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ABSTRACT: Taking into account the increasing use of high-strength concrete as a structural material in Colombia, this paper shows the results 
of research carried out to investigate the effect of different types of coarse aggregate on the static elastic modulus, the compressive strength, 
the concrete density, and the pulse velocity. To do this, concrete mixes were cast using three different water binder ratios (w/c) (0.36, 0.32, and 
0.28). Ordinary Portland cement and pulverized silica fume (SF) were used as cementitiuos materials, while four types of coarse aggregates 
obtained from different sources near Bogota, Colombia were utilized to prepare the concrete samples. Results were analyzed statistically and 
these showed that the behavior of all the tests followed a normal frequency distribution. Correlations were found among the mixes. From the 
experimental data obtained in this study, it was concluded that the equations proposed in standard codes overestimated the modulus of elasticity 
of high-strength concrete, so empirical equations were obtained in order to predict the elastic modulus of elasticity in high-strength concrete. 
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RESUMEN: Considerando la creciente utilización de hormigón de alta resistencia como material estructural, este artículo presenta los 
resultados de un trabajo experimental llevado a cabo con el fin de investigar el efecto de diferentes tipos de agregados gruesos sobre el 
módulo estático elástico, la  resistencia a la compresión, la densidad del hormigón y la velocidad del pulso. Para lograr esto, se usaron 
diferentes relaciones agua cementante (a/c) (0.36, 0.32, y 0.28) y  cuatro tipos de agregados diferentes, todos del área de influencia de Bogotá, 
Colombia. Como materiales cementantes se usaron cemento Portland y microsílice (SF). Los resultados experimentales fueron analizados 
estadísticamente, de donde  se encontró que todos los ensayos se comportan siguiendo una distribución de frecuencia normal. De los datos 
experimentales obtenidos se concluyó que las ecuaciones propuestas en los códigos sobreestiman el módulo de elasticidad del hormigón de 
alta resistencia, por lo que se proponen ecuaciones empíricas como alternativa.

PALABRAS CLAVE: módulo de elasticidad, concreto de alta resistencia, agregados

1.  INTRODUCTION

Almost all concrete structural analysis and design 
is carried out using mechanical properties such as 
the modulus of elasticity. This is used to calculate 
deflections, are-stress losses of concrete members 
and design drifts [1]. The modulus of elasticity is 
given by the slope of the stress and strain curve. This 
relationship behaves linearly in experiments up to 0.40 
of the maximum compressive strength (f´c); after that 
point, it behaves non-linearly [2]. There are different 
types of elastic moduli: (a) the tangent modulus given 

by the tangent of the stress-strain curve at any point, 
where the initial modulus corresponds approximately 
to the dynamic modulus of elasticity; (b) the secant 
modulus given by the line from the origin to any point 
on the curve; and (c) the chord modulus given by the 
line from a small strain (usually 50 μm/m) to a point 
on the curve corresponding to a 0.40 f´c, this is known 
as the static modulus of elasticity [3].

Aggregate plays an important role in concrete 
properties such as strength, stiffness, dimensional 
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stability, durability, workability, and economy. Therefore, 
the physical and chemical properties of aggregates are of 
interest for concrete technologists because they determine 
the quality and features of concrete. According to ACI-
318 [4], concrete is sensitive to the geological origin 
of natural aggregates. Hence, aggregate’s porosity is an 
important characteristic that affects the elastic modulus of 
concrete because dense aggregates have better mechanical 
properties [5]. Aïtcin [6], according to experimental results 
stated that aggregates are as important as the water/binder 
ratio in terms of the modulus of elasticity, especially in 
high-strength concrete. The term high-strength concrete is 
used in this paper for concrete with a compressive strength 
in excess of 41 MPa, and water–cement ratios (w/c) in the 
range of 0.25 to 0.40.

