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Rapid Hardening Cements for Repair of Concrete

by Sandor Popovics, N. Rajendran, and Michael Penko

This paper presents the results of an investigation on very rapidly
hardening cements. Rapid hardening cements are those that can de-
velop several thousand psi compressive strength within a few hours.
Since these cements were developed just recently, very little labora-
tory and even less practical experience have been obtained with them.
Therefore, this paper presents the results of a laboratory investiga-
tion on four such cements. These cements are:

1. magnesium phosphate cement for cold and regular weather use
(MPC);

2. magnesium phosphate cement for hot weather use (MPH);

3. aluminum phosphate cement (MAP); and

4. regulated set cement (RS).

A combination of both mechanical and physicochemical tests were
performed. Several chemical admixtures were also tried with these
cements. The tests revealed that the magnesium phosphate base ce-
ments exhibit the most rapid strength development.

The presented investigation concentrates on the strength develop-
ment at early ages. Other important properties of these mixtures (du-
rability, etc.) will be presented in another paper.

Keywords: cement pastes; compressive strength; concretes; electron micro-
scopes; heat of hydration; high early strength cements; hydration; infrared
spectroscopy; magn.esium; mortars (material); portland cements; regulated set
cements; repairs; setting time; strength; x-ray diffraction.

The deterioration of highway pavements, airport
runways, bridge decks, marine structures and other
concrete structures poses serious problems and requires
millions of dollars to renovate them. Part of the prob-
lem comes from the fact that repair interrupts the use
of structures for a long time if traditional cementing
materials are used. This delay can be reduced by using
nontraditional, very rapidly hardening cementing ma-
terial. Such a material should have special properties,
such as high early strength, long enough setting time,
and bond to old concrete. Therefore, an investigation
was performed to identify or develop an inorganic ce-
ment that is suitable for rapid repair of concrete struc-
tures. The laboratory investigation was performed in
two directions:

1. mechanical experiments to determine the techni-
cally important properties of these cements; and

2. investigation about the basic nature of rapid hard-
ening cements with or without chemical modifications
by using physicochemical methods, such as x-ray dif-
fraction, scanning electron microscopy, and infrared
spectroscopy.
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TECHNICAL PAPER

Four promising commercially available rapid hard-
ening cements were selected for this research. They are;
1. magnesium phosphate cement for cold and regus
lar weather use (MPC);
2. magnesium phosphate cement for hot weather use
(MPH); :
3. aluminum phosphate cement (MAP); and
4. regulated set cement (RS). ]
The description of the tested materials, methods, an
the obtained results are presented in the following par==
agraphs.

RESEARCH SIGNIFICANCE

If some of the very rapidly hardening cements are
shown to be suitable for pavement and other concret
repair, the use of these materials would greatly reduce
the duration of interruption of the use of the structure
under repair. The investigation presented here is a step
in this direction. ]

CEMENTING MATERIALS AND ADMIXTURES!

