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The effect of a partial replacement of cement with slag cement 
on free shrinkage is evaluated for curing periods between 3 and 
28 days. Mixtures include concrete containing different replace-
ment levels of slag cement (30, 60, and 80% by volume) cast with 
limestone, granite, or quartzite coarse aggregate. Comparisons 
are only made with mixtures having the same paste content (by 
volume) and water-cementitious material ratio. The study shows 
that a partial replacement of cement with slag cement decreases 
free shrinkage compared to mixtures containing 100% portland 
cement; the reduction is greatest at early ages and is improved as 
the replacement level is increased. Increasing the curing period 
decreases free shrinkage for mixtures with and without slag cement. 
When slag cement is used in conjunction with a porous limestone 
coarse aggregate, where internal curing is provided by the water 
stored in the pores of limestone, an even greater reduction in 
free shrinkage is observed compared to mixtures cast with low- 
absorption coarse aggregate.

Keywords: bridge decks; cracking; curing; dry free shrinkage; internal 
curing; slag cement.

INTRODUCTION
Drying shrinkage of concrete is a principal cause for bridge 

deck cracking and subsequent deterioration. Several factors 
influence concrete shrinkage including the mixture design, 
environmental conditions, and construction procedures. This 
paper describes a study to determine the effect of slag cement 
on drying shrinkage of concrete. This study is part of a larger 
research program at the University of Kansas to develop 
low-cracking high-performance concrete (LC-HPC) for use 
in bridge decks. Full details of the program are provided by 
Darwin et al. (2004, 2010), Lindquist et al. (2006, 2008), 
McLeod et al. (2009), and Yuan et al. (2011).

Previous studies have compared the shrinkage of concrete 
containing slag cement with concrete containing only port-
land cement, although the results have not always been 
consistent. Fulton (1974) and Hogan and Meusel (1981) 
found that the incorporation of slag cement in concrete 
resulted in increased free shrinkage, while Klieger and 
Isberner (1967) and Brooks et al. (1992) reported that 
concrete containing slag cement had similar shrinkage to 
concrete containing only portland cement. Tazawa et al. 
(1989) concluded that drying shrinkage of slag cement 
concrete was less than that of 100% portland cement 
concrete when the concrete was cured for 28 days; when 
slag mortar was compared with 100% cement mortar, the 
slag mortar still had less drying shrinkage than the 100% 
cement mortar when they were cured for 28 days, but more 
shrinkage when were cured for 3 or 7 days. It is important 
to note that these comparisons were based on research in 
which slag cement was substituted on an equal-weight basis 

because, when substituted on an equal-weight basis, the 
lower specific gravity of slag cement (compared to portland 
cement) results in a higher paste volume that leads to higher 
free shrinkage. Deshpande et al. (2007) evaluated concrete 
containing a 30% volume replacement of portland cement 
with slag cement while keeping the water content constant. 
This resulted in increasing the water-cementitious material 
ratio (w/cm) from 0.45 for the mixture containing only port-
land cement to 0.47 for the mixture containing slag cement. 
Under these conditions, Deshpande et al. (2007) found that 
slag cement slightly increased early-age shrinkage (through 
30 days), although the ultimate shrinkage (through 1 year) 
was little affected. Hooton et al. (2009) summarized free 
shrinkage data for concrete containing slag cement from 
21 studies and concluded that the drying shrinkage of 
concrete containing slag cement, independent of the slag 
cement content, was approximately the same as similar 
concrete without slag cement. When the data were corrected 
to compare the mixtures on an equal paste content basis, 
Hooton et al. (2009) found that the concrete containing slag 
cement shrank about 3% less than concrete containing only 
portland cement.

This study evaluates two types of slag cement (Grade 100 
and Grade 120) with varying volume replacement levels (0, 
30, 60, and 80%) in combination with different coarse aggre-
gates (a high-absorption limestone and two low-absorp-
tion aggregates: granite and quartzite). Drying shrinkage 
of the paste is restrained by the aggregates, and thus the 
volume fraction of the aggregate plays an important role in 
controlling concrete shrinkage. The mixtures in each series 
in this study were designed to have the same volume of 
paste, and thus the same aggregate volume, while keeping 
the w/cm constant. Full details of the study are presented by 
Lindquist et al. (2008) and Yuan et al. (2011).

RESEARCH SIGNIFICANCE
Previous research has investigated the shrinkage of 

concrete containing slag cement. In these earlier studies, 
comparisons were made between mixtures that did not have 
the same paste content, and perhaps as a result, the effects of 
incorporating slag cement have not always been consistent. 
In contrast, the comparisons in this study involve mixtures 
containing an equal volume of paste in addition to having the 
same w/cm. The results of this study indicate that a partial 
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replacement of portland cement with slag cement reduces 
drying shrinkage and that lengthening the curing period or 
providing internal curing increases this reduction. The combi-
nation of these strategies provides an approach that can be 
used to limit cracking resulting from restrained shrinkage.

