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Low-Temperature Curing of Polymer Methacrylate 

Polymer Concrete 
TADASHI KOBAYASHI and YOSHIHIKO OHAMA 

ABSTRACT 

In recent years, polymethyl methacrylate 
polymer concrete (PMMA-PC) has been used ex
tensively in the field of construction 
works. It is needed because it will harden 
within 1 hr at low temperatures. A basic in
vestigation of the low-temperature curing 
characteristics of workable PMMA-PC is the 
focus of this paper. PMMA-PC and its binder 
are prepared with various binder formula
t ions, and the working life of the binder 
and the peak exotherm time and compressive 
s trength of PMMA-PC are examined under vari
ous low-temperature conditi ons. The working 
life of the binder and the peak exotherm 
time of PMMA-PC decrease with an increase in 
promoter and cross-linking agent contents 
and a rise in test temperature. The contents 
of the binder with the desired working life 
at low temperatures less than 0°C can be es
timated by using a nomograph prepared in 
this investigation. The peak exotherm time 
of PMMA-PC can be predicted from the working 
life of the binder. In conclusion, the opti
mum binder formulations are recommended for 
the low-temperature applications of PMMA-PC, 
which hardens and develops a high compres
sive strength of about 500 kg/cm 2 in the 
range of o•c to -20°C within approximately 1 
hr. 

Recently, polymethyl methacrylate polymer concrete 
(PMMA-PC) has been widely used for various construc
tion works, such as the repair and restoration of 
concrete structures, because of its good workability 
and high early strength development. For its appli
cations during winter, in cold districts, in the re
pair of cold stores, and so forth , ·the development 
of the high early strength is required at low tem
peratures, and, in many oases , the construction time 
is quite limited (1) • This investigation was con
ducted to make clear the low-temperature curing char
acteristics of PMMA-PC. 

PMMA-PC and its binder were prepared with varia
tion of cross-linking agent and promoter contents, 
and the working life of the binder and the peak exo
therm time and compressive strength of PMMA-PC were 
investigated under various low-temperature conditions 
in order: to obtain the optimum binder formulations 
that give a high early strength at temperatures less 
than o•c. The results of this investigation are pre
sented in this paper. 

MATERIALS 

Binder System 

The binder system used was methyl methacrylate (MMA) 
monomer, together with polymethyl methacrylate 

(PMMA) as a thickening agent, trimethylolpropane 
tr imethacrylate (TMPTMA) as a cross-linking agent, 
5 0 percent d icyclohexyl phthalate powder of benzoyl 
peroxide (BPO) as an initiator, and N,N-dimethyl-p
toluidine (DMT) as a promoter. The basic properties 
of MMA, PMMA, and TMPTMA are given in Table 1. 

TABLE 1 Basic Properties of MMA, PMMA, and TMPTMA 

Material Specific 

for Molecular Gravity Viscosity 

Binder Weight 
(20 " C) 

(20 ·c , cP) 

MMA 100.12 0.94 0.85 

PMMA ca. 250,000 1.19 --
TMPTMA 338 1.06 13 . 0 

Filler and Aggregates 

Commercially available calcium carbonate (heavy 
grade) was used as a filler. Hatsukari crushed andes
ite for coarse aggregate and Abukumagawa river sand 
for fine aggregate were employed. Their properties 
are given in Table 2, The water contents of the fil
ler and aggregates were controlled to be less than 
O .1 percent. 

TABLE 2 Properties of Filler and Aggregates 

Type of Specific Water 
Filler or Size Gravity Content Organic 
Aggregate (mm) (20°C) (%) Impurities 

Calcium 
carbonate < 2.5 X J0"3 2.70 <0. l Nil 

Crushed IO - 20 2.51 <0 .1 Nil 
andesite 5 - 20 2.5 1 <0.l Nil 

Riv er 1.2 - 5 2.46 <0.1 Nil 
sand < 1.2 2.46 <0. l Nil 

TESTING PROCEDURES 

General Conditions for Tests 

The tests, except for the viscosity of binder, were 
carried out at temperatures of o•c, -10°C, and -20°c. 
Before the tests, all the materials were stored at 
the respective test temperatures. The formulations 
of the binder and the mix proportions of PMMA-PC are 
given in Tables 3 and 4. 

