












































For the A4 portland cement concrete mixtures, none of the rings experienced cracking. 
The diabase rings experienced the greatest amount of strain, and the limestone rings experienced 
the least. The average microstrain results at 180 days were -168,-194, and -200 for the 
limestone, gravel, and diabase, respectively. The modulus of elasticity for the gravel and diabase 
mixtures was higher than for the limestone mixtures, which may account for the higher 
restrained shrinkage strains. 

For the AS portland cement concrete mixtures, the gravel and diabase mixtures 
experienced cracking. One ofthe diabase rings cracked after 165 days; the most recent average 
microstrain reading for that ring was -201 at 150 days. The estimated microstrain at cracking 
was -210. The same was true for the gravel mixture. One of the rings cracked after 172 days 
with the most recent average microstrain reading heing -202 at 150 days. The estimated 
microstrain cracking was -210. One ofthe factors that may have influenced the cracking 
tendency ofthe AS portland cement concrete mixtures was the w/c ratio of the mixtures. The 
w/c ratios were 0.33, 0.35, and 0.39 for the limestone, gravel, and diabase, respectively. The 
lower w/c ratio should produce less shrinkage, which in tum may produce less strain. 
Throughout the testing of the AS mixtures, the limestone mixture, which had the lowest w/c 
ratio, exhibited significantly less strain. 

None ofthe supplemental cementitious material rings experienced cracking. The average 
microstrain values ranged from -142 to -193, with the fly ash mixtures experiencing the highest 
strain and the A4 slag cement mixture experiencing the least strain. The A4 and AS slag cement 
mixtures had less strain than the microsilica and fly ash mixtures. It should be noted that the fly 
ash mixtures experienced higher shrinkage for both the unrestrained and restrained conditions. 
Thus, it appears that an average microstrain in excess of -200 will result in the cracking of the 
restrained drying shrinkage rings. 

Relationship Between Percentage Length Change and Microstrain 

A total of 42 ring specimens were fabricated for this study, and only 4 of the rings 
experienced cracking. However, all of the rings that cracked had average microstrain values in 
excess of -200 J.l8. Therefore, it appears that if the strain produced in a restrained situation is 
greater than 200 J.l8, there is an increased probability of cracking. The percentage length change 
was plotted versus the microstrain for each mixture to determine if there was a correlation. The 
values were from measurements taken at 7, 28, 56, 90, 120, 150, and 180 days. Figure 3 presents 
the percent length change versus microstrain for the A3 portland cement concrete mixtures. 
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Figure 3. Percentage Length Change vs. Microstrain for A3 Portland Cement Concrete Mixtures 

For the A3 portland cement concrete mixtures, there is a fairly strong correlation between 
the percentage length change and microstrain. If the value of -200 j.l£ is used in the linear 
equation from Figure 3, a value of -0.0342 would be obtained for the percentage length change. 
Since there is a higher probability for cracking when the strain value is greater than 200 j.l£, the 
probability for cracking is increased if the percent length change is greater than 0.0342. 

Figure 4 presents the percent length change versus microstrain for the A4 portland 
cement concrete mixtures. 
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Figm·e 4. Penentage Length Change vs. Miuostrain for A4 Pmiland Cement Conuete Mixtures 

There is a stronger correlation between percentage length change and microstrain for the 
A4 portland cement concrete mixtures. Using a value of -200 j.l£ in the linear equation from 
Figure 4, gives a value of -0.0478 for the percentage length change. This would mean that if the 
percent length change is greater than 0.0478, there is an increased probability of cracking. 

Figure 5 presents the percentage length change versus microstrain for the AS portland 
cement concrete mixtures. 
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Figure 5. Percentage Length Change vs. Microstrain for AS Portland Cement Concrete Mixtures 

For the AS portland cement concrete mixtures, there is a strong correlation between the 
percentage length change and microstrain. Using a value of -200 J.l8 in the linear equation from 
Figure 5 gives a value of -0.0482 for the percentage length change. Thus, if the percent length 
change is greater than 0.0482, there is an increased probability of cracking. 

