases by approximately
40%, and the sulphur requirement of soil is met.

4.2 In the Cement Industry

~+

In 1988 only 0.63 mln t of phosphogypsum, including 0.25 mln
of non-granulated phosphogypsum, was used in the cement industry
instead of natural gypsum.

In 1955 the cement industry will need 5.6 mIn t of
phosphogypsum, in 2000 - 5.9 mln t.

To increase rates of phosphogypsum utilization in the cement
industry it is necessary to follow Japan®s example and give up the
practice of phosphogypsum granulation; this will considerably
enhance the economic efficiency of its application.

4.3 In the Production of Gypsum Plasters

The USSR has one major plant producing 360,000 t/a of gypsum
plaster (the a-hemihydrate of calcium sulphate); gypsum plaster is
produced on the basis of the autoclave technology and is processed
on site into products.

There are plans to build several more plants of this type to
produce gypsum plaster of improved water resistance.

There are also several small 2.5 t/h plants where gypsum
plaster (the b-hemihydrate of calcium sulphate) is produced out of
phosphogypsum.  This gypsum plaster is processed on site into wall
stone.

A major plant to produce 400,000 t/a of anhydrite gypsum
plaster is now under construction.

Possibilities of transferring the existing wet-process
phosphoric acid units to the di-hemihydrate process are being
considered to produce gypsum plaster of high strength directly at
the phosphoric acid plant.

In 1980 0.4 mIn t of phosphogypsum was used in the production
of gypsum plasters. In 1955 the requirement for phosphogypsum in
the production of gypsum plasters will total 11.4 mln t, in 2000 -
14.8 mIn t.
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4.4 Inthe Production of Sulphuric Acid and Cement/Lime

This trend of phosphogypsum utilization has long been studied.

Many reports have been published on the results of research
work carried out in the USSR and other countries.

Nevertheless, there is no major commercial plant yet.
At present tests are being conducted on phosphogypsum attack to
produce SO, and Ca0 in the the fluidized bed.

Considering the amount of wet-process phosphoric acid to be
produced in 2000, only a little more than one half of all the
phosphogypsum and phosphohemihydrate produced could at the very
best be utilized after meeting all the requirements for
phosphogypsum in agriculture (for chemical reclamation of solonetz
and acid soils), in the production of gypsum plasters, in the
cement industry, after using it as a filler, in the production of
heat-insulating materials, in highway engineering. But this is
very unlikely.

The problem of phosphogypsum utilization can be solved
radically only when ways will be found to process it on site into
sulphuric acid which is recycled into the wet process phosphoric
acid production with the simultaneous production of commercial-
grade cement and lime.

We are studying the process of phosphogypsum treatment
(cement being the by-product) with the aim of simplifying it
considerably and minimizing heat consumption. We closely follow
the respective joint research work done by Lurgi G.m.b.H. and
Babcock-BSH and by FIPR and Davy McKee, Ltd.

We think it advisable to join the efforts of FIPR and the
Scientific-and-Research Production Association "Minudobreniya" in
solving the problem of phosphogypsum utilization in the sulphuric
acid production.

4.5 Other Trends of Phosphogypsum Utilization

In 1988 other trends of phosphogypsum utilization used up 0.65
min t, including 0.15 mIn t of phosphohemihydrate (as phosphogypsum),
in highway engineering.

The requirement for phosphohemihydrate (as phosphogypsum) will
total 0.9 mIn t in 1995 and 1.3 mIn t in 2000.

X X

X
Considering the current prices of products that can be
manufactured on the basis of phosphogypsum, the processing of
phosphogypsum into these products will, in most cases, cause the
profits of phosphate fertilizer plants to fall. However, the
necessity to do away with phosphogypsum disposals (due, first of
all, to ecological requirements (and the desirability of replacing
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conventional natural raw materials (which have to be mined

specifically) dictate the need for full phosphogypsum processing

(except that part of it which can find direct us - in agriculture).
Phosphogypsum processing (as well as hydrofluosilicic acid

treatment) should be considered as the final stage of wet-process
phosphoric acid production.
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PAVEMVENT EVALUATI ON OF TWD GYPSUM STABI LI ZED COUNTY ROADS

Robert K H Ho
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Gainesville, Florida 32602

ABSTRACT

Two phosphogypsum stabilized experimental county roads
were constructed in 1986 and 1987 in Pol k and Col unbi a
counties, Florida. Progress reports during the construction
of these two projects were issued in 1986 and 1987.

This paper sunmarizes field test data not previously
reported on the two conpleted projects. These test data
include Cegg inpact values (CV), field densities and
Dynaf | ect deflection readings and conputed nodul us val ues.

Conparison of Dynaflect deflection data and nodul us
values of the two roads with those froma primry hi ghway
gave sone indication of the relative strength of the
pavenents.

Even though the Colunbia County pavenent surface was
severely damaged by the hard freeze of Decenber 1989, both
experimental roads appear to be performng satisfactorily

under present local traffic.
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| NTRODUCTI ON

During the latter part of 1986, two experinental county
roads were constructed using phosphogypsum m xtures in Pol k
and Col unbia Counties. The purpose of these two projects
was to evaluate the construction and perfornmance of
phosphogypsum m xtures as base materials under traffic.

Both these county roads are off the main highways and carry
only local traffic.

An introductory paper (Ho, et al., 1986) was presented
at the Second International Synposium on Phosphogypsum on
Decenmber 10-12, 1986 at the start of constructionof Wite
Springs Road in Colunbia County. This was followed by a
progress report (Ho, et al., 1987) on the construction of
the first section of the Colunbia County experinmental road
wi th approximate blends of 1 to 2 (phosphogypsumto sand).
At about the sane tine, a report (Chang, 1987) was nade on
the construction of the other experinental road (Parrish
Road) in Polk County. Both projects required environnenta
I npact investigations which included preconstruction and

post construction nonitoring of air, soil and groundwater,

CONSTRUCTI ON OF EXPERI MENTAL ROADS

The general construction procedure for the two
experinmental roads had been reported (Chang, et al., 1989)

previously. Briefly, the existing unpaved road surface was
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first graded with a motor grader. Truck | oads of
phosphogypsum hauled to the site were spread evenly over the
prepared soil to a thickness required for the particul ar
phosphogypsumto soil blend. The phosphogypsum and soi

were then m xed thoroughly to a set depth with a rotom xer
with several passes. The mixture was then conpacted to 95%
nodi fied Proctor (AASHTO T-180) with a sheepsfoot roller
followed by a steel wheeled roller and a pneumatic tire
roller. The finished base was sealed with hot |iquid
asphalt and screenings or sand were placed and rolled. This

was followed by about one inch of asphalt surface.

PARRI SH ROAD, PCOLK COUNTY

Figure 1 shows the |layout of Parrish Road experinental
sections. This experinmental road was conpleted in the fal

of 1986. Di hydrate phosphogypsum used in this project was
donated by USS-Agri-Chemcals. Three sections were
constructed using slightly different blends of phosphogypsum
and sand-clay as shown in Table 1. Note that Section 3 was
built in tw stages. Field inspection and density control
were made by Pol k County Public Wrks Departnment personne
and design specifications required the phosphogypsum m xture
to be conpacted to 95% nodified Proctor. The road was opened
to traffic in Cctober 1986.
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Table 1

Parrish Road, Pol k County

Section Stations Max. Optimum Comments
Density Moisture
pct %
1 50+00 - 124.1 7.1 6" dihydrate
66+00 mixed to
depth of 15"
(base)
2 66+00 - 127.4 6.8 3" dihydrate
90+00 mixed to
depth of
15" (base)
3 90+00 - 122.5 8.2 First 3"
100400 dihydrate
mixed to
depth of
12" and
compacted
3 90+00 -~ 116.2 9.1 Additional 3"
100+00 dihydrate
mixed to depth
of 10" and
compacted
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VH TE SPRI NGS ROAD, COLUMBI A COUNTY

Construction of this test road by Col unbia County Road
Department started in Novenber 1986 and was conpl eted around
May 1987. Phosphogypsum was supplied by Cccidental Conpany.
The base materials consisted of three different blends of
phosphogypsum and sand of approximately 1:2, 1:1 and 2:1 as
wel | as a 100% phosphogypsum section (Table 2) with | engths
of about 5000, 2000, 1320 and 500 feet respectively. Figure
2 shows the layout of the test sections. Table 3 shows

t he actual blends of phosphogypsum and sand of sanples taken
from Sections 2, 3 and 4. It indicates that the individual
sanpl e blends were quite variable. Tables 4, 5 and 6 show
Cl Vs taken during construction at Test Sections 2, 3 and 4,
respectively, with field densities taken at random

| ocations. Note that in all sections sone areas did not
obtain 95% of nodified Proctor density, particularly in
Section 2. Table 7 sunmarizes the average CIV for the four

sections indicating also Section 2 yielded the | owest ClVs.
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Table 2

White Springs Road

Section Station Phosphogypsum: sand
1 10+00 - 60+55 1:2
2 60+55 - 80+56 1:1
3 80+56 - 93+77 2:1
4 93+77 - 98+86 100%
phosphogypsum
(dihydrate)
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TABLE 3 - Laboratory Tests Summary

White Springs Rd

ACTUAL*
LOCATION SAMPLE % BLEND
NO. GYPSUM PH GYP/SAND COMMENTS
STA 61+10 1-A 51.9 5.2 58/42 All samples contained a
TO 1-B 32.8 5.1 36/64 mixture of dihydrate and
STA 80+56 1-C 51.6 5.4 57/43 hemihydrate.
1-D 55.9 5.6 62/38 (Blend Not Controlled)
(SECTION 2) = —===m—— ———mme mmm———e
AVG 48.1 5.3 53/47
STA 80+56 2-A 42.9 5.8 47/53 Sample 2-B contained a
TO 2-B 46.1 6.2 51/49 mixture of hemi and di-
STA 93+77 2-C 60.2 6.0 67/33 hydrate gypsum. All other
2-D 80.4 5.6 89/11 samples were dihydrate.
(SECTION 3) = = ==mme—— —mmmmmm —m—ew (Blend Not Controlled)
AVG 57.4 5.9 64/37
STA 93+77 3-A 85.3 3.2 N/A Sampled from roadway
TO 3-B 89.0 3.7 b
STA 98+86 3-C 93.7 3.1 " All samples contained di-
3-D 92.2 3.1 " hydrate only. No hemi-
(SECTION 4) —====== ——mmm—o— ———mmmm — e hydrate.
AVG 90.05 3.3 N/A
MINE 1 92.8 2.7 N/A
STOCKPILE 2 92.5 2.9 v
3 93.1 2.9 "
AVG 92.8 2.8 N/A
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TABLE 4 - Section 2

CLEGG IMPACT VALUES (CIV)

White Springs Rd

STATION ig' gé CL ;é ég' %a PROiTOR
s
64+60 16 22 19 19 12% 111.3 95.7
65+30 18 24 17 22 19% 109.7 94.3
68+10 19 19 20% 23 14 105.4 90.6
69+50 19 20 18% 22 21 108.8 93.6
71+60 19% 20 16 19 18 108.3 93.0
73+70 17% 23 17 16 12 105.1 90.4
75+10 16 17 21 17 19%* 107.9 92.8

PROCTOR: 116.3 pcf @ 10.1 %

* Denotes Location of density tests
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TABLE 5 -~ Section 3

CLEGG IMPACT VALUES (CIV)
White Springs Rd
10! 51 51 10! \( %
STATION LT LT CL RT RT d PROCTOR
85+44 15 25 27* 28 16 107.6 95.1
86+80 17 21 20% 16 13 100.6 88.9
89+15 16 24 31* 22 14 106.5 94.2
91450 23 25 29 25 22% 113.3 100.2

PROCTOR: 113.1 pcf € 10.8 %

LBR: 21.5
TABLE 6 - Section 4
CLEGG IMPACT VALUES (CIV)
White Springs R4
10" 5'. 5" 10° 7( %
STATION LT LT CL RT RT d PROCTOR

93485 22 24 23* 26 25 113.2 117.8
94+89 19 25 35 23 18x* 87.4 90.9
95+12 31%* 31 37 27 19 102.9 107.1
96+46 21 32 34 31 20% 104.8 109.1

PROCTOR: 96.1 pcf @ 16.5 %

LBR: 14.0

* Denotes Location of density tests
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Table 7

Average Clegg Impact Values
wWhite Springs Road

Section - 10'L 5'L CL 5'R » 10'R
1 21 28 28 25 20
2 18 21 18 20 16
3 19 24 28 22 18
A 23 28 32 27 20

NONDESTRUCTI VE TESTI NG

Nondestructive structural pavenent eval uation consists
of maki ng nondestructive neasurenments on a pavenent's
surface and then inferring the in-situ characteristics of
t he various pavenent |ayers fromthese neasurenents.
Previously the only way to evaluate a pavenent was the
destructive nethod of cutting open trenches or test pit wth
field and laboratory tests. Today nondestructive testing of
pavenents has becone routine in nost State H ghway

Depart nents.

