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Prediction of Concrete Properties Using 
Coarse Aggregate Chemical 
Composition Data 

TERRY DossEY, HUMBERTO CAsTEDo, AND B. FRANK McCULLOUGH 

Regression models that predict the compressive strength, tensile 
strength, modulus of elasticity, and drying shrinkage of concrete 
made with several coarse aggregates are presented in this paper. 
The findings are part of a comprehensive research study being 
conducted in Texas for determining the effect of aggregates on 
the performance of concrete pavements. Using statistical analysis 
of laboratory test data from concrete samples made with eight 
commonly used aggregates of known chemical composition, 
regression models were developed to predict the concrete prop
erties just mentioned. The predicted values were then compared 
with the laboratory test results, and the models were used to 
predict the concrete properties of 11 additional untested coarse 
aggregates also used for pavement construction in Texas. The 
predicted concrete properties were within the pavement concrete 
range reported for these types of concrete mixtures. These pre
diction models can estimate preliminary information for coarse 
aggregates or coarse aggregate blends from chemical composition 
data before casting and testing of concrete samples. This will allow 
for initial screening of proposed new sources of coarse aggregate 
or tentative blends of new or existing aggregate sources of known 
chemical composition. 

In portland cement concrete (PCC) pavement construction, 
the importance of using the right type and quality of aggregate 
cannot be overemphasized because the fine and coarse aggre
gates occupy roughly 60 to 75 percent of the concrete volume 
(70 to 80 percent by weight) (1). For given environmental 
conditions, changes in concrete volume stresses depend on 
modulus of elasticity, thermal properties, and drying shrink
age of the concrete. These concrete properties, as well as 
wheel load stresses, depend on the tensile strength and mod
ulus of the concrete, which in turn depend largely on the type 
of coarse aggregate used (2) . In PCC pavement design , most 
states do not consider coarse aggregate type as a design var
iable . However, field observation has shown significant var
iation in the performance of pavements built with different 
coarse aggregates (3). 

The findings reported in this paper are part of results from 
a comprehensive research study being conducted by the Cen
ter for Transportation Research (CTR) of The University of 
Texas at Austin for the Texas State Department of Highways 
and Public Transportation (SDHPT) to determine the effects 
of aggregate types on the performance of concrete pavements. 

The Texas SDHPT has recently taken steps to recognize 
the influence of coarse aggregate type on the performance of 
concrete pavements. SDHPT has developed PCC pavement 
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designs that incorporate these effects to provide equal perfor
mance of pavements made with any type of coarse aggregate 
( 4). The large number of aggregate sources in the state that 
are approved for concrete pavement construction make this 
consideration important. Sand and siliceous river gravel; lime
stone; to some extent, granite, basalt, and sandstones; and 
blends of these aggregates can be used for the construction 
of concrete pavements in Texas. 

OBJECTIVE, APPROACH, AND SCOPE 

The objective of this paper is to present the Texas SDHPT 
approach for fast and simple assessment of pavement concrete 
properties that can be used with appropriate pavement design 
procedures. The advantage of this technique is that by using 
a surrogate test such as the chemical analysis of the coarse 
aggregate (chemical and mineral composition of the aggregate 
can be obtained, in most cases , directly from the supplier), 
one can quickly estimate preliminary concrete properties ver
sus age before expensive laboratory testing . This permits the 
initial evaluation of proposed new sources of coarse aggregate 
or blends and can also be used to predict the current perfor
mance of aggregates such as limestone, which is quarried from 
bedded strata and thus may vary significantly in chemical 
composition, even when quarried from the same source. 

The approach taken in this study was to develop regression 
models for predicting 28-day (256 days for shrinkage) concrete 
properties from the chemical makeup of the coarse aggregate 
used to produce the concrete. These models were developed 
with laboratory test data from concrete made with eight care
fully chosen coarse aggregates representing the wide range of 
aggregates used in Texas pavements. 