EXPERIMENTAL INVESTIGATION
Materials

All of the concrete in this study contained Type I/II 
cement. Limestone (with an absorption between 2.5 and 
3.1%), granite (with an absorption between 0.6 and 0.8%), 
and quartzite (with an absorption of 0.4%) were used as 
coarse aggregates. The fine aggregate consisted of river-run 
sand and pea gravel. Both Grade 120 and Grade 100 slag 
cements (ASTM C989/C989M 2012) were evaluated. Two 
samples of Grade 120 slag cement, designated as samples (I) 
and (II), and three samples of Grade 100 slag cement, desig-
nated as samples (i), (ii), and (iii), were used. The chemical 
composition of the slag cements is presented in Table 1. A 
polycarboxylate-based high-range water reducing admixture 
and a tall oil (liquid rosin)-based air-entraining agent were 
used to obtain the desired slump and air content.

Concrete mixtures
The concretes in this study were designed for potential use 

as low-cracking mixtures, and thus, all had low paste contents 
and optimized aggregate gradations (Lindquist et al. 2008; 
Yuan et al. 2011). Three programs were included in the study: 
Grade 120 and 100 slag cements were evaluated in Programs 
I and II, respectively, while the effect of internal curing on 
mixtures containing slag cement was studied in Program III. 
The mixture proportions are summarized in Table 2. A control 
mixture containing 100% portland cement (cast with cement 
from the same sample) is included in each set.

Program I included mixtures containing Grade 120 slag 
cement cast with either limestone or granite coarse aggre-
gate. In the first set of Program I, mixtures containing 30 and 
60% volume replacements of cement with slag cement (I) 
and mixtures containing 60 and 80% volume replacements of 
cement with slag cement (II) were compared with a mixture 
containing 100% cement. All mixtures in Program I Set 1 
were cast with the relatively porous limestone coarse aggre-
gate, which provided internal curing, had a w/cm of 0.42, 
and a paste content of 23.3% (by volume), and were cured 
for 7 or 14 days prior to drying. The second set contained 
granite coarse aggregate with a 60% volume replacement of 
cement with slag cement (II). All mixtures in Program I Set 
2 had a w/cm of 0.44 and a paste content of 24.1%, and were 
cured for 3, 7, 14, or 28 days.

Grade 100 slag cement was evaluated in Program II. 
Program II also included mixtures containing different 
replacement levels of slag cement cast with either limestone 
or granite coarse aggregate. In Program II Set 1, replace-
ments of 0, 30, and 60% by volume of cement with slag 
cement (i) were evaluated and all mixtures had limestone 
coarse aggregate, a w/cm of 0.42, and a paste content of 
23.3%. In the second set, replacements of 0, 30, and 60%, 
by volume of cement with slag cement (ii) were evaluated 
again but with granite coarse aggregate. The mixtures in 

Program II Set 2 had a w/cm of 0.44 and a paste content of 
24.1% (by volume). The concrete in both sets was cured for 
7 or 14 days.

In Program III, the effect of incorporating a porous 
limestone coarse aggregate with slag cement was inves-
tigated using comparisons with slag mixtures cast with 
granite (Set 1) and quartzite (Set 2) coarse aggregates. All 
mixtures contained a 60% volume replacement of cement 
with slag cement, a w/cm of 0.42, and a paste content of 
23.3%. A mixture containing 100% cement and limestone 
coarse aggregate was also included in Program III Set 1. The 
concrete in Set 1 was cured for 14 days and the concrete in 
Set 2 was cured for 7 or 14 days.

The mixtures that were compared in each set had the same 
w/cm and paste content, although the w/cm and paste content 
differed for mixtures in different programs/sets. The changes 
reflected changes made in mixtures that were being used for 
low-cracking, high-performance bridge deck construction 
in Kansas at the time these laboratory mixtures were cast 
(Lindquist et al. 2008; Yuan et al. 2011). All mixtures in this 
study were cast with a slump of 3 ± 1 in. (75 ± 25 mm) and 
an air content of 8.4 ± 0.5% at a concrete temperature of 
70° ± 3°F (21.1° ± 1.7°C) to minimize the influence of these 
parameters on shrinkage.