Test of Working Life of Binder 

About 100 g of binder was tested for working life 
according to JIS K 6833 (General Testing Methods for 
Adhesives). The time elapsed from the addition of 
the initiator t o the spinning of the binder was ob
served as the working life of the binder. 
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TABLE 3 Formulations of Binder 

Formulation Formulat i on b Wei ht 
l!PO ... 

uv • ae s oll di! D!-!T 

l 1.0 

2 2.0 

3 
95 5 3.0 

4 5.0 

5 l.0 

6 2.0 

7 
90 10 2,0 3 ,0 

8 5.0 

9 J ,0 

10 2 .0 

3.0 20 
11 

~ ·~ 

TABLE 4 Mix Proportions of PMMA-PC 

Wei gh t 
Materials 

Percent 

Binder MMA; PMMA + TMPTMA 10.00 

Fi ll er· Calcium Carbonate 10.00 

Crushed Size, 10--20 mm 15 . 02 

Aggregate Andesite 5-10 mm 15.02 

River Size, 1. 2-5 mm 9.91 

Sand < 1.2 mm 40.05 

Test of Peak Exot herm Time of PMMA-PC 

About 500 g of fresh PMMA-PC mixed according to JIS 
A 1181 (Method of Making Polyester Resin Concrete 
Specimens) was tested for peak exotherm time, The 
exotherm temperature was determined by chromel
alnmel thermocouples embedded in PMMA-PC. The time 
elapsed from the addition of the initiator to the 
attainment of the maximum exotherm temperature of 
PMMA-PC was observed as the peak exotherm time of 
PMMA-PC, 

Compressive Strengt h Test o f PMMA-PC 

In accordance with JIS A 1181, PMMA-PC was mixed, 
and then cylind~ic~l ~pecim~ns 7. 5 A 15 cm were 
molded. After molding, the specimens were cured ac
cording to the fo l lowing method s ; (a ) 1-hr , 2-hr, 
4-hr, 24-hr, 3-day, and 7-day cures at casting tem
peratures (0°C , -10°C, and -20°C); and (b) 24-hr cure 
at each casting temperature plus 24-hr, -20°C cure, 
The specimens were tested for compressive strength 
in accordance with JIS A 1182 (Method of Test for 
Compressive Strength of Polyester Resin Concrete), 

TEST RESULTS AND DISCUSSION 

The effects of DMT and TMPTMA contents and test tem
perature on the working life of binder are shown in 
Figure 1. The working life of the binder tends to 
shorten with increasing DMT and TMPTMA contents, ir
respective of the test temperature. The working life 
of the binder is also markedly affected by the test 
temperature and lengthens with a fall in the test 
temperature, The working life of the binder at -20°C 
is 2 to 3 times longer than that at o•c, From Figure 
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FIGURE 1 Effects of DMT and TMPTMA contents 
and test temperature on working life of binder (with 
BPO content 2.0%). 

1 it is observed that a close correlation exists be
tween the factor (lOfDMT content + TMPTMA con
tent) and working life of PMMA-PC regardless of the 
test temperature. Consequently, this empirical rela
tionship can be expressed by 

Wb = 100/[(0,014t + 0.44) (lOloMT + TMP) 

- (0,13t + 4,4)] 

where 

Wb working life of the binder, 
t test temperature, 

DMT DMT content, and 
TMP TMPTMA content. 

(1) 

By using this relationship, a nomograph for the DMT 
and TMPTMA contents of the binder with the desired 
working life can be prepared as shown in Figure 2. 
The validity of this nomograph i s limited in the 
r ange o f the binder formulat i ons gi•1en i n Table 3. 
In addition, the procedure to estimate the DMT and 
TMPTMA contents of the binder with the desired work
ing l i fe at different ambient and materials tempera
tures less than 0°C by applying this nomograph is 
expla i ned in the example that follows. 

Example 

It is desired to calculate the DMT and TMPTMA con
tents of a binder with a working life of 30 min at 
materials and ambient temperatures of -20°C. In Fig
ure 2, a straight line perpendicular to the y axis 
is drawn from po i nt a of Wb = 30 min, and point b on 
the intersection of the straight line, and the curve 
denoting Wb at -2o•c is obtained. Then a straight 
line perpendicular to the x axis is drawn from point 
b, and the two DMT contents are estimated on the in
tersections, c and d, of the straight line, and the 
curves denoting DMT at TMP = 20 percent and 10 per
cent, respectively, as follows: 

DMT contents (DMT) a t TMPTMA contents (TMP) 20% and 
10% = 1.5% and 5.0%, respectively (2) 
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FIGURE 2 Nomograph for DMT and TMPTMA 
contents of binder (with BPO content 2.0%). 

If necessary, the working life of PMMA-PC can be 
predicted from that of its binder by us i ng the em
pirical e quation, We = 2.29Wb + 2.33 (where we is 
the working life of PMMA-PC), which was proposed by 
the a u t hors' p rev i ous s tudy ( 2). The effects of DMT 
and TMPTMJ!\ conten ts and teat temperature on the peak 
exotherm time of PMMA-PC are shown in Figure 3. Like 
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FIGURE 3 Effects of DMT and TMPTMA contents and test 
temperature on peak exotherm time of PMMA-PC. 
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the working life of the binder, the peak exotherm 
time of PMMA-PC decreases with increasing DMT and 
TMPTMA contents and rising test temperature. 

