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A laboratory investigation was initiated to establish what role 
aggregates play in producing open voids in epoxy resin seal
coats. The number of voids was obtained using a photographic 
technique employing a sparking device. Their sizes and con
figurations were identified utilizing a light-box. Void forma
tion was found to be a function of both aggregate particle shape 
and s,ize. In general, as particle shape changed from angular 
to round, and particle size decreased, the number and size of 
open voids decreased. Single fractions produced sealcoats 
with fewer open voids than composite blends containing two or 
more of those fractions. Sealcoats that were essentially free 
of open voids were constructed with rounded aggregates, par
ticularly when sizes smaller than 0. 033 in. (No. 20 sieve) 
were employed. 

•EPOXY resins have been used for over ten years in a variety of applications. They 
have become increasingly popular in their use as sealcoats for portland cement con
crete (PCC) bridge decks. In this application, the binder seals the surface against 
materials which cause deterioration of PCC. Aggregate is commonly included in the 
film to provide necessary skid resistance. 

Examination of field installations reveals that some sealcoats contain open voids 
which vary in both size and number. Sealcoats, so constructed, fail to protect the 
concrete substrate from attack by materials such as deicing salts. Paving technology 
identifies both poor stability and inadequate wear resistance with high voids in mixes. 
High-void sealcoats, lacking inherent lateral stability, behave similarly. A loss of 
skid resistance occurs as the surface layer is gradually lost. Open voids can also be 
associated with sealcoat detachment. 

Inasmuch as voids form after aggregates are added to a continuous binder film, a 
laboratory investigation was initiated to establish what role aggregates play in open
void formation. 

EXPERIMENTAL APPROACH 

A review of aggregates recommended for use as cover stone for epoxy resin seal
coats shows that these aggregates vary both in particle shape and in particle size. 
Particle shapes range from angular to round. The sizes most often recommended fall 
into the No. 10 to No. 40 range (U.S. Series Equivalent Sieves) with the most popular 
gradations in the 12 x 30 and the 20 x 40 sizes. 

To observe the behavior of these particle shapes and sizes in binder films, three 
sources of aggregates were selected. Each type was split into narrow fractions within 
the 10 to 40 range. Angular fractions were derived from a crushed granite, subangu
lar from a portland cement concrete top sand, and rounded from three sizes (8-14, 
10-20, 20-40) of eastern round-grain type silica sand. These aggregates were oven
dried and the sieves cleaned to prevent contamination of particle shapes. Five in
dividual fractions (10 x 12, 12 x 16, 16 x 20, 20 x 30, and 30 x 40) were obtained from 
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each aggregate type. In addition, some of these fractions were composited into two 
blends, a 12 x 30 (50% 12 x 16, 30% 16 x 20, and 20% 20 x 30) and a 20 x 40 (50% 20 x 30, 
and 50% 30 x 40). 

GRAVITY-FILLING BINDER FILMS WITH AGGREGATE FRACTIONS 
DIFFERING IN PARTICLE SHAPE AND SIZE 

These aggregate units were used in the preparation of sealcoat castings according 
to the following procedure: A casting mold(% x 67'2 x 10% in. ), fi tted with Mylar film 
on the bottom and with Teflon-coated walls, is placed on a leveling table. The binder 
was a coal tar-modified epoxy resin system, a type used successfully in sealcoat ap
plications for over ten years. A quantity of thoroughly mixed epoxy resin binder, suf
ficient to provide a 60-mil thick film, is weighed into the mold. Time is allowed for 
the binder to level and for entrained air to surface. Before adding aggregate to the 
film, surfaced bubbles are removed by passing a hot air stream (heat gun) quickly 
across the surface. To provide a uniform rate of application, aggregate is applied by 
shaking it through a colander whose openings accommodate the size of the particular 
aggregate fraction. Excess aggregate is added to insure complete utilization of the 
binder. The casting is allowed to cure undisturbed before it is taken from the mold. 
Excess aggregate is removed by wire-brushing and blowing with high-pressure air. 
The casting is weighed and the weight of binder subtracted to obtain the aggregate 
weight by difference. 