The modulus of elasticity used in concrete design 
computations are usually estimated  from empirical 
expressions that assume direct dependence of the elastic 
modulus on the strength, concrete unit weight, and 
the aggregate origin [2]. For high-strength concrete, 
deviations from empirical expressions are highly 
dependent on the properties and proportions of the coarse 
aggregate [4]. Taking the increasing use of high-strength 
concrete as a structural material into account, this 
paper reports on the results of research undertaken for 
investigating the effect of four different types of coarse 
aggregate on the static elastic modulus, compressive 
strength, oncrete density, and pulse velocity. To achieve 
this, concrete mixes were cast using three different w/c 
(0.36, 0.32, and 0.28) for a total of 12 mixtures.

2.  EXPERIMENTAL PROGRAMME 

2.1 Materials

 An ordinary Portland cement type I (OPC) with no 
mineral admixtures and a commercial pulverized silica 
fume (SF) were used as cementitiuos materials. Table 1 
shows the chemical composition of silica fume and Fig. 1 
shows the particle size analysis for the raw materials used.

Table 1. Chemical composition of Silica fume

Si2O 
84.3% Na2O14.2% CaO 

12.0%
K2O 

0.66%
MgO 
0.44%

Cl 
0.41%

Al2O30.19% P2O5 
0.12% Fe2O30.11% MnO 

0.04%

S 
233 
ppm

Pb 
19 ppm

 
Figure 1. Particle size analysis of cementitious materials

Four types of coarse aggregate, obtained from different 
sources near the area of influence of Bogota, Colombia 
were utilized to prepare the concrete mixtures. The 
materials were selected from the most common local 
quarries and were classified according to their geological 
origin. Aggregates which were named (S1) and (S2) were 
obtained from sedimentary rocks; the first was extracted 
from the banks of the Tunjuelo River in the south of 
Bogota, and  the later was extracted from the Tabio 
quarries in the north of the city. Aggregate (MI) had a 
mixed geological origin; it was formed by igneous rocks 
with small veins of metamorphic origin. It was from the 
banks of the Coello River in Chicoral, Tolima. The fourth 
aggregate (M) was from metamorphic rocks, obtained 
from the banks of the Guayuriva River near Villavicencio, 
Meta. The physical properties of the coarse aggregates 
selected for this research are shown in Table 2.

Natural sand was used for all mixtures. It was obtained 
from the (S2) source. The physical properties of the fine 
aggregates selected are summarized in Table 3. Figure 2 
shows the size distribution for coarse and fine aggregates.

Table 2. Coarse aggregate properties

 S1 S2 IM M

density (g/cm3) 2.47 2.27 2.61 2.70

absorption (%) 1.66 5.63 1.66 1.04
nominal 

 max size(mm) 12.7 12.7 12.7 12.7 

geological origin sed. sed. igneous 
-metam. metam.
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Table 3. Fine aggregate properties
density (gr/cm3) 2.60 
absorption (%) 3.31
fineness modulus 2.95
aggregate organic matter according 
to ASTM C40 2

Sixteen batches of concrete were produced and 10 cylinder 
specimens of a 150 mm diameter and a 300 mm height 
were cast for each one. Water to cementitious (W/C) ratios 
of 0.28, 0.32, and 0.36 were used, so it was necessary to 
apply a high-range water-reducing commercial chemical 
admixture (based on policarboxilates) in order improve 
the workability of the concrete mixtures. For all mixes, the 
cementitious content (OPC + SF) was 550 kg/m3, which 
corresponds to the high cement content normally used in 
the category of high-strength concrete. The amount of 
silica fume content was 10 % of the total OPC content (kg/
m3). Table 4 shows a summary of the concrete mix design 
used. After mixing, all test specimens were demoulded at 1 
day, and then cured in water at a temperature of 22 ± 2 ºC. 