Free shrinkage and compressive strength tests
The free shrinkage tests were performed in accordance 

with ASTM C157/C157M (2008). Three test specimens with 
dimensions of 3 x 3 x 11-1/4 in. (76 x 76 x 286 mm) were 
cast for each test condition, and the average results of the 
three specimens are reported. Free shrinkage measurements 
were taken using a mechanical dial gauge length compar-
ator. Initial readings were taken when the specimens were 

Table 1—Chemical composition of slag cements, %

Oxides

Mineral admixture

Grade 120 slag cement Grade 100 slag cement

I II i* ii iii

SiO2 32.70 38.28 — 43.36 36.35

Al2O3 8.58 10.69 — 8.61 9.64

Fe2O3 1.70 0.49 — 0.37 0.88

CaO 44.82 35.35 — 31.13 39.92

MgO 9.33 10.68 — 12.50 9.17

SO3 1.16 2.85 — 2.24 2.21

Na2O 0.30 0.27 — 0.21 0.23

K2O 0.41 0.37 — 0.40 0.44

TiO2 0.57 0.44 — 0.32 0.50

P2O5 0.06 0.01 — — 0.02

Mn2O3 0.45 0.34 — 0.35 0.40

SrO 0.09 0.05 — 0.04 0.07

BaO — — — — —

LOI 0.00 0.00 — 0.37 0.00

Total 100.17 99.82 — 99.90 99.83

*Chemical composition of the first Grade 100 slag cement sample was not analyzed.
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demolded 24 ± 1 hour after casting and when the specimens 
were first subjected to drying. The specimens were dried at 
73° ± 3°F (23° ± 2°C) and 50 ± 4% relative humidity for 
1 year. Subsequent shrinkage readings were taken every 
day for the first 30 days, every other day between 30 and 
90 days, once a week between 90 and 180 days, and once a 
month between 180 and 365 days.

Companion 4 x 8 in. (100 x 200 mm) cylinders were 
cast to determine compressive strength in accordance with 
ASTM C39/C39M (2009).

EXPERIMENTAL RESULTS AND DISCUSSION
Program I

Program I was designed to compare the free shrinkage of 
mixtures containing various replacement levels of Grade 120 
slag cement. In the first set, mixtures with volume replace-
ments of 0, 30, 60, and 80% of cement with slag cement 
were evaluated, and all concrete was cast with limestone 
coarse aggregate. The average shrinkage strains for drying 
periods of 0, 30, 90, and 365 days and curing periods of 7 
and 14 days are summarized in Table 3. The average free 
shrinkage is plotted as a function of drying period for 

mixtures in Program I Set 1 over 30 and 365 days in Fig. 1 
and 2, respectively. The mixtures are shown in the legend in 
the order of descending shrinkage at the end of the 30 and 
365 days.

As shown in Table 3 and Fig. 1, the use of Grade 120 slag 
cement as a partial replacement of cement reduces early-age 
shrinkage. For the Grade 120 slag cement sample (I), at 
30 days, the 30% slag (I) mixture that cured for 7 days exhib-
ited about the same shrinkage as the 100% cement mixture that 
cured for 7 days; all of the other mixtures had less shrinkage 
and in most cases considerably less shrinkage than the corre-
sponding 100% cement mixture. For specimens cured for 
14 days, the 30% slag (I) mixture had 50 µε less shrinkage 
than the 100% cement mixture, increasing to 100 µε when the 
slag cement content was increased to 60%. A second sample 
of Grade 120 slag cement (II) at replacement levels of 60 and 
80% by volume was also examined in this set of specimens. 
As shown in Table 3 and Fig. 1, the 60% slag (II) mixtures 
still had significantly less shrinkage than the 100% cement 
mixtures, and a further reduction in shrinkage was observed 
as the content of slag cement (II) was increased to 80%. At 
30 days, the 80% slag (II) mixture only had shrinkage of  

Table 2—Concrete mixture proportions, lb/yd3

Set* Mixtures Cement Slag w/cm
Paste 

content, %†
Coarse

aggregate Pea gravel Sand Curing period, d

Program I (Grade 120 slag)

1

100% cement, LS 535 — 0.42 23.3 1403 774 832 7, 14

30% slag (I‡), LS 381 148 0.42 23.3 1400 780 829 7, 14

60% slag (I‡), LS 221 301 0.42 23.3 1362 834 814 7, 14

60% slag (II‡), LS 221 301 0.42 23.3 1537 718 752 7, 14

80% slag (II‡), LS 112 405 0.42 23.3 1537 718 752 7, 14

2
100% cement, G 540 — 0.44 24.1 1454 723 806 3, 7, 14, 28

60% slag (II‡), G 223 304 0.44 24.1 1372 779 837 3, 7, 14, 28

Program II (Grade 100 slag)