To hold the number of variables to a minimum, binder age at the time of aggregate 
addition was 27 to 40 min (10 to 15% of gel time) a nd operating temperature was main
tained at 75 F (including that of compone nts and environment). Aggr egates were ap
plied to the binder films at essentially the same rate and from the same height. 

With this procedure, the filling efficiency of aggregates as related to both particle 
shape and particle size was measured. The formation of open voids was identified 
J?hotographically, using the spark-generating apparatus described in ASTM D-1670-62T 
(Method for Determination of Failure Due to Cracking of Bituminous Materials Under
going Accelerated or Outdoor Weathering). A photographic identification of the open 
voids in a sealcoat casting was obtained by passing the sparking wand (12, 000 volts) 
over a casting laid on a grounded metal plate with a sheet of contact print paper (Kodak
AZO-F3) between them. A spark, generated where an open void permitted the current 
to pass to ground exposed the photosensitive paper in the area of the void. With this 
technique, the number of open voids was visually recorded. The size and configura
tion of open voids obtained with this technique require special interpretation. Some 
castings contained void cavities at the interface, the spark passing through a small 

TADLE 1 

EFFECT OF AGGREGATE PARTICLE SHAPE AND SIZE ON EFFICIENCY 
OF FILLING BINDER FILMS BY GRA VITya 

Aggregate Fraction Aggregate in Binder Film (%w) 

Sieve Size (No.) Avg. Angular Subangular Rounded Particle 
Passing Retained Size (in.) Particles Particles Particles 

10 12 0.071 76.2 77.3 77.0 
12 16 o. 055 74.5 76.7 77.6 
16 20 0.040 74.3 76.0 75. 9 
20 30 0.028 72.7 75.9 76.4 
30 4U U.020 72.3 75. 3 78.3 
i2 

__ ... 
ii.ii45 '14.ll 76.11 77.4 .Ju-

20 40C 0.024 72.9 75.8 77.9 

a Aggregate applied in moderate oxcess by siftl ng fractions through appropriate colanders. 
b12 x 30 blend: 50% 12 x 16, 30% 16 x 20, 20% 20 x 30. 
c20 x 40 blend: 50% 20 X 30, 50% 30 x 40. 



opening at the top of such a casting exposed the contact print paper in the area con
fined by the perimeter of the cavity (void cluster). This identified a small opening as 
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a large open void. Where open voids were single holes, the spark correctly identified 
both the size and shape of the hole. The size and configuration of the open voids, there
fore, were observed visually, by means of a light-box . The information thus obtained 
from each casting includes: (a) the ability of the aggr egates to f ill tl1e binder film 
(Table 1); (b) the effect of aggregate particle shape and size on the number of open voids 
formed (Figs. 1, 2, 3); and (c) the configuration of the voids and the maximum size of 
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Figure l. Effect of angular aggregate particle size on open-void formation when gravity-filling binder 

films. 
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Figure 2. Effect of subangular aggregate particle size on open-void formation when gravity-filling 
binder films. 

the open void (Table 2). The effect of an aggregate excess on these properties was 
also observed. Even the addition of 50 to 80 percent excess aggregate failed to produce 
a significant effect on either the amount of aggregate introduced into the film or on the 
number and size of the voids that formed. 

Effect of Particle Shape and Size 

As indicated in Table 1: 

1. With each of the fractions, in general, the amount of aggregate included in the 
binder film increased as the particle shape became less angular. 
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Figure 3. Effect of rounded aggregate particle size on open-void formation when gravity-filling 
binder films. 

2. With the angular and subangular fractions, the amount of aggregate included in 
the binder film decreased as particle size decreased. Rounded shapes showed a gen
eral reversal of this phenomenon. 

3. Comparing the difference in the amount of filling between the largest single frac
tion (10 x 12) and the smallest single fraction (30 x 40), angular aggregate content de
creased 3. 9%w, subangular aggregate content decreased 2. O%w and round aggregate 
content increased 1. 3~w. 

