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Abstract. This paper presents test results from an experimental study to investigate the modulus of elasticity of high strength concrete using locally available materials in Riyadh (the capital city of Saudi Arabia). The compressive strength ranged from 45 to 90 MPa. Comparisons with the ACI 318 and the ACI 363 empirical equations for the prediction of the modulus of elasticity were performed. It was found that the ACI 363 equation underestimates the modulus of elasticity, while the ACI 318 equation overestimates the modulus for strengths greater than 80 MPa. Two empirical relations for predicting the modulus of elasticity for compressive strengths obtained from 150 x 300 mm and 100 x 200 mm cylinders using local materials were proposed. 
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Introduction

Knowledge of the modulus of elasticity for the designer is essential in estimating the deformation of structural elements under service conditions. At present, two empirical relationships are used to predict the modulus of elasticity of concrete. They can be used when the modulus of elasticity has not been determined by tests [1]. The models include the ACI 318 code formula [2], which is based on the work of Pauw [3], and the ACI committee 363 formula which is recommended for High Strength Concrete [4, 5].

Russel [6] reported that considerable controversy exits when using the ACI 318 code equation for calculating the concrete elastic modulus. This equation was developed by Pauw on the basis of concrete with compressive strength up to 38 MPa. At that time, no standard test was adopted for determining the modulus of elasticity. Also, there was a lot of variation as to the definition of the term modulus of elasticity itself, whether initial, tangent or secant modulus [3]. Further examination of high strength concrete reported by Carrasquillo et al. [5] concluded that the ACI 318 expression overestimates 

the modulus of elasticity for concretes with compressive strength above 40-45 MPa [7]. Hence, a modified equation was recommended for compressive strengths up to 83 MPa that predicts a lower modulus of elasticity than that predicted by the ACI 318. The modified equation was based on 100 x 200 mm cylinders, and the ratio of the strength of the 150 x 300 mm to 100 x 200 mm cylinders was reported to be about 0.9 regardless of compressive strength or testing age.


Data published by Cook [8] indicated that the ACI 318 equation underestimates the modulus of elasticity for the higher strength concretes [6]. Swartz et al. [9] reported that measured values of the modulus of elasticity for higher strength concretes are generally greater than those predicted by the ACI formula. Furthermore, it was noted that this contradicts findings presented by ACI 363, and concluded that the modulus of elasticity may be estimated by the ACI 318 formula.

Swamy [10] showed that, for high strength concrete, the elastic modulus did not increase in proportion to strength development and the maximum moduli obtainable are of the order of 45 to 50 GPa.

Cetin, et al. [11] and Meyers, et al. [12] reported that no single equation seems to represent the elastic modulus of high strength concrete / high performance concrete with sufficient accuracy, and the modulus should be verified through a trial field batching of the specific mix design. They also reported that the mineralogical characteristic of coarse aggregate appeared to be an important factor in influencing the mechanical properties of concrete, and that the aggregate type and aggregate content primarily influenced the elastic modulus for high strength concrete. Recently, Mokhtarzadeh et al. [13] investigated the static modulus of elasticity of high strength concrete with consideration for precast applications. It was reported that the static modulus of elasticity values using 100 x 200 mm specimens were 4.3 GPa higher than the values measured using 150 x 300 mm specimens.

In this research, the validity of using the ACI 318 and ACI 363 for predicting the modulus of elasticity for high strength concrete obtained using locally available materials was investigated. Also, the effect of specimen size on the modulus of elasticity was studied. The study suggested two equations for predicting the modulus of elasticity for the high strength concrete. These equations were developed for both 150 x 300 mm and 100 x 200 mm concrete cylinders.

Experimental Program

Materials

The use of locally available materials from different sources in the Riyadh area was emphasized in this study.  For the cases where local materials are not attainable, commercially available materials are used. The following are the details for the materials used in this study.

Cement: Commercially available Portland cement Type I conforming to ASTM C 150 [14] specification is used.

Coarse aggregates: Locally available crushed limestone is used for coarse aggregates. These aggregates were procured from different sources around the city of Riyadh.  The physical properties of the coarse aggregates are listed in Table 1. The mineral composition was obtained by Energy Dispersal X-Ray (EDX) analysis.  The crushed limestone typically had: Calcite (Ca, more than 96%), and clay which contains Potassium (K, 1.8%), and Iron (Fe, 1.3%).