The magnesium phosphate mixtures came int
formulas to cover all weather conditions. One is th
“cold”’ formula, which is recommended for use in col
and regular weather temperatures (MPC); the other’
the “‘hot”’ formula, for hot-weather conditions (MPH
Both formulas are granular materials consisting of
powdery cementitious material and sand in the prop@
tion of 1:4 by weight. The cementitious materials i§
blend of magnesium oxide (MgO) and ammonium d:
hydrogen phosphate (NH,H,PO,) with a small amouk
of fly ash. These react with water rapidly producif
strength and heat. The hot-weather formula also cO!
tains boric acid as a set retarder. This paper will ref
to these two formulas in dry, granular state as ME
mixture and MPH mixture, respectively. When watel
added to.a mixture, it is called mortar instead of m
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BB {ure. A third term used in this paper is ‘‘cement.”” This
~ is the portion of the mixture that passes a No. 200 (75
. pm) sieve. The mixture of cement and water is called
anddB ‘“‘paste.”” These terms are also applicable to other ce-
par ments in this paper.
' The aluminum-phosphate (MAP) mixture consists of
a granular solid and a liquid compound. The solid ma-
~ terial is a blend of the powder of magnesium oxide
are 8 (MgO) with fly ash, sand, and pea gravel in the pro-
retel®  portion of 1:1.5:4.0 by weight. The manufacturer does
{uce not specify the fly ash content. The liquid component
ture £ is a 50 percent by weight water solution of Al (H,PO,),.
step ~ The magnesium oxide reacts chemically with the liquid
' component producing rapid strength and heat develop-
S ment.
:S9 The regulated set (RS) cement, which is a chemically
(A ~ modified portland cement, is a yellowish powdery ma-
; theSl  terial with the appearance of portland cement. It does
001.” not contain any mineral aggregate. When mortar was
er s - prepared, four parts of fine aggregate were added to
°H) - this cement to simulate the other cement mortars. The
of 2 ; main difference between regulated set cement and tra-
pofl-==@ ditional portland cement is that, in regulated set ce-
is a8 ment, the C,A phase is replaced with a calcium haloal-
a di-S@ uminate having the formula 11CaO - 7A1,0, - CaX,
ount - (C,A,CaX,). This latter is even more reactive than C;A,
icing o fmd an addition of a sulfate more soluble than gypsum
co - 15 needed. Calcium sulfate hemihydrate may therefore
refer be added.
MPCER Three water reducers conforming to ASTM C 494
ter. S8 Were used. A water-dispersible epoxy was also used.

MECHANICAL TEST METHODS AND RESULTS

The mechanical testing concentrated on the early
4 Strength developing capabilities as well as on the flow,
: Setting times, and heat liberation during setting at room
- lemperature.
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Fresh concrete

The mixer used was a three-speed bench model of
approximately % ft* (0.005 m®) capacity with a stainless
steel bowl and planetary action. It complies with ASTM
C 30s.

The mixing procedure used for all batches was as
follows. The mixing water was poured into the bowl
and the premixed dry components were added to the
water. These were mixed together first for 30 sec at low
speed, then for 90 sec at medium speed. When an ad-
mixture was used it was premixed with the mixing wa-
ter or with the portion of it. Immediately after mixing,
the flow test (ASTM C 230-80) with 25 drops, time of
setting test (ASTM C 191-77), and temperature change
measurements during setting were performed. The re-
sults of the temperature and pH measurements, as well
as optical microscopic examinations, are not reported
here because of space restriction.

A wide variety of water-reducing admixtures were
added to all four cements. It was established that none
of the tested plasticizers were effective with MPC and
MPH cements or with the MAP cement. They were,
however, effective with RS cement.

Some of the results obtained on fresh mortars are
presented in Tables 1 through 5.

Hardened concrete

For the determination of compressive strength, 27
mix series were made. Nine 2-in. (50-mm) cubes were
prepared from each series according to ASTM C 109.
The specimens were removed from the mold 40 to 50
min after mixing and air cured at 73.4 F = 3 F 23 C
+ 1.7 C) and 50 percent relative humidity until the
break. Compressive tests were run on specimens at the
age of 1 hr, 3 hr, and 24 hr again according to ASTM
C 109. Three specimens were tested for each age. The
strength results are given in Tables 1 through 3.

In another series, 22 mixes were made according to
ASTM C 192. Each mix contained 21 2 x 4-in. (50 x
100-mm) cylindrical specimens. They were stripped in
40 to 50 min after mixing and kept at room tempera-
ture and 50 percent relative humidity for 24 hours, i.e.,
73.4F + 3 F (23 C + 1.7 C). Then they were kept in
a moist room (73F and 100 percent relative humidity)
until the break. These specimens were tested at the age
of 1 hr, 3 hr, 24 hr, 7 days, 28 days, and 90 days and a
few tests were run at 465 days. Three specimens were
tested for each age. These test results are presented in
Tables 4 and 5.