4. With the graded fractions (12 x 30, 20 x 40), the Javel of filling was essentially 
the same as was accomplished with the largest single fraction in the blend. With the 
rounded 20 x 40 blend, however, filling was greater than with the larger 20 x 30 fraction. 
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TABLE 2 

EFFECT OF AGGREGATE PARTICLE SHAPE AND SIZE ON SIZE AND 
CONFIGURATION3- OF OPEN VOIDS FORMED IN GRAVITY-FILLEDb 

BINDER FILMS 

Aggregate Fraction Open-Void Size (max) and Void Configuration 

Sieve Size (No.) Avg. Angular Subangular Rounded 

Particle Particles Particles Particles 

Passing Retained Size (in.) Size (in.) Form Size (in.) Form Size (in.) Form 

10 12 0. 071 0.11 1 0.10 1 0.06 
12 16 0.055 0.08 1-2 0.06 1 none 
16 20 0 , 040 0.04 3 0.04 2 0.07 
20 30 0. 028 0.02 4 0.03 4 none 
30 40 0. 020 <0.01 4 0.01 4 none 
12 3oc 0.045 0.08 3 0,06 3 o. 05 
20 4od 0.024 0.01 4 0.01 4 none 

0
Void• appeared either os sing le hole• o r as c lusters (cfu>t<!f5 csmtoined both opon and closed voids): I-void• 
are singl<> holes, 2-void clu1teu (cOal'$e-9roin), 3-void clusters (medium-groin ), a~d 4-vold c lu,fcrs (fiM
groin). 

bAggregafe appli ed in moderate "xceu by sifting frocl iom 1·hrovgh appropriate colondo". 
"12 x 30 b lend: 50% 12 x 16, 30% 16 x 20, 20% 20 x 30. 
d20 x ~O b lend: 50% 20 x 30, 50% 30 x AO. 

5. The graded aggregate fractions followed the same filling pattern displayed by 
the single fractions, i.e., the smaller the size the less the fill, and the rounder the 
shape the better the fill. 

Open -Void Formation 

As indicated in Figures 1, 2, and 3: 

1. In general, the number of open voids decreased as the particle size decreased 
with the angular and subangular aggregates. The rounded fractions and rounded 20 x 
40 blend produced relatively void-free castings. 

2. There was a significant decrease in the number of open voids produced with each 
particle size as the particle shape became less angular. 

3. There appeared to be a sharp break in the number of open voids that formed 
with the angular and subangular aggregates when the average particle size was smaller 
than 0. 033 in. (No. 20 sieve). 

4. The graded angular and subangular 12 x 30 blends showed an increase in the 
number of open voids that formed over the number observed for the individual frac
tions in the blends. Even with the 12 x 30 rounded aggregate blend, some open voids 
were in evidence. A possible explanation for this is the classification that occurs with 
graded aggregates either during storage or during application to a binder film. As 
larger particles settle at a faster rate, they get to the substrate-binder interface be
fore the finer fractions. When this occurs, the greater capillary forces exerted by the 
smaller particles produce a strong "wicking action" (drawing of binder from the inter
stices between the larger particles) which often leads to open-void Ioi-mation. This 
wicking action occurs when the coarser fraction separates and reaches the interface 
first (Fig. 4). A coarse fraction on top of a finer fraction produces no open voids. 
The angular and subangular 20 x 40 blends behaved similarly. The rounded 20 x 40 
blend produced no voids. 

Onen-Vnid 8i7.P. !Ind C.nnfip·nr!ltinn 

Size. As indicated in Table 2: 

1. In general, the maximum size of open voids decreased as particles became less 
angular and as particle size decreased. There was a break in both the size and number 
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TABLE 3 

EFFECT OF AGGREGATE PARTICLE SHAPE AND SIZE ON EFFICIENCY 
OF FILLING BINDER FILMS, EMPLOYING COMPACTION3-

Aggregate Fraction Aggregate in Binder Film ('.l\w) 

Sieve Size (No.) Avg. Angular Particle 
Passing Retained Size (in.) Particles 

10 12 0.071 82.4 
12 16 0.055 80.2 
16 20 0.040 79.0 
20 30 0.028 78.1 
30 40 0.020 77. 2 
12 3ob 0.045 81. 3 
20 40C 0.024 77.3 

aCampacted with a trowe l over exc;ess aggregate. 
b12 X 30 blend : 50% 12 x 16, 30~ 16 x 20, 20% 20 X 30. 
c20 x 40 blend : 50% 20 x 30, 50% 30 x 40. 