1

100% cement, LS 540 — 0.44 24.1 1253 661 1058 7, 14

30% slag (i§), LS 384 149 0.44 24.1 1190 713 1075 7, 14

60% slag (i§), LS 226 303 0.44 24.1 1188 715 1070 7, 14

2

100% cement, G 535 — 0.42 23.3 1360 937 747 7, 14

30% slag (ii§), G 381 147 0.42 23.3 1416 853 773 7, 14

60% slag (ii§), G 222 298 0.42 23.3 1416 854 882 7, 14

Program III

1

100% cement, LS 535 — 0.42 23.3 1391 1164 454 14

60% slag (iii§), LS 222 298 0.42 23.3 1357 1013 666 14

60% slag (iii§), G 222 298 0.42 23.3 1384 1180 444 14

2
60% slag (II‡), LS 221 301 0.42 23.3 1537 718 752 7, 14

60% slag (II‡),Q 221 301 0.42 23.3 1523 755 671 7, 14

*In each set, concrete was batched with the same sample of cement.
†Percentage by volume.
‡Grade 120 slag cement sample number.
§Grade 100 slag cement sample number.

Coarse aggregate: LS is limestone; G is granite; and Q is quartzite.

Note: 1 lb/yd3 = 0.5933 kg/m3.
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73 and 47 µε for specimens cured for 7 and 14 days, 
compared with 193 and 163 µε for the 60% slag (II) mixture 
and 320 and 283 µε for the 100% cement mixture cured for 
7 and 14 days, respectively. For the same mixture, the speci-
mens cured for 14 days consistently had less shrinkage than 
the specimens cured for 7 days.

The trend observed after 30 days of drying can also be 
observed after 365 days (Table 3 and Fig. 2): increasing the 
content of Grade 120 slag cement and increasing the curing 
period from 7 to 14 days results in lower shrinkage. The only 
exception at 365 days is the 30% slag (I) mixture that cured 
for 7 days, which had slightly higher shrinkage, by 24 µε, 
than the 100% cement concrete that cured for 7 days.

In Program I Set 2, granite was used as the coarse aggre-
gate with a 60% volume replacement of portland cement 
with Grade 120 slag cement (II). The effect of curing was 
further evaluated in this set with specimens cured for 3, 7, 
14, and 28 days. The average shrinkage strains are presented 
in Table 3 and Fig. 3 and 4.

At 30 days, an increase in the curing period from 3 all the 
way up to 28 days consistently reduced shrinkage for both 
the 100% cement mixture and the 60% slag (II) mixture. 

The reduction obtained by increasing the curing period from 
7 to 14 days is more notable than the reduction obtained 
by increasing the curing period from 3 to 7 days or from 
14 to 28 days. Again, the 60% slag mixtures exhibited less 
shrinkage than the corresponding 100% cement mixtures, 
with reductions of 78, 88, 86, and 104 µε for specimens 
cured for 3, 7, 14, and 28 days, respectively.

At 365 days, the 60% slag (II) mixtures continued to 
exhibit less shrinkage than the 100% cement mixtures. The 
60% slag (II) mixtures cured for 3 and 7 days had nearly 
identical shrinkage (368 and 365 µε, respectively) to the 
100% cement mixture cured for 28 days (363 µε), and the 
60% slag (II) mixtures cured for 14 and 28 days had the least 
shrinkage (305 and 313 µε, respectively). Compared to the 
60% slag (II) mixtures in Program I Set 1, which contained 
the (more porous) limestone coarse aggregate and a paste 
content of 23.3%, the 60% slag (II) mixtures in Set 2, with 
the low-absorption granite coarse aggregate and a paste 
content of 24.1%, exhibited more shrinkage through 30 days 
and less shrinkage at 90 through 365 days for comparative 
curing periods (7 and 14 days).

Table 3—Average free shrinkage, µε*

Drying 
period, d

Program I Set 1 Program I Set 2

100% cement, 
LS

30% slag 
(I), LS

60% slag 
(I), LS

60% slag (II), 
LS

80% slag (II), 
LS 100% cement, G 60% slag (II), G

Curing period, d

7 14 7 14 7 14 7 14 7 14 3 7 14 28 3 7 14 28

0 –43 –33 –40 –20 –47 –47 –57 –57 –63 –80 –23 –50 –43 –37 –85 –77 –147 –103

30 320 283 317 233 280 183 193 163 73 47 358 342 277 264 280 254 191 160

90 413 387 407 353 383 337 323 320 283 227 438 410 364 341 332 320 264 239

365 483 460 507 443 477 433 413 393 390 383 482 435 392 363 368 365 305 313

Drying 
period, d

Program II Set 1 Program II Set 2

100% cement, LS 30% slag (i), LS 60% slag (i), LS 100% cement, G
30% slag 

(ii), G 60% slag (ii), G

Curing period, d

7 14 7 14 7 14 7 14 7 14 7 14

0 –53 –47 –93 –63 –80 –143 –63 –57 –60 –67 –113 –107

30 317 327 280 120 200 87 277 260 303 230 287 190

90 423 430 367 323 320 233 347 323 333 303 317 263

365 457 463 400 377 377 317 430 420 403 377 383 347

Drying 
period, d

Program III Set 1 Program III Set 2

100% cement, LS 60% slag (iii), LS 60% slag (iii), G 60% slag (II), LS 60% slag (II), Q