 Table 1.  Physical properties of coarse aggregates
	 
	 
	Group I
	Group II
	Group III

	Property
	 
	LM 1-A
	LM 1-B
	LM 2 
	LM 3

	Maximum size
	10
	20
	10
	10

	aggregate, mm
	
	
	
	

	Dry unit weight, kg/m3
	1650
	1550
	1616
	1536

	Absorption, percent
	1.95
	3.02
	1.03
	1.83

	Specific gravity:
	 
	 
	 
	

	     a. Bulk oven-dry
	2.58
	2.54
	2.57
	2.61

	     b. Bulk saturated 
	2.60
	2.58
	2.63
	2.66

	           surface dry
	
	
	
	


       Note: LM stands for limestone

Fine aggregates: Locally available crushed sand and white natural silica sand are used in all over the study. These aggregates were also procured from different sources as the case for the coarse aggregates. The physical properties of the fine aggregates are given in Table 2. The crushed sand had typically the following mineral composition: Calcite (Ca, more than 90%), and clay which contains Potassium (K, 4%), and Iron (Fe, 3%). The natural silica sand known as Quartz Arenite had typically: Quartz (Si, more than 95 %), and Clay which contains Potassium (K, 3%), and Iron and Calcium (1% each).

Table 2. Physical properties of fine aggregates
	 
	 
	Group I
	Group II
	Group III

	Property
	 
	Silica sand
	Washed sand
	Silica sand
	Washed sand
	Silica

 sand
	Washed sand

	Dry unit weight, kg/m3
	1800
	1680
	1730 
	 1570
	1616
	1536

	Absorption, percent
	0.2
	3.02
	0.42
	1.69
	1.03
	1.83

	Specific gravity:
	 
	 
	 
	
	 
	

	   a. Bulk oven-dry
	2.66
	2.54
	2.56
	2.59
	2.59
	2.62

	    b. Bulk saturated 
	2.68
	2.58
	2.57
	2.66
	2.60
	2.66

	        surface dry
	
	
	
	
	
	

	Fineness modulus*
	2.8 
	2.9
	2.8

	* Combined 50% silica sand and 50% washed sand
	
	
	


Silica fume: Commercially available powder silica fume is used in the study. The silica fume had a specific gravity of 2.3.

Admixture: Commercially available sulphonated naphthalene based high performance superplasticizer conforming to ASTM C 494 [15] as Type F is used.

Mix proportions

During the course of this study, 27 high strength mixtures with 28-day compressive strength in the range of 45 to 90 MPa (cylinder strength) were cast.  Details of the mix proportions for all the mixtures are tabulated in Tables 3 through 5. The cementitious materials are composed of Portland cement ranging from 350 to 550 kg/m3 and silica fume 0, 10 and 15% as replacement by weight of cement. The water-cementitious ratio (w/cm) ranged from 0.22 to 0.35.

Table 3.  Mix proportions of group I

	Ref. No.
	Water (kg/m3)
	Cement, Type I (kg/m3)
	Silica fume (kg/m3)
	Coarse aggregate 20mm (kg/m3)
	Coarse aggregate 10mm (kg/m3)
	Washed sand (kg/m3)
	Silica sand (kg/m3)
	Super-plasticizer  (L/m3)
	w/cm ratio
	Slump (mm)

	I-1
	145
	495
	49.5
	1070
	0
	290
	290
	18.75
	0.26
	230

	I-2
	122.5
	350
	0
	845
	280
	372.5
	0
	8.75
	0.35
	230


Table 4. Mix proportions of group II

	Ref. No.
	Water (kg/m3)
	Cement, Type I (kg/m3)
	Silica

 fume (kg/m3)
	Coarse aggregate (kg/m3)
	Washed sand (kg/m3)
	Silica sand (kg/m3)
	Super-plasticizer  (L/m3)
	w/cm ratio
	Slump (mm)