Figure 6 presents the percentage length change versus microstrain for the supplemental 
cementitious material mixtures. Note that these mixtures used the same aggregate type, diabase, 
and the associated fine aggregate. Also the water to cement plus pozzolan ratios were the same, 
0.43. 
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Figure 6. Percentage Length Change vs. Microstrain for Supplemental Cementitious Material Mixtures 

For the supplemental cementitious material concrete mixtures there is a strong correlation 
between the percentage length change and microstrain. Using a value of -200 J.l8 in the linear 
equation from Figure 6, you would obtain a value of -0.0516 for the percentage length change. 
Thus, if the percentage length change is greater than 0.0516, there is an increased probability of 
cracking for these mixtures. 

Based on the results obtained from the correlation between percentage length change and 
microstrain, a performance specification can be developed. It has been shown that if the 
microstrain in the restrained shrinkage specimens is greater than 200J.l8, there is an increased 
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probability of cracking. The associated percentage length change was calculated from linear 
equations for each mixture group. It appears that the percent length change for the portland 
cement concrete mixtures is between 0.0342 and 0.0485 for a restrained shrinkage of 200j..t£. 
Therefore, if the percent length change for the portland cement concrete mixtures is limited to 
0.0300 at 28 days and 0.0400 at 90 days, there is a reduced probability of cracking due to drying 
shrinkage. For the supplemental cementitious material mixtures, at restrained shrinkage of 
200j..t£, the associated percent length change is 0.0516. Therefore, if the percentage length 
change is limited to 0.0400 at 28 days and 0.500 at 90 days for these mixtures, there is a reduced 
probability of cracking due to drying shrinkage. 

Table 13 presents a comparison ofthe proposed performance specification and other 
proposed performance specifications. The other performance specifications were proposed for 
the Fairfax County Water Authority, the Port Authority ofNew York and New Jersey (2000). 

Table 13. Comparison of Performance Specifications 

Source 
Fairfax County Water 
Authority (Laboratory) 
Fairfax County Water 
Authority (Field) 
Port Authority of New 
York and New Jersey 
Current Study (VDOT) 
PCC 
Current Study (VDOT) 
SCM 

Percentage Length Change Limits 
At 21 Days At 28 Days 

0.0360-0.0480 

0.0480-0.0640 

0.0400 

0.0300 

0.0400 

At90Days 

0.0400 

0.0500 

As shown, the majority of the performance specifications limits the percentage length 
change to 0.0400 at 28 days. The Fairfax County Water Authority has limits at 21 days. The 
limits are for both lab and field mixtures. For the lab mixtures, the percentage length change 
limit is 0.0360 for concrete to be used in liquid-containing structures and 0.0480 for concrete to 
be used in other structures. For the field mixtures, the percentage length change limits are 
0.0480 and 0.0640 for liquid-containing and other concrete structures, respectively. All of the 
shrinkage tests were performed in accordance with ASTM C157. 

Prediction Model Analysis 

Five shrinkage prediction models were analyzed in this study: 
1. ACI- 209 Code Model (ACI 209) 
2. Bazant Model B3 (Bazant) 
3. Comite Euro-Intemational Du Beton Model Code 1990 (CEB90) 
4. Gardner - Lockman Model (Gardner/Lockman) 
5. Sakata Model (Sakata) 
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The residuals were calculated for each individual model for each mixture. These residual 
values are an indication of the models ability to either overestimate or underestimate shrinkage. 
However, the residuals do not necessarily determine which model is the best predictor. To 
determine which model is the best predictor, two analyses were performed: an error percentage 
analysis and a summation of the residuals squared. The error percentage was calculated as 
follows for the residual values at 7, 28, 56, 90, 120, 150, and 180 days: 

Error Percentage = _..........,R""e""'si..::::d""'ua"""'l'--*----"-1 0:;:..;0"----_(Eq. 4) 
Experimental Value 

The error percentage values as a function of time are presented elsewhere (Mokarem, 
2002). An average error percentage for the seven time periods was calculated; a smaller error 
percentage over the 180-day time period indicates a better fit model. 