 
Figure 2. Aggregate size distribution

Table 4. Concrete mix design

Materials
W/C = 0.28

S1 S2 IM M
cement (kg) 500 500 500 500

silica fume (kg) 50 50 50 50
coarse agg. (kg) 903 830 955 966

fine agg. (kg) 605 605 605 605

Materials
W/C = 0.32

S1 S2 IM M
cement (kg) 500 500 500 500

silica fume (kg) 50 50 50 50
coarse agg. (kg) 874 803 923 934

fine agg. (kg) 585 585 585 585

Materials
W/C = 0.36

S1 S2 IM M
cement (kg) 500 500 500 500

silica fume (kg) 50 50 50 50
coarse agg. (kg) 844 776 892 902

fine agg. (kg) 565 565 565 565

2.2 Experimental methods

In order to investigate the effect of aggregates on the 
related mechanical properties, the concrete mixtures cast 
were tested after 28 days of water curing. Compressive 
strength tests were carried out according to ASTM C39 
using a universal test machine with a capacity of 200 
tons. It was reported by Aïtcin [6] that the measurement 
of the elastic modulus of high-performance concrete can 
be done in the same way as it is done for normal concrete; 
therefore, the modulus of elasticity according to ASTM 
C469 was obtained before failure in a compression 
strength test. The ultrasonic pulse was measured using the 
standard ASTM C597, which covers the determination of 
the pulse propagation of compressional waves in concrete. 
This non-destructive technique was measured using a 
Pundit ultrasonic concrete tester with 54 kHz longitudinal 
wave transducers located at each end of the samples. The 
principle of this testing technique is that the velocity of an 
ultrasonic pulse through a solid medium is related to its 
density and elastic properties. The concrete unit weight 
was calculated as the relationship between the mass of 
the specimen and the bulk or apparent volume (defined 
as an ideal cylinder).

3.  RESULTS AND DISCUSSION

3.1 Basic statistics

For each mixture, statistics were performed for each 
property investigated. 10 similar specimens for each 
point were used in order to guarantee statistical validity. 
The parameters calculated were the mean, standard 
deviation, coefficient of variation, range, and p-value. 
The first four parameters do not need additional 
explanation because they are of general application 
in engineering. In contrast, the p-value refers to a 
probability index used in hypothesis tests where a null 
hypothesis is either accepted or rejected. 

Anderson-Darling tests for normality were carried out 
for all experimental properties in order to know whether 
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the data can be modeled statistically following a normal 
distribution. A distribution model provides a theoretical 
distribution that can be used to predict the possibility of 
occurrence of certain values [8]. The p-value calculated 
represented the probability of rejecting the following 
proposed hypothesis: “The data obtained from 
experimental observations of compressive strength, 
static modulus of elasticity, ultrasonic pulse velocity, 
and concrete unit weight behaved according to a normal 
distribution.” The smaller the p-value, the smaller the 
probability that there will be an error in the hypothesis. 
A recommended value often used is 0.05; that is, the 
hypothesis should be rejected when the p-value is less 
than 0.05 [9]. Results of the statistical analysis are 
shown in Tables 5 and 6.

Statistical results showed that for all the experiments 
carried out, the data measured behaved according to 
a normal distribution. Although in specific mixtures, 
values of p-value were less than 0.05, it is assumed 
that, from a general point of view, the model follows 
the hypothesis initially proposed: “The experimental 
data follows a normal distribution.” In normal concrete 
compressive strength tests, ACI 214 stated that 
experimental data can be treated as if they fall into a 
distribution similar to the normal frequency distribution 
curve [10]; however, for high-strength concrete, it 
was reported by ACI that frequency distributions 
follow skewed distributions. That is, the data are not 
symmetrical around the mean. Cook [11] stated that 
normal distribution is appropriate in most cases when 
the strength of the concrete does not exceed 70 MPa. 
In this research, it was assumed that all the material 
properties investigated (compressive strength, elastic 
modulus, pulse velocity, and concrete unit weight) 
followed a normal distribution according to the analysis 
conducted.

Results of compressive strength are shown in Fig. 3 for 
all mixtures simultaneously, and as probability density 
functions. The vertical scale on the graph resembles the 
calculated theoretical frequency. The horizontal axis 
is a linear scale in terms of MPa. The line forms an 
estimate of the cumulative distribution function for the 
population from which data are drawn and describes the 
relative likelihood for this random variable to occur at 
a given point [9]. The curve obtained for each mixture 
permitted an examination of the shape and spread of 
sample data. 