ANALYSIS AND DISCUSSION OF MECHANICAL
TEST RESULTS

Flow

The relationship between flow and water content for
the MPC and MPH mortars is shown in Fig. 1. The
flow increases with an increase in water content as ex-
pected, but the rate decreases at higher water contents
for both mortars.
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Table 1 — Properties of magnesium phosphate (MP) mortars

Compressive strength,

Mix Water,* Flow, Setting time psi’
designation percent percent Initial Final 1 hr 3 hr 24 hr
9 min 13 min -
SC1 10.0 146 45 sec 30 sec 5640 7050 7110
MPC sc2 8.0 111 9min | LMD | 6100 | 11060 | 12130
45 sec
6 min 8 min
SE3 5.5 28 30 sec 30 sec 10140 11690 11940
SH1 10.0 150 40 min 47 min & 1670 6540
MPH SH2 8.0 109 49 min | 60 min 5 1930 9080
30 min | 36 min :
SH3 55 20 30 sec 30 sec 3570 8900
50 percent SCHI1 10.0 149 | tsmin | 18min | 3150 | 6350 | 7420
MPC ’ 30 sec
29 min | 33 min "
+ SCH2 8.0 102 30156E 30 sec 4710 | 10130
50 percent . 20 min
MPH SCH3 5.5 28 18 min 15 sec 2640 8180 11810
MPC SCB1 10.0 150 17 min 21 min 2790 5250 5920
. 21 min
+ SCB2 8.0 106 19 min 30 sec 1090 5040 8000
0.34 percent 17 min :
berak SCB3 5.5 27 45 sec 22 min 3100 10690 11590
MPC
* 16 min
2 percent SS4 7.0 107 13min | 49 Se‘ 2890 | 3810
Plastocrete ¢
161R
MPC
+16.8 percent SE4 3.75 150 11 min 20 min 780 1580 2110
Nicklepoxy 15 sec

*Percent by weight of the dry mixture.
1 psi = 0.006895 MPa.
*1 hr test could not be performed because specimens were too weak to be removed from the mold.

Table 2—Properties of aluminum phosphate (MAP) mortars and concretes

Water + AIP ) ) Compressiv.e‘ strength,
Mix liquid,* Flow, Setting time psi
designation percent percent Initial Final 1 hr 3 hr 24 hr
23 min :
AL1l* 0+ 15.8 77 15 sec 26 min 430 1930 7240
AL2! 0+ 16.5 93 22 min 25 min 220 720 5690
AL3 0+ 18.0 91 l4min | g in | 330 | 2080 | 6540
15 sec
AL4! 0.76 + 16.5 97 3min | 16min | g5 | 3140 | 5410
: ’ 30 sec 30 sec
: 19 min
ALS* 1.52 + 16.5 111 17 min 45 sec 370 3320 5325
ALCl* 0+ 12.4 51 19 min 22 min 400 1830 6980
ALC2¢ 0+ 12.4 45 14 min 19 min 560 2520 6930
ALC3® 0.76 + 11.6 53 14 min 18 min 340 2340 3350
ALC4 1.36 + 11.6 73 19 min 30 min 310 1360 4540

*Percent by weight of the dry mixture. The liquid contains 50 percent water solution of Al (H,PO.)s.

1 psi = 0.006895 MPa.

‘Aggregate retained on sieve #4 was removed.

iGravel particles retained on sieve #4 and passing % in. were removed from the mixture provided by the manufac-
turer and replaced by crushed stone particles of the same size.

The figure also shows that MPH mortars produce the MPH mixture. A similar trend was observed Wik
larger flow than MPC mortars under identical condi- a small quantity of borax was added to the MPC m
tions. This is attributed to the presence of boric acid in ture. It is not surprising, then, that the flows for®
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Table 3 — Properties of regulated cement (RS) mortars

) ) Compressivq strength,
Mix Water, * Flow, Setting time psi'

designation percent percent Initial Final 1 hr 3 hr 24 hr
RS cement 6 min :
mixture 16 10.0 5 30 ] 14 min | 1190 | 2600 | 4420
RS cement 12 min :
e JwW2 13.6 76 45 sec 26 min 450 1560 2760
RS cement
mixture . .
+0.6 percent JW3 13.0 140 24 min 41 min 210 1680 2710
Mighty 150
RS cement
mixture
+0.6 percent Jw4 13.0 137 73 min : 20 1780
Pozzolith
200 XR

*Percent by weight of the dry mixture.
1 psi = 0.006895 MPa.