The three nondestructive techniques used by Florida
Departnent of Transportation are

a) Benkel man beam - static deflection

b) Dynaflect - steady static (dynamic) deflection

c) Falling Wight Deflectoneter - inpact |oad response
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O these three nmethods, the method nost often used is
the Dynaflect because of its speed. Il uses two counter
rotating nmasses to apply a peak-to-peak |oad of 1000 | bs at
a frequency of 8 hz through two steel wheels placed at 20
inch centers. The nmaxi num defl ections are neasured by five
geophones at one-foot intervals with the first one placed
between the wheels. These readings yield the shape of the

defl ected pavenent surface within 4 feet of the |oad wheels.

Godwin, et al, (1981) and Mley (1984) had correl ated
12-inch field plate nmodul us values for base, subgrade and
enbanknment of existing roadway sections with Dynaflect
geophone Nos &, G3, A respectively. These sections
consi sted of |inerock bases, stabilized subgrade and
embankment material varying fromlinmerock to muck. Even
t hough the two experinmental roads were substantially
different in pavenent materials from the roadways used in
the correlation, it was considered informative to conpare the
relative deflection as well as the conputed nodul us val ues
for the selected prinmary roadway with those conputed for the

two experinental county roads.

DYNAFLECT DEFLECTI ON MEASUREMENTS

Fl ori da Departnment of Transportation does not have any

Dynafl ect data on secondary roads. The nearest roadway with

Dynaflect information is a section of US41 in southern part
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of Colunbia County. This roadway cross section consists of
a 3-inch asphaltic surface and 8 inches of |inmerock base.
This is a stronger pavenent section conpared with the two
experinmental roads which consisted of about 1 inch of
asphalt surface on a phosphogypsum and soil mx of about 10
inches. Therefore it is expected that the dynamc
deflections for the two test roads will be greater than the
US41 pavenment section. This is confirmed by conparing the
deflected surface of all the test sections with US 41 as
shown in Figures 3 and 4. However, the pavenent sections at
White Springs Road yielded nmuch high deflections than those
at Parrish Road. On the other hand the deflections at
Parrish Road were about the sane or slightly greater than

the US41 pavenent section.

Figures 3 and 4 are plots of Dynaflect readings. taken
at three and two years apart for Wite Springs Road and
Parrish Road respectively. Both plots showed that the 1990
defl ection readings were |ess than the correspondi ng
readi ngs taken several years before. This could be due to
several factors such as the hardening of the asphaltic
surface, changes in soil noisture conditions and/ or possible
consol i dation of the pavenent |ayers under cunul ative

traffic.
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COVPUTED MODULUS VALUES

Usi ng the regression equations devel oped by Godw n, et
al., (1981) and Mley (1984), the estimated conposite
nmodul us val ues for base, subgrade and enbankment were
conput ed using average geophone readi ngs taken in March 1990
on the northbound outer wheel path.

The nodul us val ues are tabul at ed bel ow.

Table 8 - Computed Modulus Values

White Springs Road Parrish Road Us 41
Sections Sections
1 2 3 4 1 2 3
Base 33.6 34.9 37.0 35.9 }40.9 43.9%9 41.1 40.6

Subgrade 23.3 24.1 26.1 25.3 |27.9 30.3 27.7 30.6

Embankment18.9 19.4 21.5 21.2 |23.3 25.5 22.8 25.1

Al values are in 1000 psi

Conpari son of correspondi ng nodul us val ues gives the
relative strengths of each pavenent section though the
nunbers are not absolute values for that layer. The val ues
seened to indicate that Section 3 is the strongest at Wite
Springs Road while Section 2 is the best at Parrish Road.
Based on these readings, Wite Springs Road is a weaker
pavenent than Parrish Road which is conparable to the US 41

pavenent section.
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OBSERVATI ONS AND RECOMVENDATI ONS

Site visits were made to both roads before the
Dynafl ect tests were nmade in March 1990. The devastating
cold spell on Christmas weekend in 1989 had caused extensive
damage to food crops and highways in North Florida. The
White Springs Road was no exception. During the visit in
February 1990, nunerous patches were noted on the pavenent.

Sone failed areas reveal ed asphalt thickness between 1/2 to

3/4 inch. Sone rutting was noted in Section 2.

Parrish Road being |ocated further south in Polk County
was not noticeably affected by the hard freeze of Decenber
1989. Ot her than the freeze damage to the Wite Springs
Road, both roads appear to be performng satisfactorily

under local traffic as intended.

Experience with the two County Road Departnents
reveal ed that one county is better staffed than the other by
providing density inspectors at the project site. Laboratory
test data and construction records should be adequately
docunented particularly when eval uating new construction

met hods and/or material. Traffic counts should al so be kept

for long termevaluation of the performance of future

pavement s.
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ROLLER COVPACTED CONCRETE UTI LI ZI NG PHOSPHOGYPSUM

_ Wen F. Chang _
Director, Phosphate Research Institute
University of M am

ABSTRACT

~ Phosphogypsum a very fine material, possesses good

bi ndi ng property under conpaction. The use of proper
amounts of phosphogypsumin Roller Conpacted Concrete |ead
to superior conpaction and thus iqrrove. strength properties.
Phosphogypsum al so provides retardation and workability to
the cenment based mxtures. Two denonstration projects
gonflsted of parking area and/or driveway were successfully
ult.

I NTRCDUCTI ON

Rol  er conpacted concrete (RCC) is a relatively new
technology in which a zero slunp portland cenent concrete
mxture is spread with concrete pavers and conpacted with
vibratory steel and rubber-tire rollers. Because of the
ease and sinplicity of this construction method, saving of
one-third or nore of the cost of conventional concrete
pavenent construction are possible for |arge projects.

Research conducted at the University of Mam has
reveal ed that sufficient fines to fill the voids between
aggregates is the key to the transformation of no slunp
concrete mx into a fully conpacted mass.  Phosphogypsum
is a very fine material, which possesses good binding
property under conpaction. The use of proper amounts of
phosphogypsumin RCC | ead to superior conpaction and thus
I nproves strength properties. Phosphogypsum al so provides
retardation and workability to cenment based m xtures. Two
denonstration FrOjeCtS consi sted of driveway and parKking
areas at the Florida Institute of Phosphate Research (FIPR)
and a parking ranp at the University of Mam (UM, have
successful |y denonstrated the use of phosphogypsum in RCC
pavenent construction.

THE DEMONSTRATI ON PRQJECTS

The denonstration projects consisted of a parking ranp
built in 1985 at UM (Chang, 1986) and a driveway and parking
areas built in 1988 at FIPR (Chang, 1988). Econom c consi -
derations led to the use of locally mned |inmestone aggre-
gates from South and Central Florida respectively for the
proj ects.
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M x proportions of the material constituents consisted
of cenent, phosphogypsum aggregate and noisture content
of the mxtures are given bel ow

PERCENTAGE BY VEI GHT

CONSTI TUENTS UM PRQJECT FI PR PROJECT
Ter |1 Cenent 10 14
P_osphogypsun1 20 13
Fi ne and Coar se 70 73

~Aggregate
Mbi sture Cont ent 12 8.5

No water was added to the m x ingredients during
mxing. The reported noisture contents of 12 and 8.5
percent dry weight resulted entirely fromnatural nois-
ture of both phosphogypsum and aggregat es.

It is very inportant to have proper conbination of
cement, phosphogypsum and aggregate grading to be suit-
able for RCC construction. Atrial strip of the conbined

rading as shown by the dashed line of Figure 1 was |aid,
ut it was found unstable at the free standi ng edges and
excessive | arge shear cracks occurred on the pavenent.
The correction was nade and the final gradation is shown
by the solid Iine.

RCC CONSTRUCTI ON PROCEDURE

PhosEhogypsun1mas fed through power screen to break
up phosphogypsum | unps and subsequently m xed with fine
and coarse aggregate in a pug mll as shown in Figure 2
to avoid re-Iunpln% of phosphogypsum  The conbi ned
aggregate was stockpiled at the site of m xing plant
until the time of mxing with cenent. Natural noisture
in the conbined aggregate usually provides sufficient
noi sture content during the final stage of mxing with
cenent.

ENG NEERI NG PROPERTI ES

Laboratory study on engi neering properties of phos-
phogypsum based conpacted concrete was conducted at the
University of Mam (Gafoori, 1987). Figure 3 shows
28-day conpressive strength as a function of sand per-
centage for mxtures of 40% gravel content. Sanples
were prepared in accordance-with Mdified Proctor Method,
cured under sealed conditions and tested i medi ately
after removal of the plastic covering nenbrance. It is
noticed, that when phosEhogypsun1is repl aced by sand,

t he conpressive strength continusly increases tor the
m xtures having cement content of 15% whereas a peak
value is reached for the cenent content of 10% and 5%
These peak curves reflect the strength contribution of
di hydrate phosphogypsumto | ow cenent content m xtures.
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Core sanples of 2.75" by 5.5" and 4" by 4.5" cylinders
were taken fromthe UM and Fipr projects. Conpressive
strength of the core sanples are as foll ows:

COVPRESSI VE STRENGTH (psi )

_ 28-da¥ 90- day 2-year
UM Pr oj ect 3, 800 3, 930*
FI PR Project 2,176* 2, 430%
3,174**

* 2.7" by 5.4" Cylinder ** 4,.0" by 4.5" Cylinder

H gher strength results fromthe UM project a conse-
quence of the use of good quality |inestone aggregate
produced in South Florida. Cbservation of the conpression
failure node of core sanples collected fromFIPR project,
showed crushing of the |inmestone aggregates. The | ow
quality of the |inmestone aggregate produced in Central
Florida, contributed to the |ow conpressive strength as
wel | as Ia;?e discreﬁancy on the strength of the core
sanpl es. t hough the conpressive strength of the core
sanpl es at 2-year taken at the UM proLect s about 7%
| ower than that of 28-day strength, the difference may be
attributed to the different |ocation of core sanples and
the error fromtesting technique.

Laboratory study on shringkage conpensation of cenent
based m xtures containing phosphogypsum conducted at the
University of Mam (CQuyang, 1988?, I ndi cated that the
addi tion of phosphogypsumin the m xtures may reduce the
dry shrinkage of nortar as shown in Figure 4.

RADI ATI ON MONI TORI NG

A gamma radiation survey on the RCC pavenent at the
FI PR proj ect was conducted {Chang, 1988). A summary of

the survey is described as follows:
LOCATI ON GAMMA READINGS (mcro-R hr.)
RCC Pavenent 11.4
Asphal t Pavenent 24.1
Non- Paved Surfaces 15.0
Laboratories (indoor) 7.9

The external gamma radiation over the new RCC pavenent
I's about 50% | ower than that over the old asphalt pavenent.
The level over the new lot is also |ess than that over the
original ground cover. As a point of reference, the HRS
gui de fur indoor residential gamma is 20 mcro-R hr.

CONCLUSI ON

The denonstration projects indicate that phosphogypsum
based RCC is suitable for the construction of parking fac-
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ilities. The advantages of using phosphogypsum n RCC
pavenent are described as foll ows:

L. Phosphog%psun1provides additional fines for better
conpactibility and surface finish w thout inpair-
ing long term durability.

2. Addition of proper anount of phosphog¥psun1in t he
cenent based m Xxtures may conpensate for some of
the dry shrinkage to limt the extent of cracking.

3. Phos%hogypsun1in the m xtures retards setting tine
so that continuity at the cold joints is assured.

4. Quality of aggregates pké% an inportant role on
strength properties of and concrete in general
Li nestone produced in Central Florida may not be
suitable for projects where strength in excess of
2500 psi is needed,

5. Proper conbined grading of the m xtures consisting
of fine and coarse aggregate, cenent and phospho-
gypsum is highly inportant in the paving operation
In order to prevent |arge shear cracks occurred on
tge pavenment and instability of the free standing
edges.

6. Mdisture content in the mxtures is very critical
in the paving operation. Hgh noisture content in
the mxtures wll result in water flowing up to
the top surface, therefore, hindering the conpac-
tive effort,
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THE MECHANISM OF STABLIZED
PHOSPHOGYPSUM BASE

Zhao Qian , Zhang Chao
Zhang Dong-Liang
(Xian Ingtitute of Highway)

PEOPLE’'S REPUBLIC OF CHINA

Phosphogypsum is a kind of waste materia that results from the production of fertilizer
industry. Its magjor composition is calcium sulfate (CaSO,), which estimates over 90% in
dihydrate (CaSO, *~ 2H,0) in total amount. At present, however, although the use of
phosphogypsum on highway engineering has been reported, the mechanism of
phosphogypsum as a road materia till is a new subject. This paper studies the engineering

properties of phosphogypsum as a semirigid base material and further researches its mech-
anism of strength forming.

