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With adoption of winter maintenance strategies that typically 
include incorporation of aggressive deicer chemicals, pavement 
surfaces in cold regions are exposed to the risk of scaling damage. 
Reduced ride quality due to surface deterioration can eventually 
lead into a variety of maintenance and repair programs. Such 
pavement preservation programs impose significant charges to the 
owner agencies, while raising concerns regarding the safety issues 
associated with work zone areas. The present study addresses the 
correlation between surface hardness and concrete hardened prop-
erties. Moreover, factors that influence the concrete performance 
with respect to surface-abrasion resistance (hardness) were inves-
tigated. Of special interest was the relationship between surface 
hardness and concrete salt-scaling performance.

An extensive investigation was carried out to assess the effects of 
various mixture proportions, curing regimes, and finishing times on 
surface hardness of the concrete specimens. In addition, compres-
sive strength, depth-sensing indentation (DSI), and salt scaling 
tests were used to evaluate the correlation between concrete 
surface hardness and performance. A scaling quality classification 
table using abrasion mass loss values was developed. The results 
reflect further understanding of the relationship between abrasion 
resistance and salt scaling resistance that can cause defects when 
more than two cycles of abrasion testing are applied.
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INTRODUCTION
In response to the need for sustainable development, 

research related to reducing the carbon footprint of the 
construction industry has become an issue of great interest. 
Production of portland cement is the main source of CO2 emis-
sion in concrete production. Considerable energy is expended 
in producing cement including that required for initial mining, 
raw material processing, calcination processes, and achieving 
high kiln temperatures. The average emission due to cement 
production is estimated to range from 0.7 to 1.0 ton of CO2 
per ton of produced cement.1,2 Partial replacement of cement 
with supplementary cementitious materials (SCMs) has been 
considered as a potentially ideal method of producing a more 
environmentally friendly concrete. This is of special interest 
for the U.S. transportation infrastructure, in which more than 
60% of the interstate highway system is paved with concrete.3

With an expected design life of up to 50 years, these pavement 
systems must be durable. However, several cases of premature 
failure, due either to structural deficiencies, construction issues, 
or material distress, are reported by state agencies each year. 
Surface wear under traffic loading and/or environmental condi-
tions are among the mechanisms that can reduce ride quality, 
leading to a need for major rehabilitation of rigid pavement 

systems.4 In addition to the fatigue damage induced by repeated 
loading over the life of pavement, the other mechanical mode of 
distress under traffic loading is known as abrasion deterioration, 
which over the course of years can yield varied damage patterns. 
It is well established that the use of hard and dense aggregate 
can promote abrasion resistance of concrete, while the use of 
more porous aggregate types diminishes such resistance.4 It 
also has been traditionally accepted that abrasion resistance is 
reflected by concrete compressive strength. In other words, a 
high-quality binder system and a proper curing regime can help 
secure desired uniformity of concrete and resistance to mass 
loss caused by abrasion.5

Surface damage caused by deicers used in subzero envi-
ronments is another cause for a damage to the surface texture 
and reduced ride quality. The action of freezing-and-thawing 
cycles accompanied by chemical reaction between salt and 
the cement paste can cause scaling of the exposed surfaces,4 
and it has been shown that abrasion resistance, as a measure 
of surface hardness, is among the factors affecting salt-
scaling resistance of concrete.6-8

It is generally expected that SCMs will enhance the 
mechanical properties and durability of concrete through 
pozzolanic reactions. The extent of improvement, however, 
depends on physicochemical properties, the replacement rate 
of the SCM, and the nature of the deteriorating mechanism. 
Considering its potential for both hydraulic and pozzolanic 
activities, slag cement is typically considered as a SCM that 
could be used at dosages up to 50% of the total binder mass.9

RESEARCH SIGNIFICANCE
Given the increasing interest in the use of green concrete 

mixtures produced with high-volume cement replacement in 
infrastructure construction, it is important to fully investi-
gate the long-term properties of such materials. A compre-
hensive experimental program was undertaken in this study 
to address the effect of high-volume slag cement on abrasion 
resistance and salt scaling potential of concrete designated 
for use in rigid pavement construction. Interactions related 
to air content, curing regime, and finishing timeline were 
also investigated. The results obtained from this work are 
expected to illuminate the role of slag cement with respect to 
long-term performance of rigid pavement systems.
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EXPERIMENTAL PROCEDURE
Materials