MPC mixture blended with the MPH mixture, and
MPC mixture blended with borax are between the flow
of MPC mortar and that of the MPH mortar (Table 1).
The data from Tables 2 and 3 also show that the
MPA and RS mortars exhibit less flow at the same wa-
ter content than the comparable MPC and MPH mor-
tars. Further, it was observed during mixing that the
MAP mortars are stickier than the other mortars. It can
also be seen from Table 2 that the 100 percent flow was
achieved only once by using 18 percent liquid in MAP
mixture.

Efforts were made to improve the fluidity of mortars
by the use of plasticizers and superplasticizers. The ob-
tained test results show, however, that these admix-
tures worked well only with the RS cement and port-
land cement.

Setting time

The initial and final setting times were run in accor-
dance with ASTM C 191 using the Vicat apparatus and
the needle. These setting times for MPC and MPH
mortars are shown in Fig. 2. It can be seen that the ini-
tial setting times of the MPC formula are regularly less
than 10 min and the time of final setting is less than 15
min at room temperature. These setting times are too
short for traditional construction techniques so the
manufacturer came out with another formula, the
MPH mixture, which has much longer times of setting.
It can also be seen that the 50-50 blend of MPC and
MPH formulas, as well as cold formula with borax,
have in-between setting times.

Another noticeable trend is that the setting times de-
Crease with decreasing water content more or less in the
Same way as the setting time of portland cement. The
Setting times of the MAP concretes and MAP mortars
are between those of comparable MPC and MPH mor-
tars. The same statement is valid for mortars made with
RS cement except for mixture JW 3 and 4 where plas-
licizing admixtures were used. Here the times of setting

lare very long but, unfortunately, the strengths are also
- low,
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‘One-hr test could not be performed because the specimens were too weak to be removed from the mold.
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Fig. 1 — Standard flow of MP mortars as a function
of water content

Considering the shortness of setting times of the
mortars that have high enough one-hr strength, it is
obvious that a special, simple, but rapid construction
method is needed when magnesium phosphate cement
mortars and concretes are used. One such method oc-
curs when the mortar is used in a fluid state instead of
the usual plastic consistency. Not only would this
somewhat lengthen the setting time but it would also
speed up the construction by the elimination of the
need for compaction. For this reason, the work pre-
sented here has focused on mortars of fluid consis-
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Table 4 — Properties of MPC mortars as a function of the water content*

Mix Water,' Flow, Compressive strength, psi’
designation percent percent 1 hr 3 hr 1 day 7 days 28 days 90 days

ASCl1 6.0 36 7320 9150 8410 8000 8260 9280
ASC2 6.5 50 7290 8700 8560 8240 7500 8550
ASC3 7.0 66 7550 8210 8770 8400 7860 8180
ASC4 7.27 84 7870 8160 8740 8340 8320 8310
ASCS5 8.0 103 6240 6150 8090 7710 6580 6820
ASC6 8.5 115 5850 5620 6950 5920 5540 5730
ASC7 9.0 131 4660 5110 5600 5470 4870 6050
ASC8 9.5 134 4510 4500 4810 4630 4520 6190
ASC9 10.0 141 3910 3960 4670 4140 4160 6400
ASCI10 10.5 145 2610 2800 3280 3330 3220

ASC11 11.0 150 2490 2840 3230 3000 2940 4580

*The strength specimens were 2 x 4 in. (50 x 101 mm) cylinders.
"Percent by weight of the dry mixture.
1 psi = 0.006895 MPa.