RESULTS OF EXPERIMENTS

Through a lot of experiments and anayses, a total of four mixtures were selected as
preparation of test speciments. Under the condition of maximum dry unit weight and
optimum moisture content, the speciments were prepared in f 5x5cm cylinders and 5 x 5 x
24cm joists, testing their unconfined compression and other engineering properties. The
speciments were alowed to cure at room temperature (20 ° C + 5) to 7, 14, 28, 90 days and
soaked in water for 24 hours before tested under unconfined compression. The results arc
shown in table 1 (Seen from next page ). As shown in table 1, phosphogypsum is a capable
new material in road. The speciments containing phosphogypsum had significant engi-
neering properties, especialy higher compressive strength values at later stage. Compaired
with lime-fly ash-soil and lime-soil mixtures, all of the test results of phosphogypsum mix-
tures were much better. The fact definitely showed the possibility of use phosphogypsum as
a semirigid base material. And further, the mixtures had lower coefficient of temperature
contraction and higher index of crack-resistance than others. The fact indicated
phosphogypsum had the function of reducing the contraction of semirigid base materials
and improving the anticrack of pavement.
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Table |

Specimens

EXP&'? ment {tems

No.1 Lime. Flyash . ggpsum
No2 lime Flyash gypsum, /o bgse

N©.3 bme.flgo.sh,sozl

No.4&

Times of test

Lime, soil
Cuing time, (dais) 7 1.102 1,330 | 0870 0.652
cand 4 | 23535 | 2721 1176 0.974
. Sekttracteol unwriffend 28
cpm?re%iﬂ'\ values | - 3,638 4313 2086 1.618
( MPa) 90 | 4788 | 6.2715 | 3.2l 2493
Q0 dags bending stress p)| 08652 | 09224 | 0.6325 | 04536
Beneling cesilience strmin (0| 2,69 3,20 232 .56
A"’“b""d"‘ﬂ mochulug 3217 | 2886 2729 2913
of vesilience
Mean value of "‘”Pe-'”d’"j 1456 | 1256 | 473 | .87
contraction coefficient L9)
Tndex of crack—vesistonce | 18.50 2550 | 1575 1047
Freeyng o % e 0.47 /|10 0.62 /| proken
2 5 5 :
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PERFORMANCE MECHANISM

According to the reaction mechnism of stabilization soil, volcanic ash reaction is one of
the mainly factors to form stability structure. When lime and soil ( or lime-fly ash- soil )
were blended and compacted under optimum conditions, a series of reactions took place in
the mixtures, in which lime (Ca(OH),) reacted with activated silicon oxide (SIO,) and alu-
minum oxide (Al,Q,) in fly ash or soil, producing hydrated calcium silicate (CaO ~ SIO, -
nH,O) and hydrated calcium aluminate (Cal = Al,O; * nH,O). The equations of the chem-
ical reaction are,

Ca(OH),+Si0,+Al,0s+(n-1)H,0 = CaO * AL,0; nH,O

The reaction products possess good water stability and frost-resisiting stablity, which
is a mainly fact to yield early stage strength of stabilizing lime soil. Through electron-mi-
croscope observation, the products were a jel-like substance, covering on the surface of va

rious grains, especialy on the fly ash grains which contained more actived substance. Seeing
from the fig. 1.

In the middle of the picture there are
two fly ash balls covered thick gel substance
of reaction products. The gel had such
adhesive strength that it could not be
breaked but stripped from the balls during
preparing samples for microscope examina
tion. This adhesive, however, ‘was only
bonded nearby grains. There was no direct
effect among distance grains.

Fig.1. Specimen. No. 1 After phosphogypsum was mixed with

28 days curing, x 1100 limefly ash , the products SIO, = Al,O; -

nH,O might further react with dihydrate

calcium sulfate which was a major composition of phosphogypsum ( CaSO, - 2H,0), pro-

ducing hydated calcium auminium sulfate (CaO - ALO; - CaSO, = 32H,0). The chemica
reaction equation may be represented as

CaO Al ,O; " nH,0+3CasSO, - 2H,0+(32-6H,0) = Ca0 * Al,0; 3CaSO, = 32H,0

This product which was a needle-shape crystal with hexagonsection formed and filled
in around cracks where distributed one of the other volcanic reaction products CaO -
SO, °~ nH,O. A lot of grans were joined together with needle
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crystals. This is shown in fig. 2.

It can be seen in fig.2 that there were
plentiful needle crystas growning at surface
of grains. The new crystals growned towards
every-where and joined near or distance
grains together. Dependent on the structure
of crystal as well as jel to join grains, that
was the explain why phosphogypsum mix-
tures showed significant increase in their
soaked unconfined compressive strength

values with time . In this case the mixtures ~Fig.2. Specimen. Ne.2
were progressively stabilized to become as a 3 days curing, x 1300

whole. This can be seen in fig.3.

The sample showed in fig. 2 and 3 were
same specimen and had similiar in magni-
fying multiple. The difference between two
pictures was only curing time, 3 days the
former, 23 days the latter. There was, how-
ever, great difference between these pictures
in appearance under electron microscope.
The needle crystals were disappeared and
the cracks in the mixture were filled entirely
with new product during 28 days curing.
This result was much helpful to later
strength. Because the formation of hydrate
cacium auminum sulfate founded on the volcanic ash resection, phosphogypsum used in
lime soil mixture had lower strength than no phosphogypsum specimen, as shown in table
2. The reason of this result was that there was a little activate substance in the lime soil mix-
ture, i.e. most of SIO, and Al,O; in the mixture were not activate substances, so that the je
formed by volcanic ash reaction was very little. But a little CaO = ALO; * nH,O product
could continue in reaction with CaSO,  2H,O to form cacium sulphoaluminate crystals,
which brought about volume expansion because of the crystals increase and accumulation.
In this case, the jel structure would be destroyed by crystals growning, and the strength be
came lower. This fact was much similar to the phenomenon of cement bacillus in cement
structure.

Fig.3. Specimen. No.2
28 days curing, x 1100
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Table 2

Saturated unceonfined

Spccimens conpression values after
_ 6 days curing (MPa)
lime:soil 0.813
lime:soil:3% gypsum 0.618
lime:s0il:3%
He2 ZBypSum 1.922
:1% basc [1]
Iime:soil:3%gysum
°EY 1.868

:1% base [2]

It is common knowledge that only under base condition can the volcanic reaction take
place. Because it was no enough basicity provided from lime to exite more oxide substances
to join the reaction, the reaction capacity was much lower in lime-soil mixture. This prob-
lem can be improved after a small amount basic reagent was added to the mixture, and the
strength values were greatly increased, as shown in the table 2, the latter two rows. Accord-
ing to this fact, when a small amount base was blended with lime -fly ash and
phosphogypsum mixture, better results were generally obtained not only in mechanics
properties but also in microcosmic structure. It can be seen in table 1, pictures 4 and 5.

Fig. 4. The specimen Ne.2 Fig. 5. The specimen Ne.1
3 days curing, x 2000 3 days curing, X 2000

Based on the above discussion, we can say, the effect of calcium sulphoaluminate
formed in the mixtures was double to formation of structure. if volcanic reaction was suffi-
cient, it could promote to increase mechanics strength. Otherwise, the structure would be
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damaged by it. Because calcium sulphoaluminale crystals (CaO = Al,O; 3CaSO, -
32H,0) possessed characteristics of expansion, the mixtures contained phosphogypsum had
lowcer coefficient of thermal contraction and higher crack-resistance index (Seen table 1). In
this case the contraction of road base caused by temperature change would be decreased if
some phosphogypsum was blend in road materials, and problem of pavement cracks would
probably be overcome.

CONCLUSION

Here we may braw the following conclusions

1. Phosphogypsum is a kind road material with advantadge engineering properties.

2. The mechanism of stabilization semirigid base with phosphgypsum is distinctive in
some degree. The reaction product calcium sulphoaluminate crystals arc benificial or harm-
ful to the mixture engineering properties according to volcanic reaction degree.

3. The mixtures contained phosphogpsum have a property to reduce cracks of
semirigid base.

4. The mixture properties can be successfully improved when added small amount ba-
Sic reagent.
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RADI ATI ON  MONI TORI NG OF POLK AND COLUMBI A COUNTI ES
EXPERI MENTAL ROADS

Cordon D. N fong, Ph. D
Associ ate Director
Florida Institute of Phosphate Research

ABSTRACT

Phosphogypsum a by-product in the manufacture of phosphoric acid,
currently is stockpiled in Florida in an anobunt exceeding 600 mllion
t ons, A major research goal of the phosphate industry is to find

vi abl e, safe, high-volune uses for the product, One avenue may be its
use in the construction of roads. In 1986-87, under the supervision of
the University of Mam, two county roads were built in Florida using
phosphogypsum in their base courses. Special attention was given to
assessing any inpact of the material upon the |ocal environnent,
Measurenents were nade of potential contamnants in air, soil, and
especially groundwater, before construction and for sone three to four
years after construction, Earlier nmonitoring was done by the
University, and later work done by the Institute of Phosphate

Resear ch. Coals were to detect any changes to the environnent shortly

after construction, and any long termtrends in pollution |evels.
Si nce phosphogypsum is known to contain elevated |evels of

radi onuclides, including radium as conpared with typical Florida soils
and rocks, special attention was given to radium in soil and
groundwater, radon in air and soil, and external gamma radiation, Thi s
paper outlines the study design and the prelimnary findings of the

radi ol ogi cal portion of the study, Except for a nodest increase in

gamma radiation over the two roads followng their construction, use of
t he phosphogypsum has had no significant or long-term inpact on
environmental quality in either area.
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I NTRODUCTI ON

Phosphogypsum is the name given to gypsum formed as a by-product during
t he manufacture of phosphoric acid by the phosphate fertilizer

i ndustry, Consisting nostly of calcium sulfate, about five tons of the
material are fornmed for every ton of acid produced, Florida |eads the
nation by far in the mning and production of phosphate materials, but
as a result of this activity sone six hundred mllion tons of
phosphogypsum are currently stockpiled on the ground in central and
north Florida. Another thirty mllion tons are added annually. A
maj or research enphasis of the Florida Institute of Phosphate Research,
in cooperation with the industry and with several universities and
public and private agencies, has been to try and devel op practical
econom c, and environnentally sound uses for the naterial. One of the
nore prom sing concepts has been use of the gypsum in road

construction, where it mght serve as an ingredient in the base course
material as a substitute for aggregate, or even in enbankment or paving
materi al s, An overriding consideration, however, is that it nust not
adversely affect the inmrediate environment. Because phosphate ore is
enriched in naturally occurring uranium and its decay series isotopes,
relative to typical Florida soils and rocks, phosphogypsum is elevated
in content of several radionuclides, nmainly radium |ead and pol oni um
For exanple, central Florida gypsum contains about 25 picocuries of
radi um per gram of material (pC/g), while background soil |evels of
radi um woul d be about 1 to 2 pG/gqg, In Cctober of 1986 a test road
[Parrish Road] was built in Polk County, and in April of 1987 a second
test road [Wiite Springs Road] was built in Colunbia County, both in
Florida and both utilizing phosphogypsum in their bases. Wrk was done
under the supervision of the University of Mam. Two issues were
addressed -- the engineering soundness of the use of this material in a
roadbed, and any effects on local environmental quality occurring as a
result of such use.

STUDY PLAN

For the project, the university installed nonitoring wells along both
sides of both roads to determ ne groundwater quality before and after
const ructi on. Ten wells were placed in Polk County and eight in

Col unbi a County, spaced alternately 30 or 80 feet (“inner” or “outer”)
fromthe road centerline, and 150 feet apart, as neasured along that
centerline, Wlls were dug to the shallow water table, about 10 to 20
feet in Polk and about 20 to 25 feet in Col unbi a. Addi tionally, along
each road one existing residential drinking water well tapping the
surficial aquifer was included in the study. A limted amount of
sanpling was done of pre-construction conditions, After construction
of each road, sanpling was done every four nonths at both sites unti

August of 1988, then every two or three nonths until late in 1990
Nunerous chem cal paraneters, including radium were determned in the
wat er from each well. Since environnmental radiation was of particular

concern, additional neasurenents were nade along each road of airborne
radon, soil radon, soil radium and above ground [three feet] gamm
radi ati on over the pavenment and al so adjacent to it. For radiumin
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water, well water was punped for several minutes to purge the
collection equipnment and to insure fresh water in the well, then a
2-liter sanple was collected and placed into polyethylene containers,
acidified, and later analyzed by radon emanation. On each field trip
to either road, one well in rotation was always sanpled in duplicate.
Air and soil radon was neasured by use of alpha track detectors. Soi |
was collected in bulk and analyzed for radium by gamma spectroscopy.
Field gamma |evels were neasured with a scintillation neter.

RESULTS

The University of Mam conpleted its phase of environmental sanpling
in August of 1988. Results from both roads were published the
followng year by the Institute in *“Phosphogypsum for Secondary Road

Construction” (Chang, et al., 1989). Since the data have been
published, only a summary of their work will be given here. Thi s
presentation will focus on the prelimnary results of further work done

by the Institute from August, 1988, through August, 1989.

GROUNDWATER RADI UM

Radi um |l evels in groundwater at Parrish Road as neasured by Mam were
highly variable in space and tine. Means for the ten test wells ranged
from 1.9 to 18.7 picocuries per liter (pG/l), an order of magnitude,

I ndividual levels ranged from1 pG/l to nearly 50 pC/l, and a 20-fold
difference fromlow to high was seen at each of several wells, Radi um
levels at all wells peaked generally in May of 1987, then dropped off
to levels at or below values found at the beginning of the study.