Subangular Rounded 
Particles Particles 

83.2 83.9 
82.7 84.3 
81.1 83.1 
79.8 82.8 
79 . 1 82.7 
82 . 3 84.7 
79 . 8 83.0 

of large voids that occurred when angular and subangular particle sizes were smaller 
than 0. 033 in. (No. 20 sieve). 

2. There was a greater number of large voids in the angular and subangular 12 x 
30 and 20 x 40 blends than in the individual fractions making up those blends. The 
sizes of these voids, however, were not so large as those formed with their fractions. 
With the rounded aggregate blends, only the relatively widely graded 12 x 30 composite 
(which classifies readily) p1·oduced open voids of essentially uniform size. 

Configuration. Also indicated in Table 2: 

1. With angular and subangular particles, voids appeared as single holes when 
sizes were greater than 0. 046 in. (No. 16). Void clusters formed with smaller sizes, 
decreasing in texture as particles became finer. Clusters contained both open and 
closed voids. 

2. When rounded fractions produced voids, they were of the single hole variety. 

TABLE 4 

EFFECT OF AGGREGATE PARTICLE SHAPE AND SIZE ON SIZE AND 
CONFIGURATIO~ OF OPEN VOIDS FORMED WHEN GRAVITY-FILLED 

BINDER FILMS ARE COMPACTEDb 

Aggregate Fraction Open-Void Size (max) and Void Configuration 

Sieve Size (No.) Avg. 
Angular Subangular Rounded 

Particles Particles Particles Particle 
Passing Retained Size (in.) Size (in.) Form Size (in.) Form Size (in.) Form 

10 12 0,071 0.05 1 0.05 1 none 
12 16 0.055 0.03 1 0.04 1 0.06 1 
16 20 0.040 0.01 3 <0.01 1 none 
20 30 0.028 <O, 01 4 <0,01 1 none 
30 40 0.020 <0.01 4 <0.01 4 none 
12 30C 0.045 0,02 3 <0.01 1 none 
20 4od 0.024 <o. 01 4 <o. 01 4 none 

0 Voids appeared either as single holes or as clusters (clusters contained both open and closed voids): I-voids 
are single holes, 2-void clusters (coarse-grain), 3-void clusters (medium-grain), and 4-void clusters (fine
grain). 

bcompacted with a trowel over excess aggregate. 
c12 X 30 blend: 50% 12 x 16, 30% 16 x 20, 20% 20 X 30. 
d20 x 40 blend: 50% 20 x 30, 50% 30 x 40. 
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The investigation of the effects of aggregate particle shapes and sizes on the com
position of sealcoats was expanded to include a study of the effects of compacting the 
same systems described previously. The sample preparation procedure used was the 
same, but a larger excess of aggregate was applied in each case (50 to 100% excess) 
to accommodate compaction. This was accomplished using a 4 by 5-in. trowel, ap
plying vertical hand pressure with a slight sawing action. The amount of excess 
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aggregate required for this operation differed for the castings. Generally, the finer 
the particle size the more excess was needed to prevent binder from wicking through 
to the surface. Samples, thus prepared, were examined in the same manner as de
scribed where the binder films were gravity filled. Results are given in Tables 3 and 4 
and Figures 5, 6 and 7. Figure 8 plots filling as a function of particle size for each 
aggregate type and illustrates the response of the systems to compactive effort. 

The data may be evaluated simply by stating that the patterns formed as a function 
of aggregate particle shape and size are essentially the same as those for the gravity-
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filled systems, only the magnitude of the values is different. The only reversal of 
order occurred with rounded particles, where, with compaction, the amount of aggre
gate included in the binder film decreased as the particle size decreased, following the 
same pattern as the angular and subangular materials. 

Special comments for compacted samples are as follows: 

1. The 12 x 30 and 20 x 40 aggregate blends are not sufficiently wide in gradation 
to benefit from compaction as far as more efficient filling of a binder film is 

• 

lZ x 16 16 x zo zo x 30 

30 x 40 lZ x 30 zo x 40 

Figure 7. Effect of rounded aggregate particle size on open-void formation when gravity-filled binder 
films are compacted. 
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Figure 8. Aggregate filling of binder films os a function of particle shape and size. 

concerned. Only the angular 12 x 30 blend showed a slight advantage over the filling 
quality of the 12 x 16 fraction in its composition. 