Different binders of Type I portland cement, Class C fly ash, 
and slag cement (ground-granulated blast-furnace slag with a 
28-day activity index of 120) were incorporated in binary and 
ternary systems, and Table 1 presents the chemical and physical 
characteristics of these cementitious materials. Polycarboxylate- 
based high-range water-reducing admixture (HRWRA) and 
vinsol-based air-entraining admixture (AEA) were employed 
with dosages adjusted to achieve initial slump and air content 
values of 50 ± 10 mm and 2 to 9%, respectively. Continuously 
graded crushed limestone aggregate with 19 mm nominal 
maximum size (NMS), a bulk specific gravity of 2.68, and an 
absorption value of 0.81% was selected. A well-graded lime-
stone fine aggregate with fineness modulus of 2.97, 1.5% water 
absorption, and 2.62 specific gravity was also used. The parti-
cle-size distributions of these aggregates are shown in Fig. 1.

Mixture proportion
A total of 59 sets of concrete specimens was fabricated 

with different binary and ternary combinations of fly ash and 
slag cement, water-cementitious materials ratio (w/cm), and 
air content, using different finishing techniques and curing 
regimes. Table 2 summarizes the mixture proportions of 
the investigated mixtures. Mixtures 1 to 23 were tested to 
study the effect of mixture proportions, while the effects of 
finishing and curing were investigated for Mixtures 24 to 27.

Mixture design and procedure
The mixing sequence consisted of introducing AEA 

diluted in one-third of the water into the coarse aggregate 
and mixing until foam was formed. The process continued 
by homogenizing the fine and coarse aggregate for 30 
seconds before introducing the cementitious materials along 
with the remaining water. The concrete was again mixed for 
3 minutes and kept at rest for 3 minutes before remixing for 
an additional 3 minutes. The first group of specimens that 
were prepared for studying the effects of mixture propor-
tioning on abrasion resistance were finished immediately 
after casting and subjected to 28 days of standard moist 
curing according to ASTM C31.10 The remaining specimens 

were subjected to the following finishing scenarios and 
curing regimes.

Finishing—The times for applying the finishing, using a 
wooden trowel, were chosen as follows:

(a) Immediately after casting.
(b) After bleeding had slowed or stopped.
(c) At initial setting time.
The same operator finished all the slabs under instruc-

tions to apply the same amount of effort in all cases. After 
finishing, all specimens were covered with plastic sheeting 
for 24 hours, after which they were demolded and cured for 
28 days in accordance with ASTM C31.10

Curing regimes—All curing specimens were finished 
immediately after casting, and covered with plastic sheeting 
for 24 hours before demolding. After demolding, the speci-
mens were subjected to different curing regimes as follows:
•	 28m BNQ: BNQ 2621-900,11 28 days of standard moist 

curing and 14 days of air curing.
•	 7m and 3m: 7 and 3 days of moist curing followed by 

14 days of air drying.
•	 3c, 7c, and 28c: White-pigmented membrane-forming 

curing compound was applied to specimen surfaces imme-
diately after finishing. Specimens were left for 3, 7, and 
28 days at room temperature of 24 ± 2°C prior to 14 days of 
air drying. Curing compound was removed from the surface 
of 3c specimens after 3 days to terminate curing. For the 
28c regime, additional curing compound was applied to the 
surface of specimens each 7 day within a 21-day interval. 
No additional curing compound was applied on the 7c and 
28c specimens at their ages of 7 and 28 days, respectively.

The last two (3 and 7 days of curing) regimes would be 
more practical in the field.

Testing program
The abrasion resistance of specimens’ surface was deter-

mined as a measure of surface hardness using a rotating- 
cutter drill press in accordance with ASTM C944.12 After 
the specified curing intervals, 100 x 50 mm cylinders were 
dried at 50°C for 3 days, and after a blast of compressed air 
was used to ensure that they were free of dust, the initial 
weights of the cylinders were measured. The surface of each 
specimen was then subjected to the rotating-cutter drill press 
at 197 N for 2 minutes, after which all the resulting dust was 

Table 1—Chemical analysis of cementitious 
materials used in concrete mixtures, %

Properties Cement Fly ash Slag cement

Alkalis (Na2Oe) 0.88 1.9 0.4

Loss on ignition 2.2 2.65 0.75

Insoluble residue 0.7 — —

Free lime 0.8 — —

SiO2 20.6 52.5 37.2

AlO3 4.5 25.4 11.9

Fe2O3 2.7 6.6 0.5

CaO 62.7 6.1 37.9

MgO 2.0 1.6 9.5

SO3 3.6 0.9 3.0

Fig. 1—Particle-size distribution of fine and coarse 
aggregate.
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again removed using the air compressor and the specimens 
were weighed once again. This procedure was repeated for 
six cycles on duplicate specimens, after which the total mass 
loss was averaged and reported.