Though magni tudes were different, time charts of radiumat all wells
were very simlar, showing high correlation anong all wells at any one

point in tine, and indicating rainfall or water |evel effects. In all
Parrish Road waters radium was highly correlated with turbidity,

showi ng that nost radium was present in suspension. Even though
results were highly variable, the general presence of higher radium
levels at "inner" wells versus “outer” wells my indicate sone | eaching
of radium from the roadbed.

Prior to August of 1988 nean radium levels in groundwater at eight test
wells at White Springs Road in North Florida ranged from 1 to 10

pCi/l, I ndividual results were generally below 5 pG /I, but at well #2
two val ues above 10 were found. Interestingly, the highest value, 28
pC /1, was obtained before the test road was constructed, No gener al

trends were noted, and it was the opinion of the University that no
significant leaching of radium into the groundwater had occurred, No
particular correlation of radium with turbidity was noted.

Seven sanpling trips to each road were nmade by the Institute from
August of 1988 through August of 1989. G oundwat er radium at Parrish

Road in Polk County is presented in Figure # for the "inner* wells and
in Figure #2 for the “outer” wells. No trends are evident and no
significant difference is noted due to “inner” or “outer” well

| ocati on. I ndeed, all sanples except one (well #10, Decenber, 1988)
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show radium | evels below the drinking water standard of 5 pGC /I, No
| eachi ng appears evident.

Figures #3 and #4 depict groundwater radium for “inner” and “outer”
wells at Wiite Springs Road. Wth two exceptions, all values are bel ow
the drinking water standard of 5 pG/I. No trend over time is noted,

No significant difference is noted based on well |ocation, and hence no
| eaching is evident, One anonoly, so far unexplained, in the data is
that groundwater radium in Colunbia County generally is higher than

| evel s found in Polk County, even though no |eaching is evident, and
despite the fact that soil radium levels in Polk are higher than those

i n Col unbi a.

SO L RADI UM

Soil radium at Parrish Road typically was found to be 2 to 3 picocuries
per gram (pC/g), whereas at Wite Springs levels of 0.5 to 1 pC/g
wer e conmon. No difference was noted between the University and
Institute portions of the study. In summary, no differences were noted
in soil radium averages before and after construction at either road,
?nd no differences were noted at either road as a result of sanpling
ocat 1 ons,

AMBI ENT  RADON

Radon in outdoor air was nonitored at two locations at each road by the
use of nuclear track detectors placed sone eight feet above ground on
trees or utility poles adjacent to the roads. During one trip to
Parrish Road sanpling was duplicated with the use of electret

noni t or s. Results are shown in Figures #5 and #6 for Parrish and Wite
Springs Roads, respectively, Results are variable, but tend to be
about 1 picoCurie per liter [pG/I] at either site at both roads. Thi s
is the same value as found in the earlier work by the university. No
trends were noted over time, and the university data showed no
significant difference in airborne radon before versus after

const ructi on. A value of 1 pC/l is a little higher than would be
expected in the anbient air, but seens to hold true over a relatively

| arge nunber of sanples collected for sanpling tines ranging from two
to six nonths.

SO L RADON

A difference for soil radon content was noted between the two roads.
Results are shown in Figures #7 and #8 for Parrish and Wite Springs
Roads, respectively, Measurenents were nmade at two locations at each
road, on the same sanple frequency as air radon. Results at Parrish
Road ranged from less than 100 pC /|l to about 800 pC /I, with a nmean of
about 500. At White Springs the nmean was about 100 pC /I (range 50 to
200 pG /). In general ternms it seens that soil radium and soil radon
correlate fairly well, but that airborne radon is rather independent of
soil conditions. 641



GAMVA  RADI ATl ON

Measurenents of gamma radiation were made during each field trip at six
sites in Colunbia County and five sites in Polk County. At each site
nmeasurements were nade three feet over the road centerline, and three
feet over the road shoul der sone three feet distant from the pavenent
edge. In the Institute work, gamma |evels at Parrish Road
characteristically were about 13 mcroRoentgens per hour (uR hr) above
t he pavenent, and at Wiite Springs Road about 5 uR/ hr, also above the
pavenent . Over the road shoul der, readings generally were 2 uR hr

| ower than over-pavenent at both roads. Only the over-pavenent results
are presently graphically in this paper, as Figures #9 and #l O for
Parrish and Wihite Springs roads respectively. It mght be noted that
these values all are below the indoor residential guideline for gamm
set several years ago by the Florida Departnment of Health.

Gamma levels found by the Institute exhibit no trend with tine, and
agree quite well with post-construction gamma |evels found earlier by
the University of Mam. But, it nust be pointed out that the
university work showed a significant increase of 2 to 3 uR hr over the
pavenent after construction as conpared with pre-construction |evels.
This was true at both sites. However, at neither site was there an
increase after construction in levels found adjacent to the pavenent.

SUMVARY AND CONCLUSI ONS

This paper reports the findings of just over a year’s study by the
Institute of the local radiological environnent at the sites of two
experinental phosphogypsum roads. It also summarizes previous work
done at the sane sites by the University of Mam. The m ssion of the
University was to conpare pre- and post-construction environnental
radiation levels, and to investigate any near-term trends; the m ssion
of the Institute was to study |ong-term trends. A noderate increase in
gamma radi ati on over the pavenent of both roads has been noted as a
result of construction, but no significant trend has enmerged. A
possibility exists that sone radium |leached into surficial groundwater
at several wells in Polk County several nonths after construction, but
no upward trends have been noted. No effect of radium on the
groundwater was noted in Colunbia County. At both roads radiumis
highly variable over time and space, and appears nore to be influenced
by rainfall and geol ogy than by the roads. The roads apparently have
had no effect on air or soil radon or on soil radium and no trends in
any of these paraneters have been noted at either site.

Data contained in this report are prelimnary. The study by the
Institute will not be conplete until early 1991. Only then wll
statistical treatnment of the data be nade. At this time only the
nature and magnitude of the Institute's results can be given. The
Uni versity study, cited earlier, does include statistical data,
including trend analysis, covering their portion of the study.
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ABSTRACT

The ground water quality adjacent to the experinental phosphogypsum
roads constructed at Polk and Col unbia County was nonitored to evaluate the
environmental inpact of the use of phosphogypsumin road construction. In
the Polk County experinment, the nonitoring period extended from over seven
months prior to through over three years follow ng the road construction.

In Colunbia County, the nonitoring period extended from nearly nine nonths
prior to through just under three years follow ng the road construction.
Numerous chem cal parameters were neasured including those nost |ikely to
have been affected by the phosphogypsum Additionally, many of the chem cal
paraneters covered by the National Primary and Secondary Drinking Water
Standards were determ ned.

The results of the nonitoring programdid not show any consistent or
significant adverse inpact of the phosphogypsum on the ground water
quality. No general trend in the chem cal analysis of ground water was
noted for any of the nost probable contam nants from phosphogypsum Results
of nunerous elements in the ground water fromthe sanpling wells appeared to
correlate well with each other at any given point in tine. Several of the
anal ytical parameters exceeded their corresponding drinking water standards,
but once again no trend was observed to suggest any adverse inpact from
phosphogypsum
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| NTRODUCTI ON

Phosphogypsum a by-product in the sulfuric acid based wet process
production of phosphoric acid, is being produced at a rate of 25-30 million
tons per year by the Florida Phosphate industry and to date over 500 million
tons have been accunulated in stockpiles in Florida due to the |ack of any
| arge volume use of the material. Although sonme 150,000 - 200,000 tons of
the material are used as a soil ameliorant, prinmarily in the peanut farm ng
industry, and continuing agrononic research |ooks promsing for extending its
use, large volune applications of phosphogypsum nust be found if the accunu-
| ation of this by-product were to be curbed.

Recent research by the University of Mam has suggested a high vol une
outlet for this material. Extensive research into the engineering properties
of phosphogypsum as well as m xtures of phosphogypsum and cenent, flyash,
linme and sand (Chang and Mantell, 1990) has shown that phosphogypsum may be
used as a very effective binder in stabilizing on-site soil and this can
replace shell and clay in secondary roads and parking lot constructions.
However, phosphogypsum whose nmain constituent is gypsum or calcium sulfate
di hydrate, also contains nunerous other chemcals including radium and
therefore, the environnental inpact of such use nust be addressed before its
routine use can be recommended.

To further evaluate any effects of such roads on the environment, and
to prove the engineering soundness of the use of phosphogypsumin the recon-
struction of secondary roads, the University of Manm undertook two test road
projects under separate grants fromthe Florida Institute of Phosphate
Research, Bartow, Florida. The two test road sites, one on Parrish Road,
Pol k County, Central Florida and the other on Wite Springs Road, Col umbia
County, North Florida represented significant hydrogeol ogi cal and geochenica
differences and thus allowed broader interpretation of results than would
ot herwi se have been possible. The phosphogypsum source and its constituents
especially radiumlevel , were sufficiently different in the two test roads
increasing the value of the projects further

The Parrish Road in Polk County, Florida was constructed in Cctober of
1986 using phosphogypsum from U.S. Agrichenicals and the construction of
Wiite Springs Road in Colunbia County, Florida using phosphogypsum from
Qcei dental Chemical Corporation was conmpleted in April of 1987 by a
collective effort of the University of Mam and the Florida Departnent of
Transporation.  Environmental nonitoring including pre- and post-
construction sanpling of air, soil and ground water was conducted by the
University of Mani in cooperation with the Florida Department of
Environmental Regulation and the Florida Department of Health and
Rehabi | ative Services through August of 1988, and reported (Chang, et al,
1989).  Subsequent long termmonitoring through the January 1990 was
conducted by the Florida Institute of Phosphate Research

This paper is intended to provide a conprehensive sumary of the
results of the groundwater monitoring program conpleted through January, 1990
including any significant differences found due to the hydrogeol ogi ca
differences between the two sites and/or the differences in the phosphogypsum
used in the two test roads
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EXPERI MENTAL ROAD CONSTRUCTI ON
GENERAL PROCEDURE

The road surface was leveled with a notor grader and conpacted with a
steel drumroller. Phosphogypsum at its natural moisture content was then
evenly spread with bul | dozers and notor graders to the designed thickness.
The phosphogypsum was then mxed with the subgrade to the designed depth
using pul verizers or rotomxers. Misture content of the m xture was
adjusted to the designed | evel by spraying water or scarifying the surface
for drying under the sun. The surface was then sloped to conformto the
desi gned cross-section profile, conpacted in order with sheepfoot rollers,
steel rollers and pneumatic tire conpacters.

ROAD DESI GN AND CONSTRUCTI ON
Parri sh Road

The Parrish Road is |ocated in Polk County, Florida and stretches about
1 1/2 mles fromUS 98 to Keller Drive as shown in Figure 1. Construction
of the road surface began September 12, 1986 using phosphogypsum supplied by
U S.S.  Agri-Chemcals.

Referring to Figure 1, the first section of the road, between stations
90+00 to 100+00, was constructed with 3" |ayer of phosphogypsum m xed with a
pul verizer to a depth of approximately 12" of |oose m xture, conpacted and
left open to traffic for several days. This was followed with a laying of a
second 3" of phosphogypsum mxed to a depth of 10" and conpact ed.

The second section, between stations 66+00 to 90+00 was constructed
with a single application of 3" layer of phosphogypsum m xed to a depth of
15" and conpacted. The third section between stations 25+00 and 66+00 was
constructed with a single 6" |ayer of phosphogypsum m xed to a depth of 15"
and conpact ed.

Fol l owi ng conpaction, cutback asphalt RC-70 was applied at a rate of
0.2 gal/sqg.yd. to the entire road to seal the finished base surface. The
section between 50+00 and 100+00 was subsequently covered with a tack coat
and a 1" asphalt surface. The section between stations 25+00 and 50+00 was
spread with a |ayer of fine sand over the cutback asphalt seal.

Wi te Springs Road

The Wite Springs Road is located in Colunbia County adjacent to
Suwannee River and stretches nearly 2 1/2 mle between State Road 136 and
Suwannee Val | ey Road as shown in Figure 2. The construction of this road was
conpleted in tw phases enploying four different mxtures of phosphogypsum
and the then-existing road base. The phosphogypsum was supplied by
Ccci dental Chemi cal Corporation in Wite Springs, Florida.

The first section between station 10+00 and 60+00 was constructed by
spreading 5" of phosphogypsum and, mxing to a depth of 14" to achieve a 1:2
m xture of phosphogypsum and sand. The conpaction was conpleted after a two
month delay due to rainfall and wet weather. The next two sections between
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stations 60+00 and 81+00, and between 81+00 and 95+00 were constructed with
1:1 and 2:1 mxtures of phosphogypsum and sand, respectively. The |ast
section between stations 95+00 and |100+00 was built wth 100% phosphogypsum
by spreading 12" of the material and conpacting.