For the summation of the residuals, squared the model with the smallest value indicates 
the best predictor. 

Error Percentage Analysis 

Portland Cement Concrete Mixtures 

Table 14 presents the rank order of the average error percentage for each model for the 
limestone, gravel, and diabase portland cement concrete mixtures. 

Table 14. Average Error Pe1·centage fm· Limestone, Gravel, and Diabase Mixtm·es 

Prediction Model Limestone Gravel Diabase 
CEB90 22 17 10 
Bazant 25 17 11 
Gardner /Lockman 26 19 12 
ACI 209 42 40 25 
Sakata 80 72 57 

As shown, the rank order was the same for the three aggregate types with little difference 
among the CEB 90, Bazant, and Gardner/Lockman models. The average error percentage results 
indicated that the ACI 209 and Sakata models were not as accurate. 

The rank order from best to worst fit among aggregate types was diabase, gravel, and 
limestone. However, all of the models overestimated the shrinkage during the 180-day test 
period. Note that the diabase mixtures, which had displayed the greatest amount of shrinkage, 
had the lowest error percentage for the CEB 90, Bazant, and Gardner/Lockman models: 10, 11, 
and 12 percent, respectively. 

Supplemental Cementitious lvf aterial Mixtures 

Table 15 presents the models' average error percentages for the supplemental 
cementitious material mixtures. 
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Table 15. Average Error Percentage for Supplemental Cementitious Material Mixtures 

Prediction Model A4-D/FA A4-DilVlS A4-D/S AS-DIS 
Gardner/Lockm an 20 14 13 67 
CEB90 30 25 24 78 
Bazant 30 24 22 78 
ACI 209 110 
Sakata 145 

For the fly ash and slag cement mixtures, the Bazant, CEB 90, and Gardner/Lockman 
models were used in the shrinkage prediction analyses because these cementing materials are 
closer in hydration characteristics to a Type II cement rather than a Type I. 

The Bazant, CEB 90, and Gardner/Lockman models include an adjustment factor for 
cement types, whereas the ACI 209 and Sakata models do not consider the influence of various 
cementing materials. 

As shown in Table 15, the rank order of the best to worst prediction model for the A4 fly 
ash and the A4 and A5 slag cement mixtures was the Gardner/Lockman model, with the CEB 90 
and Bazant models being equivalents. The ACI 209 and Sakata models were not as accurate for 
the A4 microsilica mixture. 

Overall, for the error percentage analysis of the data, the models tended to overestimate 
the shrinkage of the portland cement concrete mixtures and underestimate the shrinkage of the 
supplemental cementitious material mixtures. One likely reason, which will be discussed further 
in the sensitivity analysis of these models at the end of this section, is that these models predict 
shrinkage largely based on the average 28-day compressive strength of the mixture. This 
parameter does not directly account for the pore volume and pore size distribution of the mixture, 
which greatly affects drying shrinkage. For the portland cement concrete mixtures, the CEB 90 
model was the best predictor followed closely by the Bazant and Gardner/Lockman models. The 
Sakata model was the worst predictor for these mixtures. For the supplemental cementitious 
material mixtures, the Gardner/Lockman model was the best predictor. It was consistently better 
than the Bazant and CEB 90 models for the mixtures that were considered to be type II cement. 