A depth-sensing indentation (DSI) system was employed 
to evaluate surface hardness of the concrete specimens. The 
device was a testing machine with a high-precision load cell 
and a standard Vickers attached indenter in the shape of a 
square-based pyramid with a thickness of 0.3 mm. Square spec-
imens of size 100 x 100 mm were cut from the middle of the 
beams perpendicular to the surface, and the indentation areas 
were carefully selected using a 100× digital zoom function so 
that the indenter could only touch the cement paste within the 
topmost 5 mm of the surface. With all tests conducted by the 
same operator, the indent test was performed very carefully to 
ensure that the results were obtained from the paste only and 
not affected by aggregate and/or air voids. The DSI test was 
performed at least 10 times at a selected maximum load level of 
50 N, and the average values were reported.

Scaling specimens were cast in accordance with the BNQ 
NQ 2621-90011 test method. This method requires rectangular 
prisms of size 300 x 200 x 82 mm or an equivalent surface 
area of 0.06 m2. After applying the specified curing regime, 
7 days of pre-saturation was carried out using brine with 3% 
NaCl concentration. The specimens were then subjected to 
freezing and thawing (F-T) cycles of 16 hours freezing and 
8 hours thawing for 45 days. After every five cycles, the test 
surfaces were washed with a similar deicing solution and the 
residues collected and dried in an oven at 110°C for 24 hours. 
Thereafter, the weight of the dried residues was measured and 
the average for the two specimens reported.

RESULTS AND DISCUSSIONS
Abrasion resistance

Figure 2 shows abrasion-mass-loss evolution, relative to 
total mass loss, of the concrete specimens for six test cycles. 
It can be generally observed that, on average, 45% of the 
total abrasion mass loss can be attributed to the first two 
cycles, with each further cycle causing about 14% of the total 

Table 2—Mixture compositions

Mixture No. Air content Slag, % w/cm

Materials, kg/m3

Cement Fly ash Slag CA FA Water

1

<3%

0 0.35 332 83 0 1210 702 145

2 20 0.35 249 83 83 1207 700 145

3 40 0.35 166 83 166 1206 699 145

4 0 0.55 242 61 0 1238 717 166

5 20 0.55 182 61 61 1235 716 166

6 40 0.55 121 61 121 1234 715 166

7

3 to 6%

0 0.35 332 83 0 1135 658 145

8 20 0.35 249 83 83 1132 656 145

9 40 0.35 166 83 166 1129 655 145

10 0 0.55 242 61 0 1161 673 166

11 20 0.55 182 61 61 1160 672 166

12 40 0.55 121 61 121 1158 671 166

13

>6%

0 0.35 332 83 0 1084 628 145

14 20 0.35 249 83 83 1081 627 145

15 40 0.35 166 83 166 1079 625 145

16 0 0.55 242 61 0 1111 644 166

17 20 0.55 182 61 61 1110 463 166

18 40 0.55 121 61 121 1107 642 166

19 3 to 6% 20 0.45 214 71 71 1140 661 160

20 3 to 6% 30 0.35 208 83 125 1131 656 145

21 >6% 10 0.4 249 71 36 1151 667 125

22 <3% 30 0.5 163 65 98 1202 697 163

23 <3% 10 0.55 212 61 30 1211 702 166

24 >6% 0 0.48 326 0 0 1163 674.6 157

25 >6% 20 0.48 261 0 65 1162 673.4 157

26 >6% 40 0.48 196 0 130 1159 472.2 157

27 >6% 60 0.48 130 0 196 1158 671 157

Notes: CA is coarse aggregate; FA is fine aggregate; 1 kg/m3 = 1.686 lb/yd3.
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mass loss. This implies that a two-cycle abrasion test would 
be sufficient to provide a useful estimation of the surface-
layer hardness, while more testing cycles provide informa-
tion about the base materials, and might result in misleading 
information with respect to concrete surface layer. Therefore, 
two challenges can be specified with respect to the abrasion 
resistance of concrete: 1) reducing the total abrasion mass 
loss; and 2) improving the quality of the surface layer so 
that during abrasion testing, each cycle contributes equally. 
In that direction, the uniformity of a concrete specimen can 
also be quantified through abrasion test. With these goals in 
mind, the effects of mixture proportion, curing regime, and 
finishing technique on the abrasion resistance of concrete 
specimens will be investigated in the following sections.