The interdependence, or correlation, that exists among the 
various chemical components of the coarse aggregates was 
determined using chemical composition data from 20 different 
aggregate types. Once the 28- (or 256-) day models were 
developed, two models (Models 1 and 2) were proposed to 
predict the concrete properties at any age using the 28- or 
256-day value and the curing age as the sole input. 

These prediction equations are limited to modeling prop
erties of concrete mixes made with Type I cement cured at 
75°F and 40 percent relative humidity . These curing conditions 
were chosen to simulate field curing in pavements. The pre
dictions may not be applicable to concrete mixtures made 
with other types of cement and cured under other conditions . 
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All of the aggregates tested conform to SDHPT Specifi
cation 360. This ensured adequate grading and reduced any 
effect of aggregate shape. No deleterious aggregates were 
used, and the models are not intended to predict for them. 

TEST RESULTS 

Laboratory test results of concrete specimens made with eight 
different coarse aggregates were obtained using standard ASTM 
procedures as follows: 

Curing 
Conditions 

Curing 
ASTM Humidity Time 

Laboratory Property Standard op (%) (days) 

Compressive strength c 39 75 40 1, 3, 7, 28 
Tensile strength c 496 75 40 1, 3, 7, 28 
Modulus of elasticity 469 75 40 1, 3, 7, 28 
Drying shrinkage None 75 40 1 through 256 

Chemical composition data were obtained for coarse aggre
gates from 20 different sources using X-ray diffraction, fusion, 
and coulometric techniques (5). The major chemical com
ponents of eight commonly used aggregates are reported in 
Table 1. These aggregates were also used to obtain the pave
ment concrete properties just listed. The X-ray diffraction 
results of all aggregates used as part of this study for which 
chemical composition data were available are presented in 
Table 2. 

DATA ANALYSIS METHODOLOGY 

It is generally accepted that the curing rate of concrete depends 
primarily on the type of cement used and the temperature 
and humidity conditions experienced during curing (6). The 
use of different types of coarse aggregate, therefore, has the 
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greatest effect on the final strength of the concrete. Because 
all the concrete specimens cast for this study were mixed and 
cured identically, any differences (excluding normal material 
variances, laboratory test repeatability, etc.) in the final prop
erties can be attributed to aggregate influence, with curing 
rates being similar for all specimens (7). 

Estimating concrete properties from coarse aggregate 
chemical composition data was therefore a two-step process. 
The first phase of the analysis consisted of developing models 
for predicting 28-day concrete properties from chemical com
position. Because drying shrinkage develops more slowly, and 
because long-term shrinkage data were available for 256-day 
cured specimens, these long-term values were used in the 
analysis instead of the 28-day values. 

CONCRETE PROPERTIES AT 28 DAYS 

Because concrete properties were tested for only the eight 
aggregates listed in Table 1, there are insufficient degrees of 
freedom to use all 10 chemical components or their interac
tions in a standard analysis of variance (ANOV A). A cor
relation analysis was run instead, as a preliminary step, using 
the Pearson product-moment correlation (8) to determine which 
chemicals were interdependent or correlated with one another. 
All 20 aggregates were used to determine these chemical asso
ciations. The results indicated that the chemicals belong to 
the following groups, probably as they exist naturally as ores: 

Group 1 Group 2 Group 3 Group 4 Group 5 

Si02 Cao MgO Fe20 3 Al20 3 

C02 MnO Ti02 

Na20 
K20 

Further examination of the chemical data revealed a strong 
negative correlation between Groups 1 and 2, indicating that 
whenever Si02 is present in high concentrations, CaO and C02 