Residual Sum of Squares Analysis 

Portland Cement Concrete Mixtures 

Figure 7 presents the residual sum of squares analysis for the limestone, gravel, and 
diabase portland cement concrete mixtures. A lower total summation indicates that the model is 
a better predictor. 
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Figure 7. Residual Sum of Squares for Limestone, Gravel, and Diabase Mixtures 

For the limestone portland cement concrete mixtures, the values demonstrated that the 
CEB 90 model was the best predictor of shrinkage. It was followed closely by the 
Gardner/Lockman and Bazant models. 

For the gravel portland cement concrete mixtures, the CEB 90 model was the again the 
best predictor based on the residual sum of squares values. The Gardner/Lockman and Bazant 
models followed closely. The ACI 209 and Sakata models performed significantly worse for 
these mixtures. 

For the diabase portland cement concrete mixtures, the values demonstrated that the CEB 
90 model was the best predictor of shrinkage. The Gardner/Lockman and Bazant models were 
similar in predicting shrinkage and closely resembled the CEB 90 model. 

Supplemental Cementitious Material Mixtures 

Figures 8 and 9 present the residual sum of squares values for the supplemental 
cementitious material mixtures. Figure 8 presents the values for the fly ash and slag cement 
mixtures. Figure 9 presents the values for the microsilica mixture. 
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Figure 9. Residual Sum of Squares for Microsilica Mixture 

For the fly ash and slag cement mixtures, only the Bazant, CEB 90, and 
Gardner/Lockman models were analyzed because of limitations on cement type for the ACI 209 
and Sakata models. 

For the fly ash mixtures, the Gardner/Lockman model was the best predictor followed by 
th~ Bazant and CEB 90 modds. Th~ valu~s for th~ A4 slag <..:~m~nt mixtur~ d~monstrat~d that 
the Gardner/Lockman model was the best predictor, followed by the Bazant and CEB90 models. 
The same was true for the AS slag cement mixtures. 

For the microsilica mixture, the values demonstrated that the ACI 209 model was the best 
predictor. The Bazant and CEB 90 models followed closely. The Gardner/Lockman model was 
the fourth best predictor. These mixtures were considered to be Type I cement mixtures. The 
ACI 209 and Sakata models overestimated the shrinkage, and the Bazant, CEB 90, and 
Gardner/Lockman models underestimated the shrinkage. The same analysis was performed 
assuming that the mixtures were a Type II cement. In this case, the Gardner/Lockman model 
was the best predictor. The reason for the skewed results using a Type I cement analysis is that 
the actual measured shrinkage values were high and the models are strongly based on 
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compressive strength. The models assume that a higher 28-day compressive strength will be 
associated with less shrinkage; however, that may not be true. 

Summary of Error Percentage and Summation of the Residuals Squared Analysis 

The error percentage and summation of the residuals squared analyses demonstrated the 
same results in terms of the model performance from best to worst. For the portland cement 
concrete mixtures, the models overestimated shrinkage, whereas supplemental cementitious 
material mixtures, the models underestimated shrinkage. The CEB 90 model was the best 
predictor for the portland cement concrete mixtures, and the Gardner/Lockman model was the 
best predictor for the supplemental cementitious material mixtures. It should be noted that the 
portland cement concrete mixtures were analyzed using a Type I cement and the supplemental 
cementitious material mixtures were analyzed using a Type II cement. The Bazant, CEB 90, and 
Gardner/Lockman models were used for the Type II cement analysis, with each having a 
correction factor for Type II cement. These correction factors varied among the models. 

As mentioned previously, the models predict shrinkage largely based on the 28-day 
compressive strength of a mixture. A lower compressive strength results in a higher predicted 
shrinkage for these models. The compressive strength parameter is used in an effort to account 
for the effects of water and cement; a lower w/c ratio should indicate a lower water content, thus 
less shrinkage. Although compressive strength influences the amount of shrinkage, there are 
other factors that need to be considered. These factors include the pore volume and pore size 
distribution. The majority of drying shrinkage is associated with the loss of water from the 
smaller capillary voids in the concrete. A concrete mixture using supplemental cementitious 
materials such as fly ash, microsilica, and slag cement has a more refined pore structure than 
ordinary portland cement concrete mixtures. There are more smaller capillary voids in these 
mixtures, and the removal of water from these voids may result in more shrinkage. 