Table 5 — Properties of MPH mortars as a function of the water content*

Mix Water,' | Flow, Compressive strength, psi’
designation | percent | percent | lhr | 3hr | 1 day | 7 days | 28 days | 90 days | 465 days
ASHI 5.0 15 § 3320 | 6880 7910 8210 9530 8090
ASH2 5.5 43 1460 | 4660 | 7800 8470 7640 8340
ASH3 6.0 56 o/ 2390 | 6570 7000 7590 8130 6730
ASH4 6.5 69 i 3050 | 8010 8100 8820 8300 7390
ASHS 7.0 95 L 3010 | 7610 7460 7470 8020 7540
ASH6 75 103 2 3840 | 7090 7980 8090 8240
ASH7 8.0 124 £ 2500 | 5600 6400 6690 6900
ASHS 8.5 127 § 4650 | 7920 7660 7770 8180 7830
ASH9 9 143 d 2360 | 4950 4990 5510 6370
ASH10 9.5 148 5 2140 | 3920 4860 5410 6490
ASH11 10.0 150 . 1640 | 3440 3820 4110 5460 5890

*The strength specimens were 2 x 4 in. (50 x 101 mm) cylinders.

Percent by weight of the dry mixture.

1 psi = 0.006895 MPa.

sOne hour tests could not be performed because specimens were too weak to remove from the mold.

tency, that is, when the standard flow is approximatel ¥
150 percent.
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Compressive strength ‘

Compressive strength versus water content for mag
nesium phosphate cement mortars at 1, 3, and 24 hr i
presented in Table 1. It can be seen from the table thal
for all cases, the MPC mortar exhibits higher strengthl
than the MPH mortars up to the first 24 hr. Fuf
ther, high early strength of about 10,000 psi wa
achieved within an hour with low water content. TH
general trend is that the strengths of MPC and MPE
mortars decrease with an increase in water content, tha
is, except the strength at medium water content (8 pe!
cent) at 24 hr. 1

Borax blended with MPC, and MPH blended Wi
MPC, exhibit different behavior; that is, the strengtil

Fig. 2 — Initial and final setting times of tested mix- more at high and low water contents than at medi
tures water content at the age of 1 and 3 hr, but at the age,

Initial set

60 ] [[l:\ Final set

50
40

30

Setting time, min

20
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Fig. 3 — Relationship between compressive strength
and early age of MP mortars with medium (8 percent)
water content

24 hr the strength decreases with an increase in water
content. The reason for these discrepancies is not clear
at present.
In general, higher than 2000 psi strength was
achieved within an hour for almost all water contents
with magnesium phosphate cements.
The relationships between cube strength and early
age (up to 24 hr) of MPC, MPH, and RS mortars are
presented in Table 1 through 3. It is apparent that the
strength increases with an increase in age for all mor-
tars similarly to conventional portland cements, al-
hat, 8 though the rate of strength development is greater. For
S almost all cases, the strength of MPC mortar exhibits
higher early strength than the other mortars. It can be
was seen from Fig. 3 that there is a sudden increase in
The Strength for MPC mortar (SC2) up to the age of 3 hr,
(PH. after which there is not much appreciable rise in
that B Strength. In contrast, the strength of MPH mortar
- (SH2) starts increasing rapidly after the age 3 hr.
*ltis quite apparent that the strength of the blend of
- MPC with MPH formula falls between these two mor-
tar strengths as expected. A similar phenomenon was
al_SO observed when a small quantity of borax was
- Mixed with cold mortar.

tel
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Further, it can be seen from Tables 2 and 3 that the
MAP concrete and mortar and also RS mortar produce
lesser strengths at the age of one hour. The strengths
start gaining only after 3 hr. However, these strengths
are less than those of the MPC and MPH mortars with
comparable water contents.

The relationship between cylinder strength and age of
MP mortars after wet curing up to 90 days is shown in
Tables 4 and 5. It can be seen that the strengths of
MPC mortars increase up to 7 days, then there is a de-
creasing strength reduction at the age of 28 days, after
which they start increasing again. No such strength re-
duction was observed with wet cured MPH mortars.
Nevertheless, according to the manufacturer, wet cur-
ing should be considered as potentially harmful for
these mixtures. The mechanism of the strength-de-
creasing effect of moisture, when there is any, in MP
mixtures, is not known for sure. A hypothesis is that
the presence of moisture helps one of the hydration
products, namely, the monohydrate, recrystallize as
hexahydrate, which in turn can produce strength re-
duction similar to the recrystallization of high-alumina
cement paste under wet conditions.