Table 5. Basic statistics of the compressive strength and 
the modulus of elasticity

Compressive strength  [MPa]
Sample Mean SD CV R P-Value
S1-0.36 49.7 1.4 2.89 4.6 0.887
S1-0.32 55.8 2.0 3.61 6.9 0.14
S1-0.28 68.6 3.0 4.43 10.7 0.386
S2-0.36 54.1 1.4 2.61 4.3 0.449
S2-0.32 55.6 1.2 2,2 3.7 <0.005
S2-0.28 60.5 2.1 3.46 5.7 0.555
MI-0.36 58.3 3.2 5.42 10.4 0.708
MI-0.32 68.2 1.9 2.74 4.9 0.503
MI-0.28 69.7 1.7 2.39 5.2 0.157
M-0.36 60.7 2.0 3.23 5.7 0.671
M-0.32 77.1 2.9 3.76 8.1 0.079
M-0.28 83.1 1.9 2.28 5.5 0.14

Elastic modulus [Mpa]
Sample Mean SD CV R P-Value
S1-0.36 21947 1329 6.1 4158 0.504
S1-0.32 22747 2375 10.4 6935 0.119
S1-0.28 25707 1585 6.2 5000 0.453
S2-0.36 26021 1854 7.1 5724 0.584
S2-0.32 23503 690 2.9 2400 0.176
S2-0.28 25545 984 3.9 3327 0.005
MI-0.36 30681 848 2.8 2896 0.395
MI-0.32 30711 1289 4.2 3682 0.071
MI-0.28 30945 1021 3.3 2965 0.179
M-0.36 30702 1265 4.1 3747 0.062
M-0.32 31728 776 2.5 2311 0.092
M-0.28 32458 1281 4.0 4692 0.018

It can be deduced from the mean of the data for each 
mixture (Fig. 3) that the water to binder ratio and 
the type of aggregate have a significant effect on the 
compressive strength of concrete. As was expected, 
the compressive strength increased with a reduction of 
the water to binder ratio. In the same way, aggregates 
from sedimentary rocks showed the lowest compressive 
strength, while the highest compressive strength 
was measured in the specimens prepared with the 
metamorphic ones. 

Table 6. Basic statistics of the pulse velocity and the 
concrete unit weight

Pulse Velocity [m/s]
Sample Mean SD CV R P-Value
S1-0.36 4187.1 40.0 0.96 122.6 0.888
S1-0.32 4286.7 41.8 0.97 138.5 0.367
S1-0.28 4321.8 35.7 0.83 112.0 0.852
S2-0.36 4121.6 44.8 1.09 161.9 0.729
S2-0.32 4108.9 43.4 1.06 150.6 0.307
S2-0.28 4174.3 56.8 1.36 187.5 0.005
MI-0.36 4552.0 41.8 0.92 154.6 0.356
MI-0.32 4656.8 36.3 0.78 108.7 0.946
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Pulse Velocity [m/s]
Sample Mean SD CV R P-Value
MI-0.28 4554.4 58.2 1.28 196.0 0.595
M-0.36 4515.2 51.5 1.14 144.0 0.059
M-0.32 4506.0 47.3 1.05 132.3 0.616
M-0.28 4560.2 28.7 0.63 94.0 0.270

Concrete unit weight  [kg/m3]
Sample Mean SD CV R P-Value
S1-0.36 2420.7 42.1 1.74 108.8 0.117
S1-0.32 2427.6 24.9 1.03 95.5 0.189
S1-0.28 2432.1 32.6 1.34 109.5 0.886
S2-0.36 2354.4 20.2 0.86 65.6 0.085
S2-0.32 2371.4 21.4 0.90 63.7 0.182
S2-0.28 2393.4 32.6 1.36 131.8 0.079
MI-0.36 2535.3 36.6 1.45 124.1 <0.005
MI-0.32 2502.9 24.1 0.96 84.0 0.241
MI-0.28 2542.7 19.3 0.76 56.7 0.510
M-0.36 2479.6 58.3 2.35 194.2 0.070
M-0.32 2538.2 29.6 1.16 105.0 <0.005
M-0.28 2532.0 18.9 0.75 71.9 0.127