From the results obtained in this study, it appears that the type of aggregate may also 
influence shrinkage. In this study, the mixtures using diabase as the aggregate consistently had 
more shrinkage than mixtures using limestone or gravel as the aggregate. The fine aggregate 
used with the diabase aggregate had higher absorption values than those used with the limestone 
and gravel aggregate. The absorption values for the fine aggregate were 0.48, 0.75, and 1.04 for 
the limestone, gravel, and diabase, respectively. This may have contributed to the higher 
shrinkage values in the sense that the fine aggregate used with the diabase aggregate, which 
absorbs more water than the the fine aggregate used with the limestone and gravel aggregate, 
would shrink more during drying. 

Prediction Model Sensitivity Analysis 

Based on the results of this study, a sensitivity analysis was performed on the three best 
predictors: the Bazant, CEB 90, and Gardner/Lockman models. This analysis took into 
consideration the parameters for each of these models and how the predicted values would 
change over time based on changing one factor while leaving the other factors constant. The 
predicted shrinkage was calculated at 28, 56, 90, and 180 days for each model. The factors that 
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were common to all three models were 28-day compressive strength and relative humidity. The 
Bazant model includes a water content parameter. 

Bazant B3 Model Sensitivity Analysis 

The three factors that were analyzed for the Bazant model were 28-day compressive 
strength, water content, and relative humidity. Figure 10 presents the sensitivity ofthe predicted 
shrinkage as a function of compressive strength, keeping the water content ( 10 pcf) and relative 
humidity (50%) constant. 
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Figure 10. Bazant Sensitivity as a Function of Compressive Strength (\Vater Content, Relative Humidity 
Constant) 

Figure 10 shows that the 28-day compressive strength has an increasing effect on 
predicted shrinkage with increasing time. However, the predicted shrinkage values do not 
appear to be significantly different, even at 180 days. Therefore, it does not appear that 28-day 
compressive strength has a significant effect on the predicted shrinkage values. 

Figure 11 presents the sensitivity of the predicted shrinkage as a function of water content 
while keeping the compressive strength constant at 5000 psi and the relative humidity at 50%. 
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Figure 11. Bazant Sensitivity as a Function of Water Content (Compressive Strength=SOOO psi, Relative 
Humidity=50%) 

Figure 11 shows that changing water content has a greater effect on the predicted 
shrinkage than changing the 28-day compressive strength presented in Figure 10. This further 
reinforces the fact that the 28-day compressive strength has little effect on the predicted 
shrinkage value. Figure 11 also shows that changing the water content has an increasing effect 
on the predicted shrinkage value as time increases. 

Figure 12 presents the sensitivity ofthe predicted shrinkage as a function of relative 
humidity while keeping the compressive strength constant at 5000 psi and the water content at 10 
pcf. 
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Figure 12. Bazant Sensitivity as a Function of Relative Humidity (Compressive Strength=SOOO psi, Water 
Content=lO pet) 

Figure 12 shows that changing relative humidity also has a greater effect on the predicted 
shrinkage than changing the 28-day compressive strength presented in Figure 10. Figure 12 also 
shows that changing the relative humidity has an increasing effect on the predicted shrinkage 
value as time increases. It should also be noted that the difference in changing the relative 
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humidity is less as the relative humidity decreases. The reason for this is that below 50% relative 
humidity, there is less moisture in the system that can be removed by drying. 

Of the three factors that were analyzed for sensitivity for the Bazant model, changing 
water content had the greatest effect on predicted shrinkage values. The changing of the relative 
humidity also had an effect on the predicted shrinkage values; however, it was not as significant 
as changing the water content. Changing the 28-day compressive strength had virtually no effect 
on the predicted shrinkage values. 