Effect of different factors on abrasion resistance
Mixture proportion—Figures 3(a) and (b) represent the 

total mass loss of concrete mixtures proportioned with 
different slag cement and air contents for w/cm of 0.35 and 
0.55, respectively. For the mixtures made with w/cm of 0.35 
(Fig. 3(a)), no significant trend in mass loss as a function 
of slag cement and/or air content was evident, with results 
varying between 3.5 and 6.5 g (0.008 and 0.014 lb). This 
is most likely due to the dominant effect of w/cm over air 
content and slag cement incorporation, so use of a w/cm 
as low as 0.35 secured a high-quality paste. For mixtures 
proportioned with w/cm of 0.55 (Fig. 3(b)), on the other 
hand, use of slag cement resulted in a significant reduction 
in total abrasion mass loss. This could be attributed to the 

enhanced paste quality in light of the pozzolanic activity 
of the slag cement,13-15 as well as lower risk of bleeding 
in the mixtures’ fresh state. It should be noted that the 
improving impact of slag cement on concrete abrasion is 
a compound effect, meaning that the effect of changes in 
both the fresh state (lowering the bleeding) and the hard-
ened state (higher density and strength) resulting from the 
use of slag cement alters the concrete abrasion resistance. It 
was observed that while the total mass loss increased with 
higher air content, this trend somehow diminished as a result 
of slag-cement incorporation.

Figure 4 shows the correlation between mixture proportion 
and abrasion mass loss of the first two cycles relative to the 
total mass loss. The dashed line presents the required mass-loss 
limit (32%) for the first two cycles (out of six cycles, based on 
this study) to achieve uniform quality throughout the concrete 
depth. It can be observed that concrete uniformity is influenced 
by w/cm, slag cement, and air content, with w/cm having the 
greatest impact. It is evident that for mixtures proportioned 
with w/cm of 0.35, the performance was close to the mass-
loss limit line, likely owing to low risk of bleeding in such 
mixtures. In addition, the effect of slag cement replacement and 
air content seems to be negligible for mixtures proportioned 
with w/cm of 0.35, while at higher w/cm, both slag cement and 
air can improve the surface hardness. Comparing the results 
corresponding to w/cm of 0.55 in Fig. 3(b) and 4 indicates 
that, although air entrainment increases the total mass loss, it 
can improve abrasion resistance of the surface layer (first two 
cycles), possibly by mitigating the risk of bleeding that conse-
quently improves the surface hardness and increase the surface 
resistance to abrasion. For example, for w/cm of 0.55 and a 
given slag cement replacement, the minimum surface abrasion 
was achieved by the mixtures with 3 to 6% air content (Fig. 4). 
Moreover, although entrained air contributes to lower bleeding, 
it simultaneously reduces concrete hardness, so it is likely that 
this disadvantage of air entrainment governs its effects when 
concrete contains more than 6% air.

Finishing—Figure 5 illustrates the effect of finishing 
time on abrasion resistance. All investigated mixtures were 
proportioned with a fixed w/cm of 0.48, more than 6% air 
content, and slag cement replacement varying from 0 to 
60%. Finishing time significantly influenced abrasion resis-

Fig. 2—Abrasion resistance of mixtures for six cycles.

Fig. 3—Total abrasion of mixtures made with w/cm of: (a) 0.35; and (b) 0.55. (Note: 1 g = 0.002 lb.)
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tance of the mixtures, and finishing after the cessation of 
bleeding improved abrasion resistance by up to 40%.

The results reflected a decrease in abrasion mass loss 
when up to 40% slag cement was used, and a higher mass 
loss with greater slag-cement content. The lowest sensitivity 
with respect to finishing time was observed for the concrete 
proportioned with 40% slag cement, while the highest vari-
ation in results was attributed to the plain concrete speci-
mens. In general, the observed data suggests that cessation 
of bleeding should be considered as the optimal time for 

finishing concrete mixtures. In general, the highest mass loss 
was observed for specimens finished right after casting.