TABLE 1 COARSE AGGREGATE CHEMICAL ANALYSIS DATA 

Source Aggregate Type Si02 CaO MgO C02 MnO Fe203 Al203 Na20 K10 TiQi Other 

McCelligan Dolomite (DL) 6.53 34.9 13.0 42.9 .02 0.21 0.38 0.09 0.26 0.02 l.69 
Western-T SIL (WI') 68.5 11.4 0.35 8.98 .05 2.64 3.9'/ 0.85 l.l 0.17 l.99 
Bridpt+ TinTop L+S/L (BTI*) 17.53 42.55 0.71 35.65 0.04 0.57 0.56 0.15 0.30 0.04 l.91 
Feld (TCS) Limestone (LS) 2.56 45.7 5.97 43.3 .01 0.06 0.21 0.14 0.21 o.oz l.82 
Fordyce SRO (SRO) 93.8 2.23 0.11 l.77 .01 0.76 0.63 0.18 0.32 0.1 0.09 
Vega SRO (VG) 66.9 11.6 0.39 9.07 .07 2.33 4.22 0.95 l.16 0.19 3.12 
Ferris ·L/S (FR) 14.2 42.l 0.43 34.4 .10 3.70 0.87 0.17 0.26 0.06 3.71 
Scotland Granite (GR) 71.3 1.5 0.63 0.59 .03 l.52 14.3 4.4 3.83 0.29 l.61 

TXI-Boonesville (BO) 5.26 49.8 0.34 40.0 0.03 0.40 0.41 0.06 0.14 o.oz 3.54 
McCclligan Canyon #2 (DL2) 7.31 35.2 12.4 42.8 0.02 0.21 0.42 0.11 0.29 0.03 l.21 
Ferris #2 (FR2) 12.5 42.8 0.44 35.4 0.10 3.56 0.76 0.17 0.28 0.06 3.93 
TCP-Cleburne #51 (CL) 18.8 41.3 0.49 34.7 0.05 0.72 0.62 0.19 0.31 0.04 2.78 
Ingram Whitehead (lW) 23.9 38.7 0.44 31.2 0.05 0.77 0.69 0.21 0.32 0.05 3.67 
TXI-Tin Top #2 (Tf2) 33.6 34.l 0.35 27.9 0.06 0.91 0.74 0.16 0.32 0.05 l.81 
Pioneer-Landess Pit (PI) 14.7 . 42.8 0.42 34.7 0.09 3.31 0.65 0.15 0.25 0.05 2.88 
Jobe-Hueco (JH) 17.5 41.7 l.62 35.l o.oz 0.45 l.01 0.16 0.35 0.06 2.03 
Rainbow-Baker Pit (RB) 32.8 34.6 0.41 27.9 0.06 0.98 0.69 0.21 0.36 0.05 l.94 
A-Rock Brazos River Pit (BR) 55.6 20.2 0.43 16.4 0.03 0.89 2.31 0.64 0.93 0.11 2.46 
Vulcan-Mexico (VM) 0.27 53.l 0.55 43.8 0.01 0.03 0.23 0.18 0.28 0.04 l.51 

* These aggregates combined in a 50/50 blend when tested in the laboratory for concrete properties. 
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TABLE 2 MINERALOGICAL RESULTS (X-RAY DIFFRACTION) 

Minerals Found 

Source Aggregate Type Most Abundant Second Third 

McCelligan Canyon # 1 DL 

Western-Tascosa WT 

Tin-Top# 1 BTT 

Bridgeport BTT 

Feld (TCS) LS 

Fordyce SRG 

Vega VG 

Ferris# 1 FR 

Scolland Granite GR 

TXI-Boonesville BO 

McCelligan Canyon # 2 DL2 

Ferris# 2 FR2 

TCP-Cleburne# 51 CL 

Ingram Whitehead IW 

TXI-Tin Top# 2 TT2 

Pioneer-Landerss Pit PI 

Jobe-Hueco JH 

Rainbour-Baker Pit RB 

A-Rock Brazos River Pit BR 

Vulcan-Mexico VM 

are not present in an aggregate. It would therefore be unnec
essary to include both groups in the statistical analysis. On 
the basis of these observations, only Groups 2 through 5 were 
selected as regressors, using the compound present in highest 
concentration to represent each group. Thus CaO, MgO, Fe20 3 , 

and Al20 3 were selected as primary regressors. CaO was 
chosen over C02 because a portion of the C02 was released 
from CaMg(C03) 2 (dolomite) during the high-temperature 
analysis. This was confirmed by the partial positive correlation 
between C02 and MgO observed in the analysis . 