The entire road surface was sealed with cutback RCG30 inmediately after

conpaction. The surface was later covered with 1" asphalt concrete fol | ow ng
coating the road surface with a prime coat of hot tar.
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HYDROGEOLOGY OF THE EXPERI MENTAL ROAD SI TES
PARRI SH ROAD

Parrish Road is located in central Polk County and is oriented as shown
in Figure 1. Both sides had been mned and reclaimed using sand tailings
from the mning operation. The land immediately bel ow had not been mi ned.
The road is bounded by large |akes with relatively larger surface on the
east side of the roadway indicating that rainfall wll induce a flow of
groundwat er from west to east.

The surface elevation increases in the southerly direction wth about
100 ft. ML at the north end and about 130 ft. MSL at the south, also shown
in Figure 1. The average groundwater level is at 84.6 ft. MSL.

The rainfall data obtained fromthe city of Penbroke, the closest data
avai | abl e, are shown in Figure 3. The amount of rainfall vary considerable
through the year and between years with highest rainfall in the sumer.

VH TE SPRI NGS ROAD

The White Springs Road runs in a north-south direction in northern
Colunbia County, as shown in Figure 2. Its southern end is very close to
the historic Suwannee River which is designated as outstanding Florida
waters. The geol ogy and hydrol ogy of this area has been wel| docunmented by
Ceryak et al, 1983. The soil profiles obtained during the study show that
geol ogy consists predomnantly of clay with scattered amounts of sand and
| i mest one.

The el evation of the experinental section of the roadway is around 90
ft. MSL with a |ow of about 87 ft. to a high of 97 ft, also shown in Figure 1
The Florida aquifer, which is unconfined and is under atnospheric pressure,
in the only aquifer beneath the cite. The water table normally fluctuates
between el evation of 50 ft. to elevation of 65 ft. The water flows generally
in the southernly direction.

The rainfall data collected fromthe Suwannee River Water Managenent

District are shown in Figure 4 Rainfall varies with high peaks during the
summer nont hs.
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GROUNDWATER MONI TORI NG METHODOL OGY
DESI GN OF MONI TORI NG VELLS

The nmonitoring wells were designed in accordance with generally
accepted criteria. The typical well specifications are shown in Figure 5.
Figure 6 shows the nmonitoring well and the soil profile ranges for the Wite
Springs Road project. \Wells were made of 2" PVC pipe of varying |length
thread coupled with a 10 ft section of 2" PVC screen with 0.010" slots and
inserted into a 6" dianmeter bore hole. The top of the screen was placed at the
mean wet season water table. The space around the screen was backfilled with
graded silica sand followed by 6" to 2' of bentonite pellets to restrict
vertical flow of water, sand and cuttings and a 3 ft. section of cenent
concrete near the surface. A 4" dianeter protective steel casing was placed
within the cement concrete and extended 2 ft. above the surface.

DESI GN OF VELL ARRAYS

Vlls were installed in pairs and symretrically around the road. In
order to detect any novement of contaminant in a outwardly direction from
the roadway, wells were placed in symmetric lines of different distances from
the center of the road. For the Parrish Road, the inner and the outer |ines
were 30 ft. and 80 ft. fromthe center and for the Wite Springs Road, those
were 37 ft. and 80 ft., respectively. The distance between each pair
measured along the direction of the road was 150 ft. The well orientations
are shown in Figures 7 and 8

SAVPLI NG PROTOCOL

General criteria

Monitoring well sampling procedures have a significant effect on the
results of the chem cal analyses performed on the collected sanple.
Therefore utmost care was taken including cleaning of sanpling equipment,
purging of wells prior to sanpling, selection of appropriate containers
conmpatible with anal yses to be performed and proper sanple handling,
preservation, storage and transportation of sanples.

Sanpling equi prent

An 1SCO Model 2600 subnersible well punp capable of delivering at a
rate of 3.5 liters per mnute was used for well purging as well as sanple
collection at both test road sites.

Vel | purging

It is generally accepted that stagnant water inside of the well casing
nust be renoved prior to sanpling the well. This evacuation procedure
allows fresh water, nore representative of the formation, to enter the well
casing.
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The amount of water to be renmoved prior to sanpling is a widely debated
i ssue among hydrogeol ogi sts. The general rule of thumb ranges from between
three to six casing volunes of water. This is equivalent to purging 95%to
99. 75% of casing volunme in the case when there is conplete mxing within the
wel | casing. Several investigators provide nore exact recommendations based
on theoretical treatment of the subject (Papadopul os and Cooper, 1967,
Barber and Davis, 1987).

According to Papadopul os and Cooper (1967), the purging time, t, before
a sanple is collected is given by:
t =250 r 2

P C

where r is the radius of well casing and T is the transmssivity of the
aquifer® which in this case is equal to the permeability multiplied by the
screen length

Barber and Davis (1987) considered the effect of mxing within the well
casing. In aquifers with high transmssivities and punp intake wthin the
screened interval, where the water in the casing can be purged with little
or no backm xing with groundwater, they suggested the follow ng equation for
purging time, t

P
2

€, >25 £ /T ceiiiiinnnns Ceeeereeeacacenteesaseenasernnnnns Eq. 2
where r, is the effective radius of the well casing and T is the
transmssivity. In aquifers with [ow transmssivity, the purging tine is
gi ven by:

2
t >3.2V/Q = 0.9 r T/T teneiiiiii i Eq. 3

where V is the volune of water within the casing, and Qis the punping rate.

The results of using the various guidelines in estimating purging tine
are sunmarized in Table I. The perneability (or hydraulic conductivity) of
the Parrish Road surrounding was assuned to be that of a typical sandy fill
or 23 ft/day or 0.487 cmmn. The permeability of the Wite Springs Road
surroundi ng was much |lower at an estimated rate of 1.6 ft/day or 0.034
cm mn.

For Parrish Road site where the permeability of the soil was high,
first three nethods are valid which indicates a purging time of 1 to 11
m nutes shoul d be sufficient. The actual purging tinme used in this site was
10 mnutes. For Wite Springs Road site, nethod 2 is not valid. Oher
met hods yielded a purging tine of 5 to 14 ninutes. Here, a mninumof 10
m nutes of purging was used before a collecting sanple. At wells that went
dry within 10 minutes, the punp was turned off and the well was allowed to
recover for 5 mnutes. Punping was then resumed and sanples were collected
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Table |. Well Purging Tines for Representative Sanpling

Purging Time, Min.

Method Parrish Road White Springs Road
Rule of Thumb 5-11 5-~11
(3-6 casing volumes)
£ =250 r /T 11 156
P c
2
14
tp > 25 r, /T 1
£, >3.29/Q - 0.9 r 2T 5.6 5

Sanpl e collection and preservation

After purging of the well, water was punped into a 4 liter reservoir
containing an electrical conductivity probe and a tenperature indicator
probe. The odor as well as tenperature and the electrical conductivity of
the sanples were recorded and sanples were then transferred into 3 poly-
ethyl ene and one glass bottles after rinsing the bottles with the collected
ground water. Al sanples were imediately transferred to a van for pH and
turbidity nmeasurements, preservation and storage.

The turbidity was qualitatively neasured visually and characterized as
very cloudy, cloudy, slightly cloudy or clear. The pH neasurement was nade
with a standard portable pH neter.

Sanpl e preservation was carried out in accordance with the guidelines

for the specific chemcal constituents to be analyzed. Table Il summarizes
the sanmple containers and sanple preservation nethod used.
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Table II. Sampling And Preservation Procedures
Parameter Container Preservation Methods
pH P,G Field Measured~
Conductivity P,G Field Measured
Turbidity G Field Measured
Phosphorous G Refrigerated to 4°C
Metals P Field Acidified to pH
2 with HNO, and
refrigerated™ (4°C)
Nitrate, Amminia P Field Acidified to pH
2 with sulfuric and
refrigerated (4°C)
Dissolved Solid, P Refrigerated to 4°C

Sulfate Chloride,
Alkalinity
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ANALYTI CAL PROTOCCOL
Gener al
The chem cal constituents analyzed for all sanmples and the anal ytical

met hods used are shown in Table IIl. Al analyses performed were conpl eted
within the reconmended maximum holding tines for the constituents.

Table I11. Chem cal Anal yses and Met hods
Parameters Analytical Method
Sodium (Na) Atomic Absorption Spectroscopy

1"

Potassium (K)

Calcium (Ca) "
Magnesium (Mg) "
Iron (Fe) "
Copper (Cu) "
Lead (Pb) "
Chromium (Cr)
Manganese (Mn)
Cadmium (Cd) "

Bicarbonate (HCO3) Titrimetry

Sulfate (S04) Turbidimetry

Nitrate (NO3) Cadmium Reduction
Phosphorous (P) Stannous Chloride Reduction
Total Dissolved Solids (TDS) Gravimetry

Chloride (C1) Electrode

Fluoride (F) "
Ammonia (NH3) "
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Quality Control

The internal quality control used in the study consisted of replicate
anal ysis of every tenth sanple and analysis of field blanks of known
conposition to nonitor accuracy and precision

The results of the replicate analysis and the quality control program
have been published (Chang et al., 1989). These are reproduced in Tables
IVand Vto aidin the interpretation of the results of the ground water
quality study presented. It is inportant to note the precision and accuracy
data for deviations in the chem cal paraneters neasured which exceed the
measurement errors are only meani ngf ul

Table IV. Results of Replicate Anal yses

Constituent Mean Difference RMS Difference
(%) (%)
Na -0.96 3.92
K -0.27 2.42
Ca 0.13 1.96
Mg -0.51 2.75
Alkalinity 0.25 2,43
S04 -0.23 11.96
cl 0.26 2.97
F 2.31 8.26
NO3 4.74 41.19
Fe 0.50 3.42
NH3 1.12 3.98
P -1.57 7.71
Cu 2.74 3.90
Pb 6.49 35.11
Cr 0.02 4,28
Mn -0.46 7.37
Ccd -0.34 4,34
TDS 0.92 11.40
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Table V. Results of Quality Control Analyses

Constituent Accuracy (Z) Precision (%)
This EPA This EPA
Study (1979) Study (1979)
Na 2,09 %2 4,91 4.4
K -0.84 2 5.07 4.4
Ca 3.40 2 6.24 4.4
Mg 5.65 +2 7.02 4.4
Alkalinity 0.11 10.6 1.63 15.9
S04 ~4.46 -8.26 19.49 19.3
c1 6.21 2.2 8.51 9.1
F 4,37 - 8.14 -
NO3 ~2.84 8.3 12.85 43,7
Fe 1.45 +3 4,73 27.8
NH3 11.97 - 26.10 -
P -6.65 - 20.80 -
Cu 7.77 - 12.63 -
Pb 1.30 - 18.77 -
Cr -5.60 - 13.45 -
Mn -0.06 - 6.83 -
cd 5.58 - 11.11 -
TDS -2.55 - 8.78 -
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RESULTS AND DI SCUSSI ONS

Data generated throughout the study are on file with the Florida
Institute of Phosphate Research at Bartow, Florida and are sunmarized in the
Appendix. In the discussion that follows, the results have been grouped
together as they relate to the various aspects of ground water quality
study. The enphasis of the study has been to show any tinme trend in anal yte
concentration before and after the road construction, and thus charts of
anal yte concentration over time are presented. The results are presented in
separate charts for the two roads and on separate charts for the wells close
(30 & 37 ft) to the road and the wells away (80 ft) fromthe road. A verti-
cal line in the chart separates the data between pre and post construction
peri ods.

GROUND WATER CONTAM NATI ON

The pH and electrical conductivity are considered good indicators of
groundwat er contamination. Any run-off from gypsum should |ower the pH and

I ncrease conductivity.

Parrish Road Site

The pH and conductivity data for Parrish Road site are shown in Figures
9 through 12. The pH data do not show any statistically significant trend
with time or between pre and post construction periods. There appears to be
sonme correlation among the water sanples taken fromthe many wells at any
given time but variations appear randomwth time.

The conductivity data al so do not show any tinme trend except for
sanples fromwell No's 1 and 7. The conductivity data for well No. 1
remai ned generally bel ow 200 m cro-mhos until August of 1988 and then had
a upward trend through March 1989 to about 400 nicro-nhos. Data from well
No. 7 showed, on the other hand, statistically significant downward trend
It remained around 300 m cro-nhos through Cctober 1987, then trended
downward to about 120 mcro-nmhos in Cctober, 1988. The data from other 8
wel l's had no statistical significance. Therefore, with one show ng positive
trend, a second showi ng a negative trend and eight show ng no trend,
ground water contamination nmust be rul ed out.

Wiite Springs Road Site

The pH and conductivity data for the Wite Springs Road site are shown
in Figures 13 through 16. As in the case of the Parrish Road Site no
statistically significant time trend was noted in the pH values. The pH of
water fromwells 1 and 3 which are located at the sanme side of the road
toward Suwannee River was consistently |ower than fromother wells. The
val ues ranged between 4 and 5, or nearly the sanme values reported for
Suwannee River water, indicating sone ground water contamnation fromthe
river.