	II-1
	145
	495
	0
	1070
	290
	290
	7.50
	0.283
	220

	II-2
	182
	550
	0
	1050
	271
	271
	5.50
	0.331
	35

	II-3
	182
	495
	55
	1050
	263
	263
	7.85
	0.331
	55

	II-4
	169
	550
	0
	1050
	287
	287
	7.35
	0.307
	25

	II-5
	169
	495
	55
	1050
	278
	278
	13.75
	0.307
	130

	II-6
	158
	550
	0
	1050
	302
	302
	10.00
	0.287
	85

	II-7
	158
	495
	55
	1050
	293
	293
	15.00
	0.287
	110

	II-7R
	158
	495
	55
	1050
	293
	293
	15.00
	0.287
	250

	II-8
	149
	550
	0
	1050
	314
	314
	13.37
	0.271
	150

	II-9
	149
	495
	55
	1050
	305
	305
	17.37
	0.271
	110

	II-10
	149
	468
	83
	1050
	301
	301
	20.12
	0.270
	100

	II-11
	138
	550
	0
	1050
	328
	328
	16.50
	0.251
	200

	II-12
	138
	495
	55
	1050
	319
	319
	19.75
	0.251
	160

	II-13
	138
	468
	83
	1050
	315
	315
	22.60
	0.25
	145

	II-13R
	138
	468
	83
	1050
	315
	315
	22.60
	0.25
	220


Note: II-7R and II-13R were mixed using a heavy duty pan mixer

Casting and curing 

All batches of concrete were cast inside the laboratory using a small capacity drum mixer, except for mixes II-7R and II-13R (see Table 4) which were prepared using a heavy duty pan mixer.  The mixing, casting and curing conformed to ASTM C192 [16].  Each batch was used to cast the 3 standard size 150 x 300 mm cylinders and 3 medium size 100 x 200 mm cylinders to obtain both the compressive strength and the modulus of elasticity. The cylindrical samples were cast in steel molds. The standard sized cylindrical specimens were cast in two layers with each layer vibrated in a vibrating table for 35 to 45 seconds. The medium sized cylindrical samples were cast in two layers with each layer vibrated in a vibrating table for 30 to 35 seconds. After the compaction operation, the tops of the specimens were smooth finished by means of a trowel, and were then covered by polyethylene bags. The specimens were demolded after 24 hours, and then subjected for 28 days to standard moist curing by immersing them in curing tanks containing lime saturated water at 23° C.

Table 5. Mix proportions of group III

	Ref. No.
	Water (kg/m3)
	Cement, Type I (kg/m3)
	Silica fume (kg/m3)
	Coarse aggregate (kg/m3)
	Washed sand (kg/m3)
	Silica sand (kg/m3)
	Super-plasticizer  (L/m3)
	w/cm ratio
	Slump (mm)

	III-3
	121
	550
	0
	1070
	295
	295
	21.75
	0.22
	70

	III-4
	121
	495
	55
	1070
	295
	295
	30.00
	0.22
	70

	III-5
	132
	550
	0
	1070
	295
	295
	13.50
	0.24
	55

	III-6
	132
	495
	55
	1070
	295
	295
	21.25
	0.24
	75

	III-7
	143
	550
	0
	1070
	295
	295
	11.25
	0.26
	110

	III-8
	143
	495
	55
	1070
	295
	295
	18.63
	0.26
	80

	III-9
	154
	550
	0
	1070
	295
	295
	7.25
	0.28
	25

	III-10
	154
	495
	55
	1070
	295
	295
	13.95
	0.28
	62

	III-11
	165
	550
	0
	1070
	295
	295
	6.63
	0.30
	45

	III-12
	165
	495
	55
	1070
	295
	295
	12.00
	0.30
	90

	III-13
	130
	590
	0
	1070
	295
	295
	3.89*
	0.22
	130

	III-14
	117
	531
	59
	1070
	295
	295
	5.11*
	0.20
	120

	III-15
	110
	500
	0
	1070
	337
	337
	3.56*
	0.22
	110

	III-16
	121
	550
	55
	1070
	355
	355
	3.33*
	0.22
	85


 *A high performance concrete superplasticizer based on modified polycarboxylic ether is used in these mixes.

Test procedure

At the age of 28 days the specimens were taken out from the curing tank and were end-capped with a vitrobond sulfur based capping compound. The compressive strength and the static modulus were measured in compliance with ASTM C39 [17] and ASTM C469 [18], respectively.  To perform compression tests, a 3000 kN capacity machine was used. The machine used had a high stiffness frame with four prestressed columns to ensure maximum rigidity and stability and is suitable for cylinder and cube testing. 


To obtain the stress-strain relationship, the 100 x 200 mm and the 150 x 300 mm concrete cylinders were instrumented with CM-10H and CM-15 compressometers, respectively. These compressometers record the deformations using two linear variable differential transducers (LVDTs) in a gauge length of 100 mm for the 100 x 200 mm cylinder and 150 mm for the 150 x 300 mm cylinder. Load was recorded using a load cell. The loading rate for testing was 0.3 MPa per second. The data from the load cell and LVDTs of the compressometers was recorded through an HP 3852A data acquisition system.

Test Results and Discussions


The measured values of the compressive strength and the modulus of elasticity for the 150 x 300 mm and 100 x 200 mm cylinders are given in Table 6. The compressive strengths ranged from 45 MPa to 90 MPa for concretes manufactured using local aggregates. The compressive strength was reported as the average strength of 3 cylinders. The measurements of the static chord modulus of elasticity were made according to ASTM 469 at 40% of the ultimate load for both the 150 x 300 mm and 100 x 200 mm concrete cylinders tested in uniaxial compression at a constant load rate of 0.3 MPa per second. The values of the modulus of elasticity were reported as the average of 2 cylinders. 