REGRESSION MODELS FOR 28-DA Y 
CONCRETE PROPERTIES 

Using the four primary regressors selected and their two-way 
interactions, a stepwise regression (8) was used to determine 

Dolomite Calcite Quartz 

Quartz Calcite 

Calcite Quartz 

Calcite Dolomite Quartz 

Calcite Dolomite Quartz 

Quartz Calcite 

Quartz Calcite 

Calcite Quartz 

Quartz Al bite 

Calcite Quartz 

Dolomite Calcite Quartz 

Calcite Quartz 

Calcite Quartz 

Calcite Quartz 

Calcite Quartz 

Calcite Quartz 

Calcite Quartz 

Calcite Quartz 

Calcite Quartz 

Calcite Quartz 

the best models for 28-day tensile strength, compressive 
strength, modulus of elasticity, and 256-day drying shrinkage. 
Drying shrinkage was predicted at 256 days because labora
tory measurements were available for all eight tested aggre
gates at that time. Models were restricted to three or fewer 
predictors to avoid the artificially high R2 (and consequent 
low predictive ability) associated with models with few degrees 
of freedom (9). Calculating regression coefficients resulted in 
the following models: 

fc(28) = -403.2·ln(Ca0) 

f,(28) 

+ 6.806 (CaO/Al20 3) + 5,120.5 

-59.238·ln(Ca0) + 46.884·ln(Mg0) 

+ 1.7159 (CaO/MgO) + 572.2 

(1) 

(2) 
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£(28) -0.4135·ln (A120 3) + 0.264·ln(Mg0) 

- 0.00948 (Ca0/Al20 3) + 4.664 

Z(256) = 1.8723 (CaO·Al20 3 ) + 0.1223 (CaO/Fe20 3) 

- 0.1383 (CaO·MgO) + 350.6 

where 

!c(28) = 28-day concrete compressive strength (psi), 
f,(28) = 28-day concrete tensile strength (psi), 

(3) 

(4) 

£(28) = 28-day concrete modulus of elasticity (106 psi), 
and 

Z(256) = 256-day concrete drying shrinkage (in.fin. lQ- 6
). 

Scattergrams showing the predicted 28- (or 256-) day pave
ment concrete properties obtained using Equations 1-4 ver
sus laboratory results are given in Figures 1-4. As shown in 
these graphs, the average laboratory test values can be accu
rately predicted using the equations. 

TIME-DEPENDENT MODELS OF 
CONCRETE PROPERTIES 

After the 28-day models had been developed, the second 
phase was to determine a method to estimate the pavement 
concrete properties for any given curing time, t. Tf r.oncrete 
curing time is assumed to be independent of coarse aggregate 
type, all that is needed is to calculate a normalized curing 
curve for each of the material properties, adjusting it for each 
aggregate using the 28-day (256-day, for Z) values predicted 
by Equations 1-4. Although four curing models were devel
oped, only the best two are presented. 

Model 1 

The American Concrete Institute (ACI) Committee 209 pro
posed the following model expressing compressive strength 
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at time t as a percentage of the 28-day compressive strength 
for Type I cement moisture cured at 70°F (10): 

(5) 

In the general form, this equation becomes 

F(t) = F(28)· (A : Bt) (6) 

where Fis the concrete property function (C C E, or Z) at 
time t, and A and B are coefficients of curvature, which can 
be determined by regression. The following time-dependent 
curves were obtained, averaged for all aggregates: 

fc(t) = fc(28)· C.1743 +{ 0.90597t) 

f,(t) = f,(28)·((1.43139 ~ 0.94156t) 

E(r) = E(2s){0.43056 ; 0.994511) 

Z(I) = Z(256)·(23.851 +
1 

0.910561) 

Model2 

(7) 

(8) 

(9) 

(10) 

The second successful model form is adapted from one of the 
prediction equations proposed by CTR research studies (11): 