PHYSICOCHEMICAL EXAMINATIONS
Parallel to the mechanical tests, physicochemical ex-
aminations were also performed. The following tests
were applied for the study of composition, morphol-
ogy, and hydration process: optical microscopy, pH
measurements, x-ray diffraction, scanning electron mi-

croscopy (SEM), and infrared spectroscopy (IR).

X-ray diffraction

Magnesium phosphate cements and pastes — The
x-ray diffractometer was used with CA-7 diffraction
tube. Copper Kg radiation was applied and all the pat-
terns were run at the same settings of the diffractome-
ter.

The MPC and MPH cements yield rather similar
x-ray patterns (Fig. 4 and 5). Both are composed of two
crystalline ingredients, namely MgO and NH,H,PO,. In
the x-ray pattern of the MPH cement, an additional
small peak is observed at 20 = 27 deg. This peak be-
longs to quartz.

Four different pastes were prepared with two differ-
ent water-cement ratios, namely at 0.525 and 0.375 by
weight. These two ratios correspond to the water-to-
solid ratios 0.1 and 0.075 when the sand is not sieved
out. The cements were the following:

1. MPC cement;

2. MPH cement;

3. MPC cement + 1.7 percent borax; and

4. 50 percent MPC cement + 50 percent MPH ce-
ment.

Mixing was performed in plastic vials that were
sealed with a very tight lid and stored at room temper-
ature. X-ray patterns were taken at 1 hr. As far as the
hydrated MP pastes are concerned, it was seen from the
x-ray patterns that there are no ammonium dihydrogen
phosphate peaks present any more after 1 hr, or even
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Fig. 5 — X-ray diffraction pattern of MPC cement
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Fig. 6 — X-ray diffraction pattern of MPH paste of
low water content (w/c = 0.375 by weight) at 1 hr

20 min of hydration. Instead, some new peaks have
shown up. This indicates that the NH,H,PO, is dis-
solved and reacted quickly. This is true for all four ex-
amined systems at both water-cement ratios.

The two major products of this early hydration have
been identified as ammonium magnesium phosphate
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Fig. 7 — X-ray diffraction pattern of MPH paste g
low water content (w/c = 0.375 by weight) at 7 days

hexahydrate (NH,MgPO,-6H,0) and ammonium mag
nesium phosphate monohydrate (NH ,MgPO,-H,0)
They are referred to as hexahydrate and monohydrate
or hexa and mono, respectively. :
Both hydrates can be formed at the same time during
hydration but one of them is usually dominating. The
following factors favor the increase of the amount ¢
hexahydrate: '
1. MPH cement;
2. High water-cement ratio;
3. Long hydration time.
Therefore, the following factors increase the amour
of monohydrate: ;
1. MPC cement;
2. Low water-cement ratio;
3. Short hydration time.
The most important factor seems to be the choice o
cement for the mono-hexa ratio. This comes as a suf
prise because the x-ray patterns of the two dry unhy
drated MP cement formulas do not differ significantl
and the chemical compositions also seem to be th
same. A reasonable explanation is the smaller particl
size of MgO in the two mixtures. Changes in the x-ra
patterns after one or more days of hydration are sloy
but definite. For instance, the amount of monohydrat
decreases with time and, in this case, after 7 days t
tally disappears (Fig. 6 and 7). The hypothesis is tha
monohydrate takes up some additional water with -_n
and recrystallizes into hexahydrate. v
When the two cements are mixed in a 1:1 ratio, bo
hydrates are formed at a low water-cement ratio and 1l
monohydrate is observed (or just a little) at high waté
cement ratio.
An addition of borax in the quantity of 1.7 percel
by weight to MPC cement affects the physical propé
ties of the mortar; nevertheless, the effect does 1
show up in the x-ray patterns. i
MAP and RS cements — The MgO peak in the X-Ié
diffraction pattern of MAP cement is much less intl
sive than that in the magnesium phosphate cements..
X-ray pattern of RS cement is similar to the patté
of portland cement Type III. The difference appears:
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. Thi

nt of @ Fig. 8 — SEM picture of MPH paste of high water
- content (w/c = 0.525 by weight) at 3 days; magnifica-
~ tion: 2000x