Curing period, d

— 14 — 14 — 14 7 14 7 14

0 — –17 — –77 — –43 –57 –57 –60 –53

30 — 317 — 87 — 267 193 163 307 247

90 — 410 — 273 — 360 323 320 393 333

365 — 443 — 340 — 390 413 393 420 377

*Values are based on lengths measured upon removal from molds 24 ± 1 hour after casting.

Negative values indicate swelling.
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Program II
The significant reductions in shrinkage observed for 

mixtures containing Grade 120 slag cement in Program I 
prompted an additional comparison of mixtures containing 
Grade 100 slag cement. The mixtures containing limestone 
coarse aggregate and replacement levels of 0, 30, and 60% 
(by volume) of cement with Grade 100 slag cement sample 
(i) were evaluated first, followed by mixtures containing 
granite coarse aggregate and 0, 30, and 60% volume replace-
ments of cement with Grade 100 slag cement (ii).

The average shrinkage values for mixtures containing 
limestone and 0, 30, and 60% of Grade 100 slag cement (i) 
are presented in Table 3 and Fig. 5 and 6. At 30 days, the 
60% slag (i) mixture cured for 14 days exhibited the lowest 
average shrinkage, 87 µε, while the 100% cement mixture 
cured for 7 and 14 days had the highest shrinkage, with 
values of 317 and 327 µε, respectively. Similar to the trend 
observed for mixtures cast with Grade 120 slag cement in 
Program I, a partial replacement of cement with Grade 100 
slag cement consistently reduced shrinkage. The reduction 
in shrinkage increased as the slag cement content increased.

At 365 days (shown in Fig. 6), the 100% cement mixtures 
cured for 7 and 14 days continued to have the highest free 
shrinkage, followed by the 30% slag (i) mixture cured for 

7 days, the 30% slag (i) mixture cured for 14 days, the 60% 
slag (i) mixture cured for 7 days and the 60% slag (i) mixture 
cured for 14 days.

Program II Set 2 evaluated mixtures containing granite 
coarse aggregate and 0, 30, and 60% volume replacements 
of cement with Grade 100 slag cement (ii). The average 
shrinkage values of these mixtures are shown in Table 3 and 
Fig. 7 and 8.

Fig. 1—Free shrinkage versus drying time through 30 days 
for concrete in Program I Set 1: limestone and Grade 120 
slag cement (I) and (II).

Fig. 2—Free shrinkage versus drying time through 365 days 
for concrete in Program I Set 1: limestone and Grade 120 
slag cement (I) and (II). 

Fig. 3—Free shrinkage versus drying time through 30 days 
for concrete in Program I Set 2: granite and Grade 120 slag 
cement (II).

Fig. 4—Free shrinkage versus drying time through 365 days 
for concrete in Program I Set 2: granite and Grade 120 slag 
cement (II).

Fig. 5—Free shrinkage versus drying time through 30 days 
for concrete in Program II Set 1: limestone and Grade 100 
slag cement (i).
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As shown in Table 3 and Fig. 7, at 30 days, both the 30 
and 60% slag (ii) mixtures cured for 7 days exhibited more 
shrinkage than the 100% cement mixture cured for 7 days. 
It should be noted that these are the only two slag mixtures 
in this study that exhibited higher shrinkage than the 100% 
cement mixtures at 30 days and clearly highlights the impor-
tance of longer curing for mixtures containing slag cement. 
This observation is evaluated further in Program III. The 
30 and 60% slag (ii) mixtures cured for 14 days exhibited 
less shrinkage, with 30 and 70 µε less, respectively, than the 
100% cement mixture cured for 14 days.

At 365 days (Table 3 and Fig. 8), the 60% slag (ii) mixture 
cured for 14 days continued to have the least shrinkage, 
followed by the 30% slag (ii) mixture cured for 14 days, and the 
shrinkage of the 30 and 60% slag (ii) mixtures cured for 7 days 
dropped below the 100% cement mixture cured for 7 days.

Program III
Programs I and II demonstrate that increasing the curing 

period decreases the shrinkage of concrete mixtures. In 
addition to the length of the curing period, water stored in 
the aggregate pores is expected to provide additional curing 
for concrete—this effect is more pronounced for concrete 
containing a porous coarse aggregate (in this case, high- 
absorption limestone). The combined effect of using porous 

limestone coarse aggregate (with an absorption over 2.5%) 
and slag cement is investigated in Program III by comparing 
the shrinkage of slag mixtures cast with limestone coarse 
aggregate with the shrinkage of slag mixtures containing 
granite (with an absorption of 0.6%) (Set 1) or quartzite 
(with an absorption of 0.4%) (Set 2).