The conductivity data for wells 2, 3, 5, 6 and 7 showed no trend. Data

fromwell No. 1 showed a sharp upward trend beginning in about Decenber,
1988. The data fromwell No. 4 showed a declining trend before the road
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construction followed by a leveling off during the post construction period
until Decenmber 1988 when it rose sharply paralleling the trend observed in
well No. 1. Conductivity data from well No. 8 dropped drastically during
the post construction period and continued to drift downward during the
entire period.

PHOSPHOSGYPSUM LEACHATE

The primary objective of the study was to evaluate any effect that the
phosphogypsum used in the road construction, may have on the quality of
ground water through leaching. Results fromfive itens of particular
interest for examnation are: the levels of calciumand sulfate, the two
maj or conponents of phosphogypsum phosphorous, fluoride and radiumin the
ground water. Some of these conponents are of interest also fromthe view
poi nt of natural drinking water standards.

Parrish Road Site

The cal cium sulfate, dissolved phosphorous, fluoride and radi um 226
level s are presented in Figures 17 through 26. Generally, random changes in
the levels of these conmponents were noted with little or no time trend or
any significant differences between pre and post construction period.

Cal ci um

The cal ciumlevel, for which there is no drinking water standard,
varied randomy through August 1988, then showed a slow upward trend in al
wells. But it continued to remain below the preconstruction val ues.

Sul fate

The sulfate levels in all wells remained bel ow 50 ng/liter except for
well No. 1, where a definite upward trend was noted begi nning in Decenber
1988 and peaking in March 1989 at a level of nearly 250 mg/liter. At this
wel | some | eaching of the phosphogypsum m ght have occurred. It should be
noted that the recommended maxi mum | evel of sulfate, per the secondary water
standards, is 250 ng/liter

Phosphor us

The di ssol ved phosphorous |evel s showed no trend during the post
construction period. It is interesting that the levels of dissolved
phosphorous were uniformy reduced following the road construction

Fl uori de

The fluoride level in the ground water did appear to be elevated at the
inner wells during the post construction nonitoring period. On severa
occasions, it exceeded 2 ny/liter, the maximum recomrended per the secondary
drinking water standards. The fluoride level in the ground water fromthe
outer wells renained essentially unchanged throughout the nonitoring period
and remained at around 1 ng/liter except on one occasion. The sanples taken
on February 9, 1989, showed a four to five fold higher Ievel of fluoride
conpared to the immediate prior sanpling date. However, the fluoride levels
were greatly reduced in all wells during the subsequent nonitoring period.
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It is interesting to note that the fluoride level fromdifferent wells
appears to correlate with each other on any given sanmpling date, perhaps
showing the rainfall or ground water |evel effect.

Radi um 226

According to the Primary Drinking Water Standards radionuclide, the
maxi mum | evel for conbined Ra-226 and Ra-228 is 5 pG/liter. In this case
only Ra-226 was monitored since this is the el ement present in
phosphogypsum  The Ra-226 |evel in the outer wells remained well below 5
pC/liter, averaging around 0.4 pC/liter. Wile essentially simlar results
were noted in the outer wells in all cases, sanples collected in Decenber
1988 fromwells 6 and 9 exceeded the 5 pG/liter standard. However, this is
a solitary case and therefore cannot be regarded as evidence of the expected
| evel of contami nation of ground water from phosphogypsum

Wiite Springs Road Site

The calcium sulfate, dissolved phosphorous, fluoride and radi um 226
|l evel s are presented in Figures 27 through 36. For the mpst part, the
results fromWite Springs Road tests site were simlar to those at the
Parrish Road Site.

Cal ci um

No trend was noted for calciumin the ground water. There were
i sol ated cases where the |evel of calcium peaked during a sanpling period
but then returned to low |l evels.

Sul fate

No trend were noted for sulfate in six of the eight wells from which
sanples are obtained. Sulfate level in well No. 1, an inner well and well
No. 4, an outer well started to rise uniformy beginning in June 1989,
nearly 2 years after the road construction. Contam nation from phosphogypsum
is strongly suspected in these cases. However, it should be noted that the
hi ghest val ues measured were about 175 ng/liter and 240 nmg/liter for wells 1
& 4, respectively which were below the 250 nmg/liter, the recomended maxi mum
| evel per the Secondary Drinking Water Standards. Dissolve Phosphorous

Di ssol ved phosphorous |evels were slightly elevated during the post
construction period. But in all cases, the levels were below 0.5 nmg/liter

Fl uoride
No trend was observed in the fluoride level in sanples fromany of the
nmonitoring wells. However, on several instances including the preconstruc-

tion period, sanples fromwell 3 exceeded 2 ng/liter, the maximum standard
for secondary drinking water
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Radi um 226
Sanples fromouter wells consistently contained less than 4 pCG/liter

of Ra-226. However, sanple frominner wells exceeded the 5 pG/liter
standard on two occasions.
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OTHER | NORGANI C CONTAM NANTS

Several other chem cal constituents were nmonitored throughout the study
of ground water at both test road sites. O interest are the |evels of those
contam nants which are covered either under Primary or Secondary Drinking
Water Standards for public or comunity water systems. The results are
presented bel ow.

Contanmi nants for Prinmary Drinking Water Standards

Mbst inorganic contam nants of interest to Primary Drinking Water
Standards were nonitored. In cases of the trace elenents - arsenic, barium
sel enium and silver - neasurenents were nmade only on |imted occasions and
only fromthe wells in Wite Springs Road test site. No measurenents were
made for mercury level. The Primary Drinking Water Standards for inorganic
contam nants are shown in Table VI.

Table VI. Primary Drinking Water Standards for
I norgani ¢ Cont am nant s

Cont am nant Maxi mum Level s
my/liter
Arsenic 0.05
Bari um 1
Cadm um 0.010
Chrom um 0.05
Fl uori de 4.0
Lead 0.05
Mercury 0. 002
Nitrate (as N 10
Sel eni um 0.01
Silver 0.05
Sodi um 160
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Parri sh Road

Only cadm um chromum fluoride, lead, nitrate and sodi um were
monitored at the Parrish Road site. The cadm um |evels exceeded the 0.01
my/ i ter maxi num standard in nunerous cases (see Figures 37 and 38).
However, there were no trends or differences between pre and post
construction periods.

Chrom um | evel al so exceeded its maxi mum standard of 0.05 ng/liter in
several occasions both during pre and post construction periods. Again, no
trend was noted as shown in Figures 39 and 40.

Fluoride level data are covered in an earlier section. Fluoride did
not exceed the 4 ng/liter standard except on one occasion

Lead | evel showed no trend, as well, but exceeded the 0.05 mg/liter
standard for primary drinking water on nany instances. Lead levels are
shown in Figures 41 and 42.

Nitrate and sodium levels remained well below their respective
standards and had no trend as shown in Figures 43 through 46. Note that the
10 ng/liter standard for nitrate is expressed as N If expressed as NGB,
shown in Figures 43 and 44, the standard would be 44 ny/liter.

Wiite Springs Road

The results for cadmum chromum l|ead, nitrate and sodium are
presented in Figures 47 through 56. As in the case of Parrish Road, no
trends were noted for any of the conponents nmeasured al though in many
i nstances individual figures exceed the respective primry standards for the
first three contamnants. Ntrate and sodiumlevels were well below the
respective standards for drinking water.

The results of the other trace elements analyzed fromwel|l sanples are
shown in Table VII. On no occasion, the neasured |evels exceeded the
respective standards.

Table VII. Trace Elenents in Well Sanples
(mgms/ liter)
Date Well No. As Ba Se Ag
8/17/88 1 0.01 0.08 0.01 0.01
10/26/88 2 0.01 0.01 0.01 0.01
12/5/89 3 0.01 0.06 0.01 0.01
6/6/89 4 0.01 - 0.01 0.01
4/10/89 5 - 0.01 0.01 0.01
2/7/89 6 0.01 0.03 0.01 0.01
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Figure 53. Nitrate Level in Inner Wells
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Figure 55. Sodium Level in Inner Wells
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Contam nants for Secondary Drinking Water Standards

The Secondary Drinking Water Standards which apply to comunity water
systens are shown in Table VIII.

Table V1. Secondary Drinking Water Standards
" Contaminant Maximum Level,
mg/liter

Chloride 250
Color 15 Color Units
Copper 1
Corrosivity Non Corrosive
Fluoride 2.0
Foaming Agents 0.5
Iron 0.3
Manganese 0.05
Odor 3 (threshold odor number)
Ph (at collection point) 6.5-6.8
Sulfate 250
Total Dissolved Solids 500
Zinc 5

O the contam nants covered under the Secondary Drinking Water
Standards, the levels of fluoride and sulfate have been reported earlier in
this paper

Parri sh Road

No time trends were observed on the |levels of chloride, cooper, iron,
manganese or total dissolved solids in the ground water sanples are shown in
Figures 57 through 66. The results on fluoride, pH and sulfate have been
repeated earlier

For Parrish Road, chloride, copper and TDS levels were all below the
recommended maxi num for secondary water. The iron and manganese |evels
frequently exceeded their respective standards.

Wiite Springs Road

Results for Wite Springs Road were very simlar to those at Parrish
Road for the levels of chloride, copper, iron, manganese and total dissolved
solids. The iron and manganese |evels frequently exceeded their recomended
standards. The TDS level fromwell No. 4 exceeded the 500 ppm maxi mum | eve
on several occasions. No time trends were noted for any of conponents
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Figure 57.

Chloride Level in Ground Water, Inner Wells
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Figure 59. Copper Level in Ground Water, Inner Wells
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Tron Level in Ground Water, Inner Wells
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Figure 62, Tron Level in Ground Water, Outer Wells
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Manganese Level in Ground Water, Inner Wells
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Manganese Level in Ground Water, Outer Wells
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Figure 65. Total Dissolved Level in Ground Water, Inner Wells
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Figure 66. Total Dissolved Level in Ground Water, Outer Wells
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Figure 67. Chloride Level in Ground Water, Inner Wells
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Figure 68. Chloride Level in Ground Water, Outer Wells
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Copper Level in Ground Water, Outer Wells
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Figure 71. Iron Level in Ground Water, Inner Wells
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Figure 72. Iron Level in Ground Water, Outer Wells
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Figure 73. Manganese Level in Ground Water, Inner Wells
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Figure 75. Total Dissolved Solids in Ground Water, Inner Wells
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CONCLUSI ONS

The groundwater nonitoring studies conducted over 4 and 3 1/2 years
respectively at the Parrish Road and Wiite Springs Road sites indicate that
there are no uniform and measurabl e adverse effects on the groundwater due
to the construction of the phosphogypsum road.

Many of the chemical paraneters measured fromthe many sampling wells
at each site appear to correlate well with each other at a given point in
time indicating perhaps groundwater |evel or rainfall effect.

The pH and electrical conductivity data, which are considered good
i ndi cators of groundwater contamnation, did not show any trend except
isolated instances. No systematic trend was noted.

Among the chenical constituent of phosphogypsum sulfate |evel did show
an increasing trend in one of ten wells in Parrish Road and in two of eight
wells in Wite Springs Road. But in all cases, the sulfate |evel remined
bel ow drinking water standard. Fluoride |evel also showed an increase in
i sol ated cases; but no permanent trend was evident.