; few additional diffraction peaks that belong to calcium
- sulfate (anhydrite) and C,,A,-CaF,. The latter compo-

N - nent is not present in ordinary portland cements.
~ As the hydration proceeds, the diffraction peaks of
- anhydrite and C,,A,-CaF, become weaker. Neverthe-
~ less, they are still strong after 3 hr of hydration. Even
ice oI after 3 days of hydration there is still some unhydrated
2 sl C,A,CaF,. This explains why RS cement did not de-
unhii velop as high early strengths as the other cements
i tested.
cantl
e the'y
article®  Scanning electron microscopy (SEM)
X-18 ~ The SEM investigation was performed with 2000 and
» slow @ 5000 magnifications of the following 3 day old cement
;drate @ Dastes:
ys 10
s that § MPC cement w/c = 0.525
1timé @ MPH cement w/c = 0.525
‘ MPC + 1.7 percent borax w/c = 0.525

, bot 0.525
nd n

watel

- MPC (50 percent) + MPH (50 percent) w/c

: _It was observed that the samples morphologically
; differ, each one having some characteristics of its own.
ercen ;‘°_f example, there is a noticeable decrease in crystal-
ropetef linity in MPH paste as compared to MPC paste (Fig. 8
es I 40d 9), In the latter, extremely well developed crystal
10rms are observed.

s X-18 It has been established that the well-developed or-
intel t!“’rombic single crystal (Fig. 9) is struvite
its. S WHMgPO, - 6H,0).

)attel 3 MPH paste is of lower crystallinity. Occasional crys-
sars “48 are identified as NH,MgPO,-6H,0. There are many

1 -}j
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d :

Fig. 9 — SEM picture of MPC paste of high water
content (w/c = 0.525 by weight) at 3 days;, magnifica-
tion: 2000x

in this paste as expected from the corresponding X-ray
patterns. It is interesting to mention that they grow in -
a little different way than in the MPC paste.

As discussed earlier, an addition of borax to the
MPC formula does not change the x-ray patterns con-
siderably; however, it has quite an influence on the
morphological structure. The same crystal types are still
observed as in the sample without borax, but the crys-
tals are one-half to one-third smaller in size . In addi-
tion, a new poorly crystallized material is formed that
seems to glue the rest of the crystals together.

SEM examination of paste made of MPC (50 per-
cent) and MPH (50 percent) reveals a combination of
morphological characteristics of the two.

To show the differences in morphology between MP
and portland cement, Fig. 10 shows a SEM photograph
of a 1-day old portland cement Type III paste with w/c
= 0.35. The magnification is 2000x. The difference in
morphology is quite obvious. For instance, the chosen
area shows a plethora of needle-like crystals in the
portland cement paste missing in the MP pastes. These
crystals are ettringite and are very characteristic for
early strength portland cements rich in aluminate and

gypsum.

Infrared spectroscopy (IR)

An infracord spectrophotometer was used. Hard-
ened cement pastes were thoroughly ground with a
small addition of mineral oil into a fine paste that was
placed between two NaCl plates. The plates were then
pressed together to get the paste into a thin film. These
specimens were tested when they were 7 days old. The
same specimens were also used in x-ray diffraction ex-
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Fig. 10 — SEM picture of portland cement Type 111
paste of water-cement ratio = 0.35 at 1 day; magnifi-
cation: 2000x
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Fig. 11 — Infrared absorption spectrum of MPH paste
of high water content (w/c = 0.525 by weight) at 7
days

amination described earlier. The following cements
were used with w/c = 0.525 by weight: MPC, MPH,
MPC + 1.7 borax, and 50 percent MPC + 50 percent
MPH.