Figure 6 shows the correlation between finishing time 
and abrasion mass loss during the first two cycles relative 
to the total mass loss. It can be observed that, regardless of 
the slag-cement content, finishing after the end of bleeding 
resulted in superior abrasion resistance with respect to total 
mass loss and uniformity. A microscopic evaluation of the 
near-surface area of the plain cement specimens explaining 
these findings is shown in Fig. 7, where it can be observed 
that the specimen subjected to finishing method a (immedi-
ately after casting; Fig 7(a)) has the greatest paste content 
on the surface among the three specimens, with coarse 
aggregates at the furthest depth below the surface. For the 
specimen that was finished using method b (after bleeding 
has stopped; Fig 7(b)), coarse aggregates are at the top with 
minimum distance from the surface. It is also evident that 
finishing method c (finishing at the initial set; Fig 7(c)) has 
improved the surface properties to some extent compared to 
method a. Similar results were obtained for other mixtures.

Curing regimes—Figure 8 presents the effects of different 
curing regimes on abrasion resistance. The investigated 
mixtures were prepared with a w/cm of 0.48, an air content 
higher than 6%, and slag cement replacements of 0, 20, 40, 
and 60%. The considerable spread in the data presented in 
this figure suggests that the curing procedure has a more 
pronounced effect on abrasion resistance than the slag 
cement incorporation and finishing time.

Although incorporation of up to 40% of slag cement 
improved the abrasion resistance of the mixtures, a higher 
slag-cement content reduced the surface hardness. This 
behavior can most likely be attributed to the fact that, by the 
time of testing, not all the cementitious materials had partici-
pated in pozzolanic reaction for the case of high slag-cement 
replacement. However, the effect was less significant and 
even a reduction in mass loss was observed when elongated 
curing periods of 28 days moist curing were instituted.

Independent of the slag-cement content, the minimum 
mass loss was observed for specimens exposed to 28 days of 
moist curing, while the lowest resistance to abrasion damage 
was delivered by the specimens subjected to only 3 days of 
compound curing.

Figure 9 shows the correlation between curing regime and 
abrasion mass loss during the first two cycles relative to the 
total mass loss. It is evident that incorporation of 60% slag 
cement negatively affects surface hardness of the specimens 
except for the curing regime of 28m, most likely due to the 
fact that at higher slag-cement replacement, 28 days of moist 
curing is sufficient in terms of length and method so that all 
the cementitious materials can participate in the pozzolanic 
reaction. Generally, when specimens are subjected to shorter 
curing periods, mixtures containing 20% of slag cement exhib-
ited superior performance in terms of abrasion resistance.

Relationships of abrasion to surface hardness, strength, 
and salt scaling—Figure 10 shows the overall correlation 
between concrete compressive strength and abrasion mass loss 
obtained through this study. The investigated mixtures were 
proportioned with various mixture ingredients, curing condi-
tions, and finishing scenarios. In general, a tendency to lower 

Fig. 4—Abrasion after two cycles relative to total mass loss 
of mixtures.

Fig. 5—Total abrasion of mixtures subjected to different 
finishing. (Note: 1 g = 0.002 lb.)

Fig. 6—Abrasion after two cycles relative to total mass loss 
of finishing specimens.
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abrasion mass loss as a reduction in compressive strength 
was expected considering results reported in the literature.4 It 
was observed that an increase in compressive strength above 
a certain limit, approximately 35 MPa (5000  psi), did not 
enhance concrete resistance against abrasion.

It can be seen in the figure that there are some crossings 
between the data points, indicating that specimens with same 
compressive strength values may exhibit different abrasion resis-
tance. This is not surprising given that the investigated mixtures 
were subjected to various curing regimes and finishing timelines.

Correlation between surface micro hardness and abrasion 
mass loss of the concrete specimens are illustrated in Fig. 11. 
A strong correlation was observed that was best represented by 
a linear fit with a R2 of 0.86. The results presented in this figure 

demonstrate reduction in abrasion mass loss as a function of 
increase in surface micro hardness, regardless of the concrete 
mixture proportions—that is, w/cm, slag cement, and air content.

It has been shown that there is a robust relationship between 
abrasion and salt scaling mass loss values,16 even though this 
relationship can be deceptive when the mixtures contain 
slag cement. For example, Fig. 12 illustrates the relation-
ship between salt scaling and abrasion mass loss for different 
binary systems. Although the figure initially shows no clear 
trend, comparisons among different abrasion test cycles help 
in developing the following interpretations. The correlation 
between abrasion and salt scaling can be best noticed for a 
given mixture when abrasion mass loss values reflect only the 
surface layer hardness (cycles 1 and 2), and this correlation 

Fig. 8—Total abrasion of mixtures subjected to different curing regimes. (Note: 1 g = 0.002 lb.)

Fig. 9—Abrasion after two cycles relative to total mass loss of curing specimens.