The groundwat er adjacent to the test road sites generally failed to

meet the Primary and Secondary Drinking Water Standards before and after the
construction of the roads.
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APPENDI X |

Anal ytical Data - Gypsum Road Buil ding
Pol k and Col unbi a County Roads
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ANALYTICAL DATA - GYPSUM ROAD BUILDING
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(continued)

W

e : Total : Temp

L P=Pre Diss Total Diss Deg

I X=Pst Date F clL NH4 Solids CO3  HCO3 P P NO3 S04 Na K Ca MG Fe Cu Pb Cr Mn cd c pH  Conduct Color oOdor
10 X .- 15APR88 0.62 6.60 0.00 56.0 . 42.00 1.80 1.00 0.58 5.70 3.14 0.27 10.70 5.48 1.87 0.00 0.01 O 0.04 0.00 24.0 5.95 130.0 cL NONE
10 X 18MAY88 0.52 7.80 0.00 102.5 . 48.00 1.43 0.94 0.41 5.00 2.26 0.29 11.50 5.26 0.35 0.00 0.02 0 0.03 0.00 24.0 5.95  187.0 cL NONE
10 X 15JUN8B8 0.44 9.40 0.00 112.5 . 52.00 0.47 0.89 . 6.90 1.26 0.76 21.90 2.42 0.11 0.00 0.04 O 0.09 0.01 23.5 6.05 167.0 CL NONE
10 X 204UL88 0.44 10.50 0.00 105.0 . 52.00 1.50 0.92 0.77 6.10 4.23 0.07 14.40 2.41 0.98 0.01 0.03 0 0.09 0.02 25.5 6.20 . cL NONE
10 X 18AUGB8 0.84 28.86 0.10 63.0 . 41.36 3.60 0.43 0.5 8.15 3.70 1.00 1.39 2.40 2.10 0.03 0.0t 0 0.00 0.00 23.5 6.20 120.0 CL NONE
10 X 270cT88 0.40 11.34 0.00 . . 11.37 0.79 2.40 0.37 9.05 2.60 0.10 4.13 0.80 0.02 0.03 0.01 O 0.00 0.00 25.9 6.51 50.8 CL NONE
10 X 08DEC88 0.43 3.20 0.28 42.0 . 22.65 1.32 1.20 0.74 8.42 3.20 0.11 7.70 2.00 0.05 0.03 0.01 O 0.00 0.00 24.3 5.59 88.0 cL NONE
10 X O9FEB8? 1.95 1.70 0.00 3.0 . 16.85 1.26 1.26 0.90 7.00 3.10 0.13 7.23 2.33 0.05 0.03 0.01 0 0.00 0.00 21.9 5.60 80.1 cL NONE
10 X O04MAR8? 0.28 2.00 0.00 53.0 . 19.76 1.22 1.23 0.96 6.82 3.50 0.16 5.55 2.70 0.05 0.03 0.01 O 0.00 0.00 26.1 5.48 69.9 cL NONE
10 X 13JUNB? 0.23 2.75 0.16 89.0 . 38.94 1.06 1.08 0.57 7.56 2.78 0.11 9.02 1.80 0.06 0.03 0.01 0O 0.00 0.00 26.5 5.77 100.0 cL NONE
10 X 14AUG89 0.27 3.00 0.12 127.0 . 47.83 1.06 1.07 0.59 7.95 2.44 0.00 12.79 3.51 0.09 0.03 0.01 O 0.00 0.00 26.9 6.13 124.0 cL NONE
10 X 14NOV89 0.24 2.20 0.00 . . . 1.19 1.12 0.45 . 3.55 0.10 17.21 5.42 0.14 0.03 0.04 0 0.00 0.00 26.2 6.18 139.7 CL NONE
10 X 12FEB90 0.21 2.10 0.00 . . . 0.90 0.87 0.90 8.50 3.17 0.22 15.10 4.10 0.00 . . .. . 24.8 5.76 143.0 cL NONE
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ANALYTICAL DATA - GYPSUM ROAD BUILDING
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(continued)
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APPENDI X I

Anal ytical Data - Gypsum Road Buil di ng

Mean, Standard Deviation Range for
Pre- and Post- Construction Periods

Pol k and Col unbi a County Roads
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Component

cl

NH4
Solids
HCO3
Total P
Dissolved P
NO3

S04

Na

K

Ca

Mg

Fe

Cu

Pb

cr

Mn

cd
Temp

pH
Conductivity

Component

cl

NH4
Solids
HCO3
Total P
Dissolved P
NO3

S04

Na

K

Ca

Mg

Fe

Cu

Pb

Cr

Mn

cd

Temp

pH
Conductivity

MEAN, STANDARD DEVIATION & RANGE - PRE- AND POST BUILDING

Well=1

Pre Road Building

Mean
0.52
4.52
0.02
154.8
36.00
5.53
1.55
0.65
24.50
2.44

33.66
.62
.45
.01
.04
.03
.01
.00
23.70

O OO0 O O N -

131.7

Std Dev
0.026
0.981
0.000

29.512
6.481
1.686
0.700
0.488
0.000
0.180
0.036
4.798
0.244
0.872
0.002
0.018
0.018
0.014
0.006
0.447
0.146
7.903

14.000
3.800
1.300
1.050
0.000
0.440
0.0%0

11.200
0.640
2.250
0.003
0.040
0.044
0.029
0.012
1.000
0.400

20.000

Well=5

Pre Road Building

Mean
0.46
5.20
0.02
216.0
53.20
18.90
5.93
1.59
8.00
6.38
1.27
96.12
6.95
2.53
0.01
0.05
0.07
0.05
0.01
23.62
6.30
148.4

Std Dev
0.035
0.274
0.000

52.667
1.789
10.476
3.732
1.248
0.000
0.943
0.315
2.461
0.986
0.564
0.006
0.005
0.024
0.029
0.012
0.750
0.079
7.092

Range
0.090
0.700
0.000
135.80
4.000
24.400
7.400
2.950
0.000
2.120
0.820
6.300
2.370
1.410
0.015
0.010
0.066
0.077
0.024
1.500
0.200
18.000

POLK COUNTY

ANALYTICAL DATA - GYPSUM ROAD BUILDING

Post Road Building
Mean Std Dev Range
0.58 0.289 1.480
4.48 2.641 13.010
0.07 0.145 0.700
142.7 81.094 299.50
25.56 5.955 19.310
12.51 21.484 82.380
0.97 0.361 2.080
0.84 0.546 2.380
64.38 58.105 216.25
3.54 0.841 3.260
0.69 0.461 1.650
44.36 26.037 96.770
2.67 1.140 3.880
4.24 8.492 47.430
0.01 0.014 0.070
0.06 0.076 0.430
0.01 0.007 0.020
0.02 0.015 0.067
0.00 0.004 0.015
23.66 1.230 5.800
5.58 0.383 1.720
227.1 90.798 287.00
Post Road Building
Mean Std Dev Range
0.77 0.501 2.370
5.19 3.701 20.670
0.1 0.264 1.400
91.26 30.855 123.50
37.1 11.221 42.560
15.25 24.320 100.00
1.00 0.382 2.230
2.19 0.896 3.290
9.64 8.407 35.020
5.07 1.620 6.260
0.93 1.208 4,080
44.65 39.276 126.09
5.44 1.554 6.070
2.00 2.140  10.510
0.01 0.010 0.041
0.04 0.016 0.050
6.02 0.023 0.069
0.08 0.075 0.332
0.00 0.010 0.048
23.96 1.14 4.800
6.01 0.363 1.680
138.7 40.074 241.90

769

0.
0.
0.
23.
5.

04
02
01
50
76

148.0

0.

02

127.0

29.
5.
3.

.88

7.
4.
0.

27.

.33

.73

.00

.03

.02

.01

.01

23.

.82

1

o O O O OCOoON

80
29
38

00
29
46
24

82

116.8

Pre Road Building

Std Dev
0.031
0.532
0.000

51.485
0.894
5.929
1.437
0.740
0.000
0.323
0.197
9.514
0.354
0.424
0.001
0.016
0.016
0.021
0.009
0.408
0.055
7.714

Pre Road Building

Std Dev
0.079
0.251
0.000

41.236
1.789
3.612
0.769
1.543
0.000
0.074
0.120
5.377
0.995
0.496
0.000
0.009
0.019
0.013
0.012
0.236
0.115
9.935

Post Road Building

Std Dev
0.516
6.597
0.27

33.055
7.416
17.786
0.381
0.232
?.101
0.943
0.645
26.071
0.783
1.948
0.008
0.012
0.015
0.157
0.007
1.323
0.402
21.942

Range
2.460
37.820
1.400
185.50
32.000
84.310
2.250
0.860
42.440
4.770
2.450
81.290
2.910
10.750
0.030
0.030
0.050
0.853
0.022
5.400
1.730
110.40

Post Road Building

Well=2
Range Mean
0.070 0.68
1.200 10.51
0.000 0.13

133.00 96.41
2.000 38.73
12.850 11.47
2.850 1.35
1.400 0.20
0.000 14.89
0.850 4.56
0.500 0.69
23.400 34.34
0.920 2.63
1.170 3.24
0.003 0.00
0.040 0.04
0.039 0.01
0.043 0.06
0.021 0.01
1.000 24.56
0.100 5.75
20.000 157.7

Well=6
Range Mean
0.210 0.71
0.600 8.19
0.000 0.05

105.00 74.12
4.000 21.56
7.730 8.47
1.400 1.28
3.750 0.79
0.000 8.33
0.170 4.37
0.330 0.53

13.100 25.10
2.440 1.27
1.370 0.68
0.000 0.00
0.020 0.03
0.044 0.01
0.028 0.02
0.026 0.00
0.500 24.45
0.300 5.69

25.000 115.1

Std Dev
0.378
6.329
0.064

28.657

433

.254

346

.707

.319

.901

.451

334

.389

.601

.004

.015

.009

.029

.003

417

0.456

14.609

O 0O WO oOowuw

1

O

- 0O O 0O O O 0 O

Range
2.120
36.770
0.200
116.50
24.000
37.800
2.220
3.990
14.260
4,470
1.830
69.100
1.820
2.140
0.020
0.050
0.035
0.104
0.013
5.600
1.900
61.000



Component

ct

NH4
Solids
HCO3
Total P
Dissolved P
NO3

S04

Na

K

Ca

Mg

Fe

Cu

Pb

cr

Mn

cd
Temp

pH
Conductivity

Component

cl

NH4
Solids
HCO3
Total P
Dissolved P
NO3

S04

Na

K

Ca

Mg

Fe

Cu

Pb

cr

Mn

Cd

Temp

pH
Conductivity

Well=3

Pre Road Building

Mean
0.42
7.78
2.30
141.3
53.80
6.52
3.58
1.15
3.20
3.70
0.89
25.28
4.41
3.42
0.00
0.05
0.03
0.03
0.01
23.12
5.59
147.4

Std Dev
0.035
0.622
0.398

29.874
1.789
3.552
0.804
1.350
0.000
0.279
0.052
1.561
0.567
0.464
0.000
0.019
0.017
0.019
0.009
0.62%9
0.114
3.715

Range
0.080
1.300
1.040
70.000
4,000
7.330
1.500
2.600
0.000
0.740
0.130
3,700
1.340
1.220
0.000
0.050
0.042
0.042
0.018
1.500
0.300
9.000

Well=7

Pre Road Building

Mean
0.41
9.18
0.76
202.2
88.40
3.75
1.25

19.25

43.90

o O O O O v
(=}
£~

24.12
6.15
307.4

Std Dev
0.030
1.542
0.263

39.498
3.578
0.938
0.953
0.932
0.000
2.259
0.238
4.310
2.023
1.306
0.005
0.018
0.023
0.023
0.007
0.250
0.117

26.054

Post Road Building

0.04
0.01
0.04
0.00
23.67
5.52
146.2

Post Road Building

[= I = s T = B e I |
[=2
o

o
Q
o

24.01
5.89
230.7

Std Dev
0.360
5.836
0.747

42.387
8.397
4.381
0.664

.389

.850

.486

.265

.098

.948

754

.003

.018

.01

.021

.004

.200

.392

.321

O - 0O 00 0O 00O ~NOLOO-~O

W
LY

Std Dev
0.243
4,460
0.585

46.727

.420

.085

.404

.722

972

514

.292

.224

.521

.234

.003

.025

.010

. 045

.002

.219

.320

.128

~nN
-

[
dO—ﬂDDDOONNU\IO—\\ﬂDD#\

Range

2.
30.
4.

110
200
090

181.50

34.
14.
3.
1.
8.
2.
1.
29.
3.
2.

000
900
430
440
130
560
220
810
910
790

0.011

QO O O o

1

.060
.031
.080
.013
.900
.560

191.00

14.
1.
2.

18.
7.
1.

54.

12.
9.
0.
0.
0.
0.
0.
5.
1.

580
780
440
700
760
450
300
210
330
010
070
0490
180
010
100
480

277.70

770

265.0

0.02
104.3
28.40

2.53

0.78

0.55

8.25

3.33

0.25
20.16
.35
.43
.00
.03
.01
02
.00
24.00

5.67
114.4

O o o0 ocoMNMN

Pre Road Building

Std Dev
0.033
1.194
0.164

15.610
2.966
1.050
0.306
0.811
0.000
0.670
0.049
2.631
1.634
0.317
0.005
0.023
0.021
0.022
0.085
0.289
0.135

21.79

Std Dev
0.041
0.644
0.000

23.684
2.608
1.516
0.407
0.647
0.000
0.354
0.062
3.100
0.479
2.091
0.000
0.004
0.014
0.023
0.007
0.408
0.333

12.915

Post Road Building

Well=4
Range Mean
0.070 0.90
3.000 19.15
0.460 0.59

35.000 150.8
8.000 95.46
2.180 7.85
0.600 0.81
1.670 0.27
0.000 2.99
1.680 7.31
0.120 0.36
7.400 28.38
4.130 12.08
0.760 2.01
0.011 0.00
0.060 0.03
0.052 0.01
0.046 0.10
0.190 0.00
0.500 24.09
0.300 6.27

55.000 280.7

Well=8

Range
0.100
1.500
0.000
55.000
6.000
2.950
0.750
1.250
0.000
0.890
0.170
8.600
1.270
5.100
0.000
0.010
0.032
0.051
0.013
1.000
0.800
33.000

Std Dev
0.719
12.619
0.380
36.859
16.918
10.844
0.201
0.326
1.648
1.134
0.313
18.331
4,146
0.509
0.000
0.011
0.016
0.035
0.000
1.653
0.295
28.360

Range

4.
62.
1.

160
690
940

176.00

72.
40.

1.

1.

7.

5.