2. The subangular 30 x 40 and 20 x 40 (which contains 50~ 30 x 40) aggregates had 
voids that formed fine-textured clusters. All single sizes larger than 0. 023 in. (No. 30) 
and the 12 x 30 blend formed single hole voids. With the 30 x 40 single fraction and the 
20 x 40 blend the small number of open voids was verv small in size C<o. 01 in.). 

3. With the rounded individual particles, no open voids formed when the particle 
size was smaller than O. 046 in. (No. 16). No voids formed with the blends. 



QUALITIES OF SEALCOAT CASTINGS PREPARED BY 
GRAVITY-FILLING BINDER FILMS VS 
THOSE COMPACTED AFTER FILLING 
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1. Compaction increased the amount of aggregate included in a binder film, regard
less of particle shape or size. 

2. Compaction of systems containing angular and subangular aggregate frac tions 
reduced the number and size of void clus ters (containing both open and closed voids). 

3. In general, compaction had the greatest effect on systems containing rounded 
particles as far as filling the film was concerned. 

4. In general, for all systems, compaction reduced the size of the open voids. 
5. More compaction was accomplished with larger particle sizes than with the 

smaller, regardless of particle shape. 
6. With the aggregate blends, the 12 x 30 angular material showed essentially no 

decrease in the number of voids as a result of compaction. The subangular and rounded 
12 x 30 blends showed striking improvement after compaction. All of the 20 x 40 blends 
were compacted to a significantly lower void content than was achieved by gravity fill
ing (the rounded system was voidless whether compacted or not). 

CONCLUSIONS 

1. Aggregate particles derived from crushed aggregate sources (angular materials) 
do not efficiently fill a binder film even when compacted. Sealcoats constructed with 
these materials are high in void content (regardless of par ticle size selection) and pro
duce sealcoats that are permeable to the substrate which they are intended to protect. 
These high-void systems lack stability because of their void structure and, as a result, 
probably wear faster. A high degree of skid-resistance is the only attribute that can 
be claimed for sealcoats constructed with angular aggregates. 

2. Aggregate particles that are subangular in configuration produce sealcoats with 
varying degrees of permeability. The number of voids formed depends on particle 
size and whether or not the sealcoat is compacted. 

3. Sealcoats made with rounded aggregates are essentially free from open voids 
(impermeable) whether or not compaction is employed. The graded, coarse blend, 
12 x 30, can produce open voids if the binder film is gravity filled, but becomes void 
free with compaction. Rounded particles, because of their greater mobility, are able 
to find their place more readily in the binder film and, as a result, fill the film to a 
greater extent than either angular or subangular materials. This has the effect of pro
ducing sealcoats with greater stability. Wear resistance should be at a high level. 

4. Aggregate particles larger than No. 20 are less effective as sealcoat cover 
stones because they tend to produce overlays with the greatest number of voids. Fur
thermore, they do not respond as well to compaction as the smaller sizes. 

5. Void-free sealcoats can best be obtained by employing finely divided, rounded 
aggregates. 

SUMMARY 

The effect of aggregate particle shape and particle size on void formation in epoxy 
resin sealcoats was investigated. Results showed that void formation was a function 
both of particle shape and size. As particle shape changed from angular to round, and 
particle size dec1·eased, the number and size of open voids decreased. Finer aggre 
gate fractions produced void clus ters (containing both open and closed voids) , wher eas 
s izes larger than 0. 033 in. (No. 20 sieve) produced single hole voids . Because gr aded 
aggregates tend to classify, they produced higher void systems than any of the single 
fractions making up the composites. When classification occurred, larger particles 
migrated to the binder substrate interface first. The finer fractions, settling on top 
of the coarser fractions, drew binder from the interstices between the larger particles, 
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creating voids. Compaction reduced the number and size of voids, regardless of par
ticle shape. Rounded aggregates, in general, produced sealcoats that were free from 
open voids. 

Other factors affecting the performance of epoxy resin sealcoats are being 
investigated. 