The infrared spectra obtained show that similar
problems are encountered with the spectra of these
pastes as with portland cements. The resolution is very
low and therefore not much information is provided.
Nevertheless, they seem to support the x-ray pattern
interpretation. For instance, comparing the infrared
spectrum of MPH paste with the infrared spectrums of
MPC paste, it is obvious that the broad absorption
band with its maximum around 1000 cm~' for the for-
mer sample is symmetrical and for the latter is asym-
metrical (Fig. 11 and 12). The symmetrical band im-
plies that only one hydration product is formed. Theasym-
metrical band with a shoulder implies that at least two
hydration products are formed. The main peak is as-
signed to hexahydrate and the shoulder to monohyrate
of ammonium magnesium phosphate. The paste made
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Fig. 12 — Infrared absorption spectrum of MPC past
of high water content (w/c = 0.525 by weight) at
days

of 50 percent MPC and 50 percent MPH cements als
shows asymmetrical band in its infrared spectrum ing
cating two hydration products. An addition of bora
does not change the infrared spectrum of MPC paste.

COMPARISON OF THE TESTED MATERIALS

Based on the results obtained up to this point of test
ing, the technical advantages and disadvantages of ead
material under investigation can be summarized as fol
lows: i

1. The same water content under identical condition
produces the highest fluidity in MPH formula, and th
lowest fluidity in the MAP mixtures (Table 1). '

2. The MPC formula has the shortest setting times
initial set is less than 10 min; final set is less than 1
min at room temperature. The MPH formula has th
longest ones. The setting times of the other tested mi
tures fall between these two extremes (Fig. 2).

3. The highest compressive strengths at the ages of
and 3 hr are developed by MPC mortar. The measure
1-hr strength, for instance, was more than 5000 p
with 10 percent water (flowing consistency) at rook
temperature, which is perhaps unnecessarily hig
strength for repair. Another advantage is that this mi
terial does not require wet curing. On the other ha
its setting times are the shortest, initial setting being lé
than 10 min at room temperature and probably mu
less at elevated temperatures.

4. MPH mortar has longer setting times and dev
ops less heat due to the presence of boric acid. Ho
ever, it produces lower strengths at room temperatt
at early and late ages. It is very likely that at elevat
temperatures the early strengths as well as setting a
heat development will be similar to those of the co
weather formula at room temperature. :

5. The modified MPC mortars, that is, the 50
blends of cold-weather-hot-weather formulas, as W
as the MPC formula with borax addition, seem
combine the advantages of the two individual fori
las. '

6. The MAP mortars can reach compressive streng
in excess of 3000 psi at the age of 3 hr, despite thef
that their 1-hr strengths are quite low. The setting il
are similar to those of the modified MPC mortars:

ACI Materials Journal / January-February 18



The RS cement mortars can develop about 1500
strengths at the age of 3 hr, and considerably less in
" pr at room temperature. The setting times are similar
' to those Of the MAP mortars.

: CONCLUSIONS

~ The tests revealed that the magnesium phosphate
.~ pase cements, that is, the MPC and MPH formulas, de-
%velop compressive strengths the most rapidly among the
'ested cements. For instance, the MPC formula can
produce compressive strength in excess of 10,000 psi at
the age of 1 hr with low water content. Even with high
- water content, enough to produce flowing consistency,
its 1-hour strengths are regularly over 2000 psi. On the
other hand, its setting time is short. The early age
strength of MPH formula is lower but still consider-
~ gble and its setting time is somewhat longer. The other
two tested cements also develop strengths much faster
' than Type III cement, even with an accelerator.

- Physicochemical investigations provided limited in-
formation about the nature of the hydration processes
of these cements. For instance, the main hydration
products of the MP cements are ammonium magne-
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sium phosphate monohydrate (NH,MgPO,-H,0) and
ammonium magnesium phosphate hexahydrate
(NHMgPO,-6H,0). It reveals that monohydrate
(mono) is the main product when the hydration is
rapid, and hexahydrate (hexa) is the main product when
the hydration is slow.

There are quite a few other properties besides com-
pressive strength that are needed for a cement to be
suitable for repair. These are: satisfactory behavior un-
der various temperature and humidity conditions; du-
rability; bond to old concrete; volume stability; frost
resistance; chemical resistance including chloride solu-
tions; and others. Investigation of some of these prop-
erties is in progress and the results will be presented in
another paper.
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