1.
68.
19.
.250
.000
.060
.080
0.
0.
7.
1.

oo oOoN

420
200
290
070
060
260
100
300
820

130
000
000
300

124.00



Component

NH4

Solids

HCO3

Total P
Dissolved P
NO3

S04

Na

K

Ca

Mg

Fe

Cu

Pb

cr

Mn

td

Temp

pH
Conductivity

Well=9

Pre Road Building

Mean
0.40
5.12
0.02
11.3
48.40
3.06
1.58
1.80
3.20
3.90
0.34
26.98
6.18
0.55
0.00
0.05
0.02
0.01
0.00
23.87
6.38
143.0

Std Dev
0.029
0.606
0.000

21.176
1.673
1.390
0.520
0.175
0.000
0.237
0.082
4.822
0.535
0.324
0.000
0.015
0.009
0.022
0.006
0.629
0.084
4.950

0.400
0.000
0.660
0.190
12.600
1.200
0.780
0.000
0.040
0.023
0.049
0.012
1.500
0.200
13.000

145.7

Post Road Building

Std Dev
0.321
4.880
0.217

35.655
5.440
5.361
0.267
0.574
3.259
0.732
0.332

17.281
0.994
0.758
0.005
0.017
0.008
0.034
0.004
1.333
0.310

19.337

Range

1.
26.
1.

550
150
150

164.50

31.
22.
1.
.930
.570
2.
.510
77.
4.710
2.430
0.020
0.050
0.
0
0
6
1
1

1
1

1

1

180
060
910

750

590

022

119
.015
-800
. 160
0.50

771

175.4

Pre Road Building

Std Dev
0.026
0.363
0.000

22.821
1.789
1.923
0.300
0.266
0.000
0.477
0.072
3.368
0.791
0.115
0.000
0.009
0.004
0.016
0.006
0.548
0.087
7.635

Post Road Building

Well=10
Range Mean
0.060 0.55
0.800 7.05
0.000 0.04

60.000 90.02
4,000 44.03
4.650 2.98
0.600 1.04
0.600 0.56
0.000 5.80
1.190 2.91
0.180 0.25
7.200 16.35
1.840 4.65
0.260 0.66
0.000 0.01
0.020 0.03
0.010 0.01
0.034 0.03
0.013 0.00
1.500 24.04
0.200 6.11

20.000 135.4

Std Dev
0.332
4,862
0.074

35.337
12.449
3.443
0.299
0.268
1.538
0.604
6.227
8.332
1.836
0.570
0.014
0.015
0.009
0.048
0.005
1.360
0.317
31.965



Component

cl

NH&4
Solids
HCO3
Total P
Dissolved P
NO3

S04

Na

K

Ca

Mg

Fe

Cu

Pb

Cr

Mn

td

Temp

pH
Conductivity

Component

cl

NH4
Solids
HCO3
Total P
Dissolved P
NO3

S04

Na

K

Ca

Mg

Fe .

Cu

Pb

Cr

Mn

cd
Temp

pH
Conductivity

MEAN, STANDARD DEVIATION & RANGE - PRE- AND POST BUILDING

Well=1

Pre Road Building

0.01
2.36
23.44
3.10
3.52
8.88
4.20
6.16
0.02
0.03
0.03
0.10
0.03
21.57
4.73
105.0

Std Dev
0.127
1.068
0.045

26.092
4.536
2.443
0.000
1.594
3.548
2.879
1.713
3.837
1.146
1.205
0.016
0.014
0.013
0.042
0.016
2.370
0.526

11.539

10.000
7.990
5.020

13.700
3.430
3.370
0.043
0.040
0.036
0.135
0.053
7.000
1.500

35.000

Welt=5

Pre Road Building

181.6

Std Dev
0.045
0.704
0.034

54.307
15.256
0.721
0.024
0.821
1.393
0.486
0.238
17.989
1.493
1.227
0.024
0.008
0.009
0.020
0.006
1.201
0.385
16.370

0.700
51.900
4.890
3.680
0.055
0.020
0.022
0.060
0.013
3.000
1.100
47.000

COLUMBIA COUNTY

ANALYTICAL DATA - GYPSUM ROAD BUILDING

Post Road Building

Std Dev
0.142
1.672
0.108

67.172
3.113
0.854
0.023
0.963

39.853
0.515
0.483

20.668

11.312
3.165
0.073
0.009
0.018
0.100
0.009
2.057
0.616

129.1

Range

0.

690

6.120

0.

370

283.00
8.340

2.
0.
4.

940
080
240

166.70

O 0O o0 oo

.710
.000
.480
35.
14.
.320
.030
.070
.490
.026
.100
3.

950
310

200

520.00

Post Road Building

0.08
93.92
69.14

0.59

0.07

0.46

4.51

2.24

0.76
29.84

2.83

1.97

0.02

0.03

0.01

0.03

0.00
21.32

6.87
160.7

Std Dev
0.189
2.477
0.117

264.428
9.763
0.557
0.028
0.527
2.157
0.569
0.582

11.850
2.034
2.248
0.018
0.017
0.019
0.016
0.000
1.988
0.438

27.812

Range

0.
10.
0.
92.
42.
1.
0.
2.
10.
2.
2.
56.
7.
8.
0.
0.
0.
0.
0.
6.
1.

640
340
440
000
000
620
100
040
700
750
860
100
470
150
070
080
090
080
000
900
450

97.000

772

184.6
78.75
1.40
0.09
7.73
3.20
2.78
2.12
58.63
19.24
2.10
0.01
0.03
0.02
0.07
0.01
22.00
7.20
227.5

Pre Road Building

Std Dev
0.067
0.389
0.000

36.791
6.590
2.200
0.049
2.656
1.922
0.337
0.848

28.587
5.207
1.316
0.017
0.008
0.020

0.057

0.005
2.485
0.231
5.574

Post Road Building

Well=2
Range Mean
0.190 0.40
1.300 5.11
0.000 0.05

117.50  116.2

20.000  47.06
6.080 1.04
0.140 0.07
6.090 5.34
5.600 3.79
1.050 2.33
2.650 0.61

66.600  28.31

13.700  12.54
3.940 2.05
0.045 0.02
0.020 0.02
0.054 0.03
0.174 0.05
0.015 0.00
7.000  21.40
0.650 7.65

16.000  159.4

Well=6

Pre Road Building

14.745

Range
0.470
3.200
0.000
100.00
56.000
1.920
0.100
12.110
3.000
1.610
1.310
77.900
10.600
1.920
0.047
0.020
0.030
0.056
0.016
7.000
0.800
49.000

60.
14
.16
.04
.13
.73
.61
.58
.51
46
.01
.04
.01
.06
.00
.48
7.

O 0O 0O O O =

21

Std Dev
0.171
3.569
0.077

30.433
8.395
1.496
0.041
2.498
2.272
0.369
0.233

43,439
6.355
1.602
0.012
0.008
0.033
0.063
0.002
2.001
0.416

13.882

Range
0.670
13.640
0.260
113.70
45.480
6.530
0.140
11.510
11.130
1.500
0.920
212.00
28.740
4.650
0.050
0.030
0.140
0.310
0.010
7.100
1.390
43.000

Post Road Building

94

27

211.1

Std Dev
0.351
4.898
0.164

34.988
12.614
2.890
0.059
2.469
3.623
0.526
0.731
14.324
6.694
0.717
0.018
0.014
0.011
0.033
0.004
1.510
0.435
14.131



Component

o

NH4
Solids
HCO3
Total P
Dissolved P
NO3

S04

Na

K

Ca

Mg

Fe

Cu

Pb

cr

Mn

Cd

Temp

pH
Conductivity

Component

cl

NR&
Solids
HCO3
Total P
Dissolved P
NO3

S04

Na

K

Ca

Mg

Fe

Cu

Pb

cr

Mn

cd
Temp
pH

Well=3

Pre Road Building

Mean

0.
9.
0.

02
80
04

206.7

11.
0.
0.
0.
3.
5.
3.
6.
4.
6.
0.
0.
0.
0.
0.

21.
5.

39.

23.
7.

75
80
02
95
96
35
21
22
03
71
04
03
03
14
00
50
09
75

Std Dev
0.064
2.906
0.049

291.77
2.915
0.448
0.010
0.931
1.416
2.056
0.543
1.248
2.602
1.237
0.015
0.006
0.031
0.031
0.004
1.378
0.552

11.474

Range Mean

0.180 0.05
8.500 3.89
0.130 0.06
688.30 33.92
8.000 11.29
1.260 0.33
0.020 0.06
2.490 0.43
4.000 9.46
6.320 2.43
1.490 0.86
3.750 1.77
6.110 1.45
3.190 4.01
0.042 0.02
0.020 0.04
0.102 0.01
0.077 0.05
0.011 0.00
4.000 21.57
1.500 4.63

35.000 35.44

Well=7

Pre Road Building

00
03

Conductivity 588.1

Std Dev
0.041
6.1M1
0.000

43.651
16.583
1.216
0.046
10.057
2.494
7.419
1.617
31.079
1.954
2.643
0.020
0.027
0.034
0.099
0.016
2.280
0.234
16.243

0.110 0.35
17.400 23.95
0.000 0.05

3.500 2.72
0.110 0.21
27.150 22.76
5.800 2.75
20.120 10.01
4.600 2.80
83.000 127.1
5.900 10.57
7.860 3.29
0.062 0.03
0.080 0.04
0.101 0.02
0.292 6.09
0.048 0.01
6.000 21.69
0.700 7.19

45.000 575.7

Std

0.
2.
0.
25.
5.
0.
.
0.
8.
0.
0.
2.
0.
2.
0.
0.
0.
0.
0.
1.
c.
13.

Std

G.

Dev
109
307
097
923
676
315
063
422
365
952
768
090
740
929
oM
014
014
855
000
970
570
326

Dev
255

17.397

0.

155

185.52

31.
3.
0.

16.
1.
1.
0.

444
841
077
801
396
998
649

183.08

4.
.221
.042
.018
.026
.080
.009
.969

0.
59.

o 0o o0 omN

1

440

271
166

Post Road Building

Range
0.480
6.750
0.300
90.500
20.000
0.990
g8.310
2.140
34.060
3.700
3.180
6.700
2.390
8.740
0.060
0.060
0.050
0.140
0.000
7.500
2.300
43.800

Post Road Building

Range
1.100
85.950
0.750
1085.0
131.98
14.210
0.260
88.420
6.100
7.160
2.630
922.48
14.090
6.380
0.180
0.050
0.110
0.350
0.021
7.300
1.190
190.00

773

0.05
207.0
145.4

0.86

0.05

3.74
14.06
30.32

3.74
20.46

4.37

2.50

0.03

0.03

0.02

0.24

0.01
22.17

6.83
305.0

Pre Road Building

Std

0.
1.
0.

Dev
063
751
092

148.36

58.
0.
Q.
2.
5.

18.
2.
9.
1.
2.
0.
0.
0.
Q.
0.
1.
0.

oM
352
017
476
210
742
343
959
701
133
015
023
010
164
006
41
219

175.11

Pre Road Building

Std

2.
1.
0.

Dev
028
188
064

104.10

31.
4.
0.
4.
0.
3.
2.

39.

14.

344

.022

.015

.057

.150

.033

472

o 0 0O O O W

1

0.

901
321
084
037
575
279
362
887
367

389

159.48

Post Road Building

Std Dev
0.089
2.382
0.098

69.223
9.981
0.566
0.042
1.192

49,567
2.210
0.312

16.275
4.483
1.418
0.013
0.014
0.013
0.165
0.003
2.386
0.591

75.951

Range
0.350
11.990
0.420
305.00
43.370
1.740
0.140
5.470
230.80
9.550

- 1.020

63.510
22.250
6.790
0.054
0.040
0.050
0.760
0.011
8.000
2.370
363.00

Post Road Building

Well=4
Range Mean
0.150 0.05
4,450 2.91
0.260 0.05

415.80 114.5
174.00 21.42
0.800 0.63
0.050 0.08
7.770 3.07
13.880 43.17
48.070 7.79
7.140 1.87
30.500 14.55
4.180 5.08
6.680 1.74
0.037 0.01
0.060 0.02
0.031 0.01
0.505 0.15
0.013 0.00
5.000 21.01
" 0.650 6.49
440.00 143.3

Well=8
Range Mean
5.480 0.93
3.700 7.94
0.170 0.04

364.20 162.9
94.000 52.50
12.140 3.14
0.240 0.19
10.100 10.07
1.400 2.73
8.440 2.51
7.310 1.66
113.90 55.27
42.800 23.65
9.770 5.59
0.053 0.01
0.050 0.04
0.153 0.02
0.429 0.14
0.101 0.00
4.000 21.23
1.200 7.27
467.00 212.4

Std Dev
1.025
5.855
0.084

28.993
4.979
4,155
0.107
2.196
1.069
0.660
0.817

80.169

26.797
3.133
0.017
0.012
0.030
0.096
0.007
1.815
0.484

20.361

Range
4.900
28.530
0.380
122.50
20.000
15.880
0.500
9.270
4.330
2.630
3.520
406.16
132.29
13.500
0.080
0.050
0.120

1 0.380

0.020
7.500
1.770
61.000
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