Fig. 7—Microscopic inspection of surface layer of plain specimens with different finishing procedures: Finishing a (left); 
Finishing b (middle); and Finishing c (right). (Note: 1 mm = 0.0394 in.)
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becomes insignificant/poor when further cycles are applied. 
According to this figure, correlation between abrasion and salt 
scaling may vary depending on the slag-cement content, so it 
would be challenging to develop a generalized model derived 
from such a correlation. Table 3, therefore, categorizes salt 
scaling values based on abrasion mass loss, in a three-dimen-
sional space. Further data may be collected to adjust this table 
with ASTM and BNQ standard classifications.

CONCLUSIONS
Effects of various mixture proportions involving different 

w/cm, slag cement, and air content, as well as various curing 
regimes and finishing times on the surface-abrasion resis-
tance (hardness) of concrete were assessed. In addition, the 
correlation between surface hardness and concrete hardened 
performance was evaluated. Based on the results reported 
herein, the following conclusions can be highlighted:
•	 Among the investigated mixture constituents, w/cm was 

found to have the highest impact on concrete surface 
hardness, so that the effect of slag cement and air content 
variation on the performance of concrete specimens made 
with w/cm of 0.35 was negligible, while an adequate level 
of air entrainment (3 to 6% air content) was found bene-
ficial for mixtures made with w/cm of 0.55.

•	 For a given slag cement replacement, mixtures made 
with 3 to 6% air content exhibited the least abrasion 
mass loss compared to mixtures containing <3% (non-
air entrained) or higher than 6% air content. In addition, 
while slag cement replacement up to 40% appeared to 
improve surface properties, at higher replacement levels, 
it negatively affected concrete abrasion resistance.

•	 The lowest sensitivity to finishing time was observed 
for concrete proportioned with 40% slag cement, while 
the highest spread in results was attributed to plain 
concrete. In general, mixtures finished after cessation of 
bleeding exhibited superior performance with respect to 
concrete surface hardness.

•	 Curing method and length appeared to have more 
pronounced effects on abrasion resistance than slag- 
cement incorporation and finishing time. Regardless of the 
slag cement content, the minimum mass loss was found in 
specimens exposed to 28 days of moist curing, while the 
minimum resistance to abrasion damage was delivered by 

specimens subjected to only 3 days of compound curing. 
In addition, plain specimens exhibited higher susceptibility 
to curing regime than mixes containing slag cement.

•	 A fairly linear relationship between surface micro hard-
ness and abrasion mass loss was established. It was also 
found that abrasion becomes independent of compres-
sive strength after a certain limit of strength, approxi-
mately 35 MPa (5000 psi), was reached.

•	 The salt-scaling classification table was developed based 
on abrasion mass loss results. The table may be useful for 
researchers and engineers in the field for quickly estimating 
in-place concrete salt-scaling resistance and quality.

AUTHOR BIOS
Kamran Amini is a Quality Control Manager at Titan America, LLC. He 
received his PhD from Iowa State University, Ames, IA. His research interest 
includes durability of concrete and cement-based materials, nondestructive 
testing, pervious concrete, patching materials, and self-consolidating concrete.

ACI member Seyedhamed Sadati is an Assistant Scientist at Iowa State Univer-
sity. He is a member of ACI Committees 236, Material Science of Concrete; 
325, Concrete Pavements; and 555, Concrete with Recycled Materials. His 
research interests include durability of concrete and cement-based materials, 
sustainability, and properties of concrete made with recycled aggregate.

Halil Ceylan is Professor in the Civil, Construction, and Environmental 
Engineering (CCEE) Department at Iowa State University.

Peter C. Taylor, FACI, is the Director of the National Concrete Pavement 
Technology Center at Iowa State University. He is President-Elect of the 
Iowa Chapter – ACI.

ACKNOWLEDGMENTS
This study is based on work supported in part by the Portland Cement Asso-

ciation (PCA) through the Education Foundation’s J. P. Gleason Fellowship. 
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Fig. 11—Relationship between surface micro hardness and 
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Table 3—Salt scaling classification based on 
abrasion mass loss

Salt scaling mass loss 
range, g/m2

Abrasion mass loss range, g

0% SC 20% SC 40% SC 60% SC

0 to 500 — — — —

500 to 1000 0 to 10 0 to 5 0 to 5 —

1000 to 1500 10 to 30 5 to 15 0 to 5 —

1500 to 2000 30 to 45 10 to 20 5 to 15 —

>2000 >45 >20 >15 >5

Notes: SC is slag cement; 1 g/m2 = 0.0002 lb/ft2.
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