In the first set, mixtures with 100% cement and mixtures 
containing a 60% volume replacement of cement with 
Grade 100 slag cement (iii) with limestone coarse aggre-
gate, and mixtures containing a 60% volume replacement of 
cement with Grade 100 slag cement (iii) and granite coarse 
aggregate were compared. All mixtures were cured for 
14 days. The free shrinkage results are shown in Table 3 and  
Fig. 9 and 10.

As indicated in Fig. 9, the 60% slag (iii) mixture cast 
with granite aggregate exhibited slightly more shrinkage 
than the 100% cement mixture cast with limestone aggre-
gate for the first 15 days, and both mixtures shrank more 
than the 60% slag (iii) mixture cast with limestone at the 
same age. At 30 days, both slag mixtures had less shrinkage 
than the 100% cement mixture cast with limestone, and the 
60% slag (iii) mixture cast with limestone aggregate exhib-
ited 180 µε less shrinkage than the 60% slag (iii) mixture 
cast with granite aggregate. At 365 days, the 60% slag (iii) 
mixture cast with limestone aggregate continued to exhibit 
the lowest shrinkage, followed by the 60% slag (iii) mixture 
cast with granite aggregate, and the 100% cement mixture 

Fig. 6—Free shrinkage versus drying time through 365 days 
for concrete in Program II Set 1: limestone and Grade 100 
slag cement (i).

Fig. 7—Free shrinkage versus drying time through 30 days 
for concrete in Program II Set 2: granite and Grade 100 slag 
cement (ii).

Fig. 8—Free shrinkage versus drying time through 365 days 
for concrete in Program II Set 2: granite and Grade 100 slag 
cement (ii).

Fig. 9—Free shrinkage versus drying time through 30 days 
for concrete in Program III Set 1: Grade 100 slag cement (iii).
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cast with limestone aggregate, with respective shrinkage 
strains of 340, 390, and 443 µε.

Slag mixtures cast with limestone were compared with 
slag mixtures cast with quartzite in Program III Set 2. 
Grade 120 slag (II) cement was used, and the concrete was 
cured for 7 or 14 days. The results are shown in Table 3 and  
Fig. 11 and 12. At 30 days, the slag (II) mixtures cast with 
limestone coarse aggregate had less shrinkage than the 
slag (II) mixtures cast with quartzite for concrete cured for 
both 7 and 14 days. The order of descending shrinkage is 
different after 365 days, as shown in Fig. 12. The quartzite 
slag mixture cured for 14 days had the least shrinkage, 
rather than the limestone slag mixture cured for 14 days. 
The change in order can be explained as follows. The lime-
stone mixtures cured for 7 and 14 days continued to have 
less shrinkage than the quartzite mixtures cured for 14 days, 
until approximately 75 days when they exhibited more 
shrinkage. The internal curing provided by the water in the 
pores of the limestone coarse aggregate contributed to the 
reduced shrinkage through the first 75 days; afterward, the 
restraint provided by stiffer quartzite likely played a more 
dominant role. Browning et al. (2011) further investigated 
the effect of internal curing provided by porous limestone or 
lightweight fine aggregate (compared to mixtures cast with a 
low absorption coarse aggregate) and found that reductions 
in shrinkage were greater for mixtures containing slag as a 
partial replacement of portland cement compared to those 
containing 100% portland cement. Prewetted, vacuum- 
saturated lightweight fine aggregate was more effective than 
limestone in reducing shrinkage of mixtures containing slag 
as a partial replacement for portland cement.

Reductions in shrinkage with slag—The relative reduc-
tions in shrinkage of mixtures containing slag as a partial 
replacement for portland cement compared to the corre-
sponding 100% portland cement mixtures with the same w/
cm, paste content, aggregate type, and curing period at 30, 
90, and 365 days are shown in Table 4. For the 21 batches 
compared in Table 4, all of the slag mixtures exhibited less 
shrinkage than the 100% cement mixtures, with the excep-
tion of the 30% Grade 120 slag (I) mixture in Program I 
cured for 7 days at 365 days and the 30 and 60% Grade 100 
slag (ii) mixtures in Program II cured for 7 days at 30 days.