F(t) = F(28)(A)·(2 - e- 81 - e- 0 ) (11) 

Again, combining concrete property data from all eight 
aggregates and finding a least-squares fit for A, B, and C, the 
following property curves were developed: 

!c(t) = fc(28)·(0.50136)·(2 - e-0576771_e-o176581) 

f
1
(t) = f,(28)·(0.50189)·(2 _ e-0.199011 _ e-1 .05911) 

(12) 

(13) 

E(t) = £(28)·(0.89032)·(2 _ co 0041991 _ e-1 s2s21) (14) 

Z(t) = Z(256)·(0.52452)·(2 _ e-o 0674641 -e-0.009841) (15) 

Typical curves predicted by Models 1 and 2 are plotted with 
laboratory data in Figure 5 for compressive strength of con
crete (Equations 7 and 12) made with siliceous river gravel 
as the coarse aggregate, in Figure 6 for tensile strength of 
concrete (Equations 8 and 13) made with limestone as the 
coarse aggregate, in Figure 7 for modulus of elasticity of con
crete (Equations 9 and 14) made with granite as the coarse 
aggregate, and in Figure 8 for drying shrinkage of concrete 
(Equations 10 and 15) made with siliceous river gravel as the 
coarse aggregate. 

Typical predicted values for coarse aggregates that had 
undergone chemical analysis but not concrete testing are pres
ented in Figure 9 for compressive strength of concrete (Equa
tions 7 and 12) made with limestone/siliceous coarse aggregate 
(see also Table 2), in Figure 10 for tensile strength of concrete 
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(Equations 8 and 13) made with dolomite coarse aggregate, 
in Figure 11 for modulus of elasticity of concrete (Equations 
9 and 14) made with siliceous river gravel coarse aggregate, 
and in Figure 12 for drying shrinkage of concrete (Equations 
10 and 15) made with Mexican limestone coarse aggregate. 

CONCLUSIONS 

Pavement concrete strength, modulus of elasticity, and drying 
shrinkage for curing times can be predicted accurately up to 
28 days (256 days for shrinkage) using either Model 1 or 2, 
as demonstrated in Figures 5 through 8. The results from 
Models 1 and 2 are similar, each providing a reasonable fit, 
well within the normal material and testing variability dem
onstrated by the three replicate laboratory data points. In 
addition, Figures 9 to 12 show reasonable curves for PCC 
made with coarse aggregates not yet tested in the laboratory 
for concrete properties. Pavement concrete properties were 
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predicted approximately as reported by the suppliers of coarse 
aggregate (8), despite the wide variation in chemical com
position and mineralogy of the aggregates investigated (see 
Tables 1 and 2). 

RECOMMENDATIONS 

If carefully applied within the inference space of the models 
(Table 3), either Model 1or2 can be used as given to provide 
a fast and inexpensive preliminary assessment of aggregate 
performance. Chemical composition data can often be obtained 
directly from the aggregate supplier. Of course, it is recom
mended that standard highway department test procedures 
be followed before any final decision is made regarding aggre
gate suitability. 

Because laboratory testing has been conducted on only eight 
aggregates to date, testing of additional aggregates should 
improve the fit and expand the inference space of the model. 
Other interested organizations can use the approach and pro-

TABLE 3 PERCENTAGE OF CHEMICAL 
COMPONENTS 

Compound 

Si02 

CaO 

MgO 

Co2 

MnO 

Fe203 

Al203 

Ma10 

K10 

Ti Qi 

Other 

High 

93.8 

45.7 

13.0 

42.9 

0.1 

3.7 

14.3 

4.4 

3.8 

0.29 

3.71 

Range 

Low 

2.56 

1.50 

0.11 

0.59 

0.01 

0.06 

0.21 

0.09 

0.21 

0.02 

0.09 

7 

cedures outlined here to develop models for the cement types 
and aggregates of interest to them. For convenience in apply
ing the models presented here, an interactive computer pro
gram, CHEM, for IBM PCs and compatibles has been pre
pared and is available from the authors. 
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