CEB90 Model Sensitivity Analysis 

Two factors were analyzed for sensitivity analysis of the CEB 90 model parameters: the 
28-day compressive strength and relative humidity. Figure 13 presents the sensitivity ofthe 
predicted shrinkage as a function of compressive strength, keeping the relative humidity constant 
at 50%. 
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Figure 13. CEB90 Sensitivity as a Function of Compressive Strength (Relative Humidity Constant at 50%) 

Figure 13 shows that changing the 28-day compressive strength has an effect on the 
predicted shrinkage values for the CEB 90 model. The change appears to be the same for each 
increment of 1000 psi increase in compressive strength. 

Figure 14 presents the sensitivity of the predicted shrinkage values for the CEB 90 model 
when changing the relative humidity while keeping the 28-day compressive strength constant at 
5000 psi. 
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Figure 14. CEB 90 Sensitivity as a Function of Relative Humidity (Compressive Strength Constant at 5000 
psi) 

Figure 14 shows that changing the relative humidity for the CEB 90 model does have an 
effect on the predicted shrinkage value over time. Again, it is shown that as the relative 
humidity decreases, the effect on the predicted shrinkage value is less. 

Gardner/Lockman Model Sensitivity Analysis 

The two factors analyzed for sensitivity analysis of the Gardner/Lockman model were the 
28-day compressive strength and relative humidity. Figure 15 presents the sensitivity of the 
predicted shrinkage as a function of compressive strength, keeping the relative humidity constant 
at 50%. 
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Figure 15. Gardner/Lockman Sensitivity as a Function of Compressive Strength (Relative Humidity 
Constant at 50%) 

Figure 15 shows that changing the 28-compressive strength for the Gardner/Lockman 
model does have an effect on the predicted shrinkage values. The model is more sensitive at 
lower compressive strengths; there is a greater change between 4000 psi and 5000 psi than there 
is between 8000 psi and 9000 psi. The model is also more sensitive at later ages. 
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Figure 16 presents the sensitivity of the predicted shrinkage values of the 
Gardner/Lockman model when changing the relative humidity while keeping the 28-day 
compressive strength constant at 5000 psi . 
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Figure 16. Gardner/Lockman Sensitivity as a Function of Relative Humidity (Compressive Strength 
Constant at 5000 psi) 

Figure 16 shows that the predicted shrinkage values for the Gardner/Lockman model are 
sensitive to changes in humidity over time. The changes are more sensitive at higher relative 
humidities and lower compressive strengths. As with the CEB 90 model, the Gardner/Lockman 
model is more sensitive when changing the relative humidity is coupled with lower compressive 
strengths. 

Summary of Prediction Model Sensitivity Analysis 

The model sensitivity analyses demonstrate which parameters have the greatest effect on 
the predicted shrinkage values. The Bazant model was most sensitive to changes in the water 
content. This is in agreement with the concept of higher water losses from the smaller pores 
producing a greater amount of shrinkage. However, Bazant uses the 28-day compressive 
strength as a parameter, yet this parameter has little or no effect on the predicted shrinkage value. 
For concrete mixtures, there is a real question on the independence of water content and w/c 
ratio. Prediction improvement may be accomplished by dropping the strength parameter and 
incorporating a more sensitive pore characteristic parameter for various groups of cementing 
materials . 