The theoretical probability density function obtained 
from experimental data for static modulus of elasticity is 
shown in Fig. 4. For this property, the type of aggregate 
is the most relevant parameter. Two groups of results can 
be seen in this Fig., i.e., samples made with sedimentary 
rocks are concentrated on the left with a lower modulus 
value, while metamorphic samples showed a higher value 
of elasticity modulus. Samples with similar aggregate 
behave similarly. The density functions showed that 
for concrete with the same water to binder ratio there is 
just a small probability that sedimentary samples have 
higher elastic modulus than the metamorphic samples. 
Although the water to binder ratio also has an important 
influence on the static modulus of elasticity, from Fig. 
4 it can be seen that for similar aggregates, the density 
functions tend to overlap.

 
Figure 3. Compressive strength probability density 

functions

Figure 4. Static modulus of elasticity probability density 
functions

In the same way as the static modulus of elasticity, the 
probability density functions for the pulse velocity 
and concrete unit weight are shown in Figs. 5 and 
6, respectively. The behavior of these parameters 
is similar to that found previously in the modulus 
of elasticity density functions; depending on the 
aggregate origin, the physical parameters have a 
different behavior. Regardless of the water to binder 
ratio, samples with similar aggregates tend to be 
concentrated around them. As was expected, the 
concrete using metamorphic aggregates showed 
better performance than their counterparts in terms 
of pulse velocity and concrete unit weight. This was 
explained by the fact that pulse velocity is strongly 
linked to the density and elastic properties, and for 
metamorphic rocks, density and mechanical properties 
can be expected to be of a better quality under normal 
conditions [5].

 
Figure 5. Pulse velocity probability density functions
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Figure 6. Concrete unit weight probability density 
functions

3.2  Correlation among measured variables

The relationship between the properties measured 
experimentally (compressive strength, elastic modulus, 
pulse velocity, and concrete unit weight) are displayed 
in Fig. 7 in a group of scatter plots as a collection of 
points that show the relationships among all of them. 
In the same way, Table 7 shows the correlation matrix 
obtained, where the coefficient of determination R2 was 
found using a least squares regression analysis for the 
best type of equation that fit the data.

Table 7. Correlations among the parameters measured
Modulus Strength Pulse Vel.

Unit weight L. / 
R2 = 0.595

L. / R2 = 
0.383

L. / R2 = 
0.670

Pulse Vel. L. / R2 = 
0.657

L. / R2 = 
0.417 XXXX

Strength P. / R2 = 
0.501 XXXX XXXX

L: Best linear fit  
P: best potential fit 

Not very strong correlations were found for the 
relationships investigated (values higher than R2 = 0.8); 
however, the coefficients of determination showed that 
statistically there is a tendency for the proposed relations. 
The correlation between the static modulus of elasticity 
and the unit weight, pulse velocity, and compressive 
strength are in the range of 0.5–0.65, the pulse velocity 
being a better predictor. Linear functions for unit weight 
and pulse velocity were obtained, while for compressive 
strength, a potential relationship was obtained in the same 
way as ACI 318. Using the unit weight and the pulse 
velocity as predictors of the compressive strength, the 
coefficients of determination were in the range of 0.38–
0.41, showing the small dependence of these parameters 
on the strength. Among all the relationships studied, the 
best correlation obtained was between the ultrasonic pulse 
and the concrete unit weight (R2 = 0.67).