For the 30% slag mixtures, the concrete cured for 7 days 
exhibited similar or lower shrinkage than the 100% cement 
mixtures. As shown in Table 4, the 30% Grade 120 slag (I) 
mixture had shrinkage reductions of 1, 2, and –5% (nega-
tive value indicating more shrinkage); the 30% Grade 100 
slag (i) mixture had reductions of 12, 13, and 13%; and the 
30% Grade 100 slag (ii) mixture had shrinkage reductions of 
–9, 4, and 6% at 30, 90, and 365 days, respectively. When 
the curing period was increased to 14 days, the reduction in 
shrinkage was significant for all the 30% slag mixtures. The 
reductions for the three 30% slag mixtures ranged from 12 to 
34% with an average of 21% (compared to an average of 1% 
for concrete cured for 7 days) at 30 days and from 4 to 19% 
with an average of 11% (compared to the average of 5% for 
concrete cured to 7 days) at 365 days.

For the 60% slag mixtures, concrete cured for both 
7 and 14 days had considerably less shrinkage than the 
100% cement mixtures, as shown in Table 4, except for the 
60% Grade 100 slag (ii) mixture cured for 7 days at 30 days. 
On average, the 60% mixtures had 22 and 35% less shrinkage 
at 30 days and 12 and 19% less shrinkage at 365 days for 
specimens cured for 7 and 14 days, respectively.

One 80% slag mixture was included in this study. The 
reductions were significant at 30 days, with values that were 
77 and 83% lower than obtained with the 100% cement 
mixtures for specimens cured for 7 and 14 days, respectively. 

Fig. 10—Free shrinkage versus drying time through  
365 days for concrete in Program III Set 1: Grade 100 slag 
cement (iii).

Fig. 11—Free shrinkage versus drying time through 30 days 
for concrete in Program III Set 2: Grade 120 slag cement (II).

Fig. 12—Free shrinkage versus drying time through  
365 days for concrete in Program III Set 2: Grade 120 slag 
cement (II).
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The reductions were 19 and 17% at 365 days for specimens 
cured for 7 and 14 days, respectively.

The reductions observed at 365 days resulting from adding 
slag cement and from increasing the curing period from 7 to 
14 days decrease compared to the reductions observed after 
30 days. For example, at 30 days, the 80% slag (II) mixture 
only had a shrinkage of 47 µε for specimens cured for 14 days, 
and the reduction was 236 µε compared to the 100% cement 
mixture cured for 14 days (283 µε at 30 days); at 365 days, 
the reduction decreased to 77 µε (460 µε for the 100% cement 
mixture compared to 383 µε for the 80% slag [II] mixture). 
When the reductions at 30 and 365 days are compared across 
all programs, 30 of the 37 comparisons in the study follow the 
same trend with higher reductions in shrinkage at early ages 
that decrease over time. Greater reductions at early ages are 
important, however, because they reduce stresses caused by 
restrained shrinkage that occur before the concrete has time to 
creep and relieve those stresses.

It is also important to note that the specimens in each 
program exhibited various levels of swelling (negative 

shrinkage) during the curing period. Swelling occurring in 
concrete that is restrained, such as bridge decks, is beneficial 
due to the compression that results. The amount of swelling 
increases with the addition of slag, as shown in Fig. 1 through 
12 and Table 4. For each curing period (3, 7, 14, or 28 days), 
the addition of slag cement increased swelling compared 
to the 100% portland cement mixture for 20 out of the 24 
comparisons. Browning et al. (2011) found that increasing 
the curing period from 7 to 14 days also tends to increase 
swelling, although this was not observed in this study. Of 
the 15 mixtures cured for both 7 and 14 days, increasing the 
curing period resulted in lower swelling for nine mixtures, 
higher swelling for three mixtures, and no change for the 
remaining three. To discount differences due to swelling, 
the mixtures in Programs I, II, and III are compared in 
Fig. 13, 14, and 15, respectively, by plotting average values 
of drying shrinkage based on total length change following 
the curing period at 30 and 365 days. In addition to the 
average values of free shrinkage, the figures also show the 
maximum and minimum values for the three specimens used 

Table 4—Summary of shrinkage reductions of slag mixtures compared to 100% portland cement mixtures