It can be observed from Figure 4 that a reliable 
positive correlation exists between the working life 
of the binder and the peak exotherm time of PMMA-PC, 
regardless of the formulations of the binder and 
test temperature. This empirical relationship can be 
expressed by 

Pc= 3,8 Wb - 1.6 

0 

.t 
I-

i Test errp. •cJ 
w 0 0 
,lj () - 10 
~ • 
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Wot1<ing Life of Binder,Wb(min) 

FIGURE 4 Working life of 
binder versus peak exotherm 
time of PMMA-PC. 

(3) 

where Pc and Wb are the peak exotherm time of 
PMMA-PC, and the working life of the binder, respec
tively, From the preceding relationship, the peak 
exotherm time of PMMA-PC can be predicted by deter
mining the working life of the binder, Probably the 
peak exotherm time of PMMA-PC gives a measure to de
termine the time that is required before demolding 
precast products or to cure after repairing works. 

Figure 5 shows the relation between the DMT con
tent and compressive strength of PMMA-PC. An in
crease in the DMT content raises the compressive 
strength of PMMA-PC, regardless of the test tempera
ture. PMMA-PC, when provided an additional cure at 
20°c for 24 hr after curing at each casting tempera
ture, shows a higher compressive strength than the 
one cured at o•c, -10°c, or - 20°c for 24 hr. This 
tendency is especially remarkable at a casting tem
perature of -20°C. The explanation for this probably 
is that the polymerization of unreacted monomer re
maining in the binder is accelerated by rising cure 
temperature. 

Figure 6 shows the relation between the TMPTMA 
content and compressive strength of PMMA-PC cast at 
-20°C. Irrespective of curing method, the effect of 
the TMPTMA content on the compressive strength of 
PMMA-PC is hardly recognized. 

Figure 7 s hows the strength developmen t oe 
PMMA-PC after t he peak exot herm time. After t he peak 
exotherm time, the compressive strength of PMMA-PC 
is elevated with additional curing time at low tem
peratures of o•c and -20°C, and tends to become con
stant within about one day. 

On the basis of the foregoing data, considering 
the use of the prepackaged method from a viewpoint 
of the simpli fied applic ations of PMMA-PC , t he ap
propria te· f o r mula tions o f the b i nde r with a good 
bala nce of per_formance a na economy may be r e com
mended (Table 5). By a pplying t hese f o rmula tions o f 
the binder, PMMA-PC has a peak exotherm time of ap
proximately 1 hr and compressive strengths of about 
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versus compressive strength of 
PMMA-PC cast at 20°C. 

TABLE 5 Recommendable Formulations of Binder for 
PMMA-PC Cast at Low Temperatures 

Ambient and 
Formulation by Weight 

Materials 

Temperatures MMA + • TMPTMA BPO 

("C) PMMA (as solids) 

0 '""-10 90 10 2.0 

-20 80 20 2.0 

Note; • MMA PMMA 90 5 (By Weight) , 

DMT 

2.0-3.0 

5,0 

500 kg/cm' at the peak exotherm time, and 900 kg/cm 2 

or higher in a 1-day cure even when the ambient and 
materials t.empera.tures ar'? in the range of 0°C to 
-20°C. The compressive strength of PMMA-PC cured at 
such low temperatures is much the same as that of a 
1-day -20°C 50% R.H.-cured one. 

It is evident from these test results that PMMA-PC 
is promising as a concrete material for construction 
works in cold districts because of its superior 
strength developed in low-temperature curing. 

CONCLUSIONS 

The working life of the binder and the peak exotherm 
time of PMMA-PC decrease with an increase in DMT and 
TMPTMA contents and a rise in test temperature. The 
relation between the working life of the binder and 
the DMT and TMPTMA contents can be expressed by 
Equation 1. By using a nomograph prepared on the 

'11000 

~ 
.lf 
J; 

g> 
t 
lll 500 .. 
.2: 
'" I u 

0 1 4 
Ciring Time(h) 

J . 7 
(days) 

FIGURE 7 Strength 
development of PMMA-PC after 
peak exotherm. 

basis of this equation, the DMT and TMPTMA contents 
can be estimated for the desired working life of the 
binder at different ambient and materials tempera
tures. The relationship between the working life of 
the binder and the peak exotherm time of PMMA-PC can 
also be expressed by Equation 2. From this relation
ship, the peak exotherm time can be predicted by de
termining the working life. 

Irrespective of curing method, the compressive 
strength of PMMA-PC increases with a rise in DMT 
content, but the effect of TMPTMA content on the 
compressive strength is hardly recognized. 

By applying the optimum formulations of the 
binder suggested in Table 5, PMMA-PC has a peak exo
therm time of approximately l hr and compressive 
strengths of about 500 kg/cm 2 at the peak exotherm 
time and 900 kg/cm 2 or higher in a 1-day cure even 
whon th~ ambient and materials tempe:catu:ces a:re in 
the range of 0°C to -20°C. It is obvious from these 
results that PMt-1_~-PC is promising as a concrete ma
terial for construction works at low temperatures, 
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