 
Figure 7.  Relationships between physical parameters measured
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3.3  Assessment of the standard equations 

Concrete properties such as modulus of elasticity, 
tensile strength, shear strength, and bond strength are 
frequently expressed in terms of compressive strength. 
Generally, expressions for these quantities have been 
empirically established based on data for concrete. 
Standards like ACI 318, ACI 363 and NSR10 [11] have 
for a long time used the square root of the compressive 
strength in order to predict the static modulus of 
elasticity. The coefficients and equations used by these 
standards are the result of extensive experimental 
research and are updated frequently. Figure 8 shows 
the different equations proposed, establishing a direct 
relationship between the root of the compressive 
strength and the modulus of elasticity. 

For normal weight concrete, ACI318-08 and NSR10 
allow for the use of the expression 4700(f´c)0.5. From 
the experimentally measured modulus (scatter points 
Fig. 8), it can be seen that this expression overestimates 
significantly the modulus of elasticity for samples 
using aggregate from the influence area of Bogota, 
Colombia. However, the ACI318 and NSR-10 specify 
a compressive strength range of up to 40 MPa as a limit 
for which the expressions are valid. Similarly, ACI363 
provides the expression 3320(f´c)0.5 + 6900 [MPa] for 
normal weight concretes in the range of resistances of 
21 MPa < f´c < 83 MPa. Like the ACI318 expression, 
this equation tends to overestimate the elastic modules; 
however it does so to a lesser extent.

Using least squares regression analysis on the 
experimental data, the linear correlation between the 
square root of the compressive strength and the static 
modulus of elasticity was obtained. Two relationships 
are proposed in this research, which are fitted using 
the same set of data. The difference between them 
is that in the proposed Eq. 1, the linear fit is forced 
to cross the origin, unlike in Eq. 2 where there is an 
intercept with the vertical-axis. It is considered that the 
previous equations are valid for high-strength concrete 
compressive strengths over 50 MPa and under 85 MPa. 
It is important to notice that although the equation given 
by NSR98 was the most consistent with the measured 
data, this tends to overestimate the elastic modulus 
more than the standards mentioned above.

cfEc ´3496=   [MPa ];  R2 = 0.474    (1)

8578´4570 −= cfEc [MPa]; R2=0.502   (2)

Figure 8. Static modulus of elasticity expressions

In addition to the equations presented above, 
according to ACI318, the modulus of elasticity for 
concrete can be taken as a function of the density (unit 
weight) of normal weight concrete. This ACI equation 
(wc1.5)0.043(f´c)0.5 in [MPa] is valid for concrete with 
a unit weight between 1440 and 2560 kg/m3. Figure 
9 shows the former ACI equation, the experimental 
data, and the best fit using a least squares regression 
model. Equation 3 corresponds to that best fit of the 
experimental data. It can be seen that the inclusion 
of the unit weight improves the correlation, showing 
once again the influence of the aggregate on the 
elastic modulus. Although the experimental data was 
modeled successfully with an equation similar to the 
one proposed by ACI, numerically it is observed that 
it is overestimated by a ratio of two. The proposed 
equation for local aggregate having a compressive 
strength between 50 MPa and 85 MPa is given by 
Eq. 3.

cfWE cc ´028.0 5.1=  [MPa];  R2 = 0.646  (3)
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Figure 9. Static modulus of elasticity expressions

4.  CONCLUSIONS

For high-strength concrete, the origin of aggregate 
(metamorphic, igneous, or sedimentary) significantly 
influences the static modulus of elasticity, the concrete 
unit weight, the pulse velocity, and (slightly less) the 
compressive strength. 

Equations proposed in standard codes such as ACI318, 
NSR-10, and ACI363 overestimate the modulus of 
elasticity of high-strength concrete made using coarse 
aggregate obtained from the area of influence of 
Bogota, Colombia. Concrete design equations included 
in national Colombian codes should be obtained from 
national research programs and not adapted from 
international standards.

From the experimental data, equations were obtained 
to predict the elastic modulus of elasticity in high-
strength concrete. It is believed that these equations are 
a better approximation than those currently contained 
in existing codes. 

Other research should be performed with aggregates 
used in large capital cities in order to find a nationwide 
formulation.
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