The CEB 90 and Gardner/Lockman models are sensitive to changes in compressive 
strength. From these models, a lower compressive strength will produce a greater amount of 
shrinkage. Lower compressive strength is an indication of a higher w/c ratio, which means that 
the mixture has a large water content. Here again, the models may be improved by replacing 
compressive strength with a parameter that better reflects the influence of pore characteristics 
(volume and size distribution). A possible parameter would be a permeability-age function. 
Although the loss of water from the concrete pore system is a diffusion process, diffusion and 
permeability are related for saturated systems. 
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From the data obtained in this study, the compressive strength and water content do 
influence the amount of shrinkage; however, there seems to be other factors that have an 
influence on the shrinkage. The supplemental cementitious material mixtures had higher 
compressive strengths than the portland cement concrete mixtures. They also had a greater 
amount of shrinkage. According to the prediction models, they should have less shrinkage. One 
of the reasons for the greater shrinkage in these mixtures is probably the denser matrix of the 
system. As mentioned previously, the supplemental cementitious material mixtures have more 
small capillary voids than do the ordinary portland cement concrete mixtures. The removal of 
water from these smaller capillary voids contributes more to the amount of shrinkage in the 
system than the removal of water from the larger voids. 

Another factor that appears to influence shrinkage in this study is the type of aggregate 
used in the mixture. The diabase aggregate, with higher absorption values, consistently showed 
a greater amount of shrinkage than the mixtures using limestone and gravel aggregate. This 
could be due to the diabase aggregate contributing more to the water loss from the system than 
do the limestone and gravel aggregate. 

It appears that the models try to take into account the void structure through the use of 
compressive strength and water content. However, the amount of shrinkage is influenced the 
most by the removal of water from the smaller capillary voids, and compressive strength is more 
an indication of the volume of the voids and not the pore size distribution. As for the influence 
ofthe aggregate on shrinkage, the models do not address the physical properties of the aggregate, 
such as absorption, that may have an influence on the amount of shrinkage. 

CONCLUSIONS 

1. The portland cement concrete mixtures containing diabase as the aggregate consistently 
exhibited greater drying shrinkage than the mixtures containing limestone and gravel as 
the aggregate. 

2. The type of aggregate used in a mixture had an influence on the drying shrinkage of the 
mixture. 

3. The mixtures containing fly ash exhibited greater drying shrinkage than those containing 
microsilica and slag cement. 

4. There is a correlation between the percentage length change for unrestrained shrinkage 
specimens and microstrain for restrained shrinkage specimens. Thus, the unrestrained 
shrinkage test may be used as a performance-based specification for restrained concrete 
systems. 

5. Based on the results of this study, the percentage length change for the portland cement 
concrete specimens should be limited to 0.0300 at 28 days and 0.0400 at 90 days to 
reduce the probablility of cracking due to drying shrinkage. 
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6. Based on the results of this study, the percentage length change for the supplemental 
cementitious material mixtures should be limited to 0.0400 at 28 days and 0.0500 at 90 
days to reduce the probability of cracking due to drying shrinkage. 

7. The CEB 90 model is the best predictor of drying shrinkage for the portland cement 
concrete mixtures followed, closely by the Bazant, Gardner/Lockman, and then the ACI 
209 and Sakata models. 

8. The Gardner/Lockman model is the best predictor of drying shrinkage for the fly ash and 
slag cement mixtures followed by the Bazant, and CEB 90 models. 

RECOMMENDATIONS 

1. The unrestrained shrinkage test method, ASTM C 157, may be used as a performance­
based specification for restrained concrete systems for concrete mixtures purchased by 
the Virginia Department of Transportation. 

2. The percentage length change should be limited to 0.0300 at 28 days and 0.0400 at 90 
days for portland cement concrete mixtures and 0.0400 at 28 days and 0.0500 at 90 days 
for supplemental cementitious material mixtures purchased by the Virginia Department 
of Transportation. This will aid in reducing the probability of cracking due to drying 
shrinkage. 

3. Measurements should be continued on the existing unrestrained shrinkage specimens 
fabricated in this study to obtain percentage length changes at later ages. 

4. Further research is needed in the area of aggregate influence on drying shrinkage. 

5. Further research is needed on the influence ofthe pore size distribution of the cement 
paste on drying shrinkage. 

6. There is a need to develop a prediction model that takes into account the aggregate 
influence and cement paste pore size distribution on drying shrinkage. 
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