Replacement level, 
by volume Slag type

Coarse 
aggregate w/cm

Paste 
content,% Curing, days

Reduction compared to 100% cement 
mixture*

30 days 90 days 365 days

Program I

30% Grade 120 (I) Limestone 0.42 23.3
7 1% 1% –5%

14 18% 9% 4%

60% Grade 120 (I) Limestone 0.42 23.3
7 13% 7% 1%

14 35% 13% 6%

60% Grade 120 (II) Limestone 0.42 23.3
7 40% 22% 14%

14 42% 17% 15%

80% Grade 120 (II) Limestone 0.42 23.3
7 77% 31% 19%

14 83% 41% 17%

60% Grade 120 (II) Granite 0.44 24.1

3 22% 24% 24%

7 26% 22% 16%

14 31% 27% 22%

28 39% 30% 14%

Program II

30% Grade 100 (i) Limestone 0.44 24.1
7 12% 13% 12%

14 34% 25% 19%

60% Grade 100 (i) Limestone 0.44 24.1
7 37% 24% 18%

14 73% 46% 32%

30% Grade 100 (ii) Granite 0.42 23.3
7 –9% 4% 6%

14 12% 6% 10%

60% Grade 100 (ii) Granite 0.42 23.3
7 –4% 9% 11%

14 27% 19% 17%

Program III 60% Grade 100 (iii) Limestone 0.42 23.2 14 73% 33% 23%

Average†

30%
7 1% 6% 5%

14 21% 13% 11%

60%
7 22% 17% 12%

14 35% 26% 19%

*Negative values indicate the slag mixtures shrank more than the 100% cement mixtures.
†The average of the mixtures containing the same replacement level of slag cement, regardless of the slag type and aggregate type.
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for each parameter. These figures illustrate that with only 
a few exceptions, the trends observed previously that show 
a reduction in shrinkage with the addition of slag cement 
and longer curing are maintained for up to 1 year of drying 
(although the trends are somewhat less pronounced), inde-
pendent of swelling.

Compressive strength—The compressive strengths of 
all the mixtures in this study are presented in Fig. 16. The 
mixtures in each set had the same w/cm and paste content. 
As shown in Fig. 16, the mixtures containing Grade 120 slag 
had higher compressive strengths, at both 7 and 28 days, 
than the corresponding 100% cement mixtures. All mixtures 
containing Grade 100 slag exhibited lower 7-day compres-
sive strengths, in the range of 530 to 1330 psi (3.7 to 9.2 
MPa) lower, than the 100% cement mixtures, with only one 
exception (the 30% slag (ii) mixture had a higher 7-day 
compressive strength in Program II Set 2). The 28-day rela-
tive compressive strengths of Grade 100 slag mixtures were 
mixed, with some having higher and some having lower 
compressive strength than the corresponding 100% cement 
mixtures. The relative strengths of the mixtures are not 
unexpected considering the relative activities of the two slag 
grades (ASTM C989/C989M 2012).

SUMMARY AND CONCLUSIONS
The effect of a partial replacement of cement with either 

Grade 120 and Grade 100 slag cement on free shrinkage 

was evaluated in this study. Mixtures included concretes 
containing different replacement levels of slag cement (30, 
60, and 80% by volume) cast with limestone, granite, or 
quartzite coarse aggregate. Comparisons are only made with 
mixtures having the same w/cm, paste content (by volume), 
and sample of cement. Mixtures were cast with concrete 
with a slump of 3 ± 1 in. (75 ± 25 mm) and an air content 
of 8.4 ± 0.5% at a concrete temperature of 70 ± 3°F (21.1 ± 
1.7°C).

The following conclusions are based on the results and 
analysis presented in this paper.

1. Increasing the curing period decreases free shrinkage.
2. In general, for constant paste content, a partial replace-

ment of portland cement with slag cement decreases free 
shrinkage compared to mixtures containing 100% portland 
cement. The greatest reductions were generally observed at 
early ages, and the reductions increased as the replacement 
level of cement with slag cement increased.

3. Mixtures containing a 30% volume replacement of 
cement with slag cement and cured for 7 days exhibited 
similar, if not less, free shrinkage than the companion 100% 
cement mixture cured for 7 days; when the curing period was 
extended to 14 days, the 30% slag mixture exhibited consid-
erably less shrinkage. On average, shrinkage was 21% less 
at 30 days and 11% less at 365 days compared to the 100% 
portland cement mixture for concrete cured for 14 days.

Fig. 13—Free shrinkage at 30 and 365 days based on total 
length change after curing for mixtures in Program I.

Fig. 14—Free shrinkage at 30 and 365 days based on total 
length change after curing for mixtures in Program II.

Fig. 15—Free shrinkage at 30 and 365 days based on total 
length change after curing for mixtures in Program III.

Fig. 16—Compressive strength. Dagger (†) indicates 7-day 
compressive strength was not obtained. (Note: 1000 psi = 
6.89 MPa.)
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4. Mixtures containing a 60% volume replacement of 
cement with slag cement exhibited reductions in shrinkage, 
on average, of 22 and 35% at 30 days and 12 and 19% at  
365 days compared to the companion 100% cement mixtures 
for specimens cured for 7 and 14 days, respectively.

5. When slag cement is used in conjunction with porous 
limestone coarse aggregate, where internal curing is provided 
by water stored in the pores of the aggregate, a greater reduc-
tion in free shrinkage compared to mixtures containing 100% 
portland cement is observed than obtained for slag mixtures 
cast with a low-absorption coarse aggregate.
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