It can be seen from Table 6 that, as expected, the higher the concrete strength the greater the modulus of elasticity. Also, the moduli of elasticity measured using 100 x 200 mm cylinders were always higher than the moduli of elasticity obtained from 150 x 300 mm cylinders. For the data considered in this study, the modulus of elasticity measured using 100 x 200 mm cylinders was on average 2.4 GPa (6%) higher than that using 150 x 300 mm specimens.


The moduli of elasticity data from the 150 x 300 mm cylinders are plotted in Fig. 1 as function of the compressive strength values obtained from tests. The same figure shows plots of the ACI 318 equation:
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< 83 MPa). These equations are normally applied for the modulus of elasticity of normal weight concrete.


As can be seen from Fig. 1, the ACI 363 underestimates the modulus of elasticity for the range used in this study. This equation is too conservative since it lies below all the measured data. The range of the observed differentials between the measured and ACI 363 predicted modulus values was +5 to +27%. The ACI 318 provided a better estimation of the modulus of elasticity, but it seems to overestimate the modulus for compressive strengths greater than 80 MPa. The range of observed differentials between the measured and ACI 318 predicted modulus values was -10 to +18%.

Table 6. Compressive strength and modulus of elasticity obtained using 150 x 300 mm and 100 x 200 mm cylinders

	Ref. No.
	fc'

 (150x300)
	E 

(150x300)
	fc'

 (100x200)
	E

 (100x200)
	E(100x200)-E(150x300)

	 
	(MPa)
	(MPa)
	(MPa)
	(MPa)
	(MPa)

	I-1
	56
	43413
	——       
	——
	——

	I-2
	46
	37205
	——
	——
	——

	II-1
	64.5
	37310
	72.8
	45444
	3134

	II-2
	53.1
	36055
	55.9
	38275
	2220

	II-3
	55.0
	35165
	56.4
	39032
	3867

	II-4
	52.9
	37097
	64.3
	39691
	2594

	II-5
	68.0
	38498
	86.3
	41206
	2708

	II-6
	62.6
	39163
	81.0
	42934
	3771

	II-7
	66.4
	39652
	69.8
	42231
	2579

	II-8
	71.5
	42717
	74.3
	43107
	390

	II-9
	80.6
	45475
	82.1
	48558
	8083

	II-10
	82.1
	39057
	84.2
	42239
	3182

	II-11
	58.7
	36499
	65.4
	——
	 ——     

	II-12
	74.0
	42309     
	91.6
	——
	——

	II-13
	83.5
	41780      
	86.1
	——
	——

	II-7R
	66.9
	45153
	——
	——      
	——       

	II-13R
	79.7
	41603
	——     
	——      
	——      

	III-3
	58.9
	41371
	65.5
	41779
	458

	III-4
	74.6
	41803
	82.4
	45272
	-1531

	III-5
	62.2
	41613
	76.0
	45093
	3481

	III-6
	72.1
	45729
	85.8
	43650
	2921

	III-7
	66.8
	45112
	79.9
	42443
	2331

	III-8
	59.9
	39499
	72.9
	42630
	3131

	III-9
	47.8
	35892
	65.3
	38054
	2162

	III-10
	59.6
	38926
	84.8
	45104
	1178

	III-11
	44.9
	37201
	65.2
	38017
	816

	III-12
	49.4
	35444
	71.8
	35308
	-136


	 III-13
	77.5
	44170
	95.3
	44386
	216

	III-14
	88.9
	45034
	102.3
	46414
	1380

	III-15
	85.8
	44763
	85.4
	49973
	5210

	III-16
	84.8
	44036
	85.3
	49295
	5259



Based on the test data, the following equation is proposed for the modulus of elasticity for concrete strengths in the range of 45 MPa < 
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150 x 300 mm cylinders of normal weight concretes: 
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Figure 2 shows the values for the modulus of elasticity plotted as function of the compressive strength for the 100 x 200 mm specimens. As can be seen from Fig. 2, the ACI 363 still underestimates the modulus of elasticity. The range of the observed differentials between the measured and ACI 363 predicted modulus values was +1 to +24%. The ACI 318 still provides a better estimate, and the range of the observed differentials between the measured and ACI 318 predicted modulus values was -14 to +12%.


Similarly, for the 100 x 200 mm cylinders, the following equation is proposed for concrete strengths in the range of 45 MPa < 
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< 90 MPa:
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Conclusions


Based on the tests of the concretes in the strength range of 45 MPa to 90 MPa using local aggregates from the Riyadh area, the following conclusions can be drawn:

  1.     The modulus of elasticity measured using 100 x 200 mm cylinders was on average 2.4 GPa (6%) higher than the modulus of elasticity obtained from 150 x 300 mm standard cylinders.

  2.    The ACI 363 substantially underestimates the measured values of the modulus of elasticity for concretes produced using local materials. However, the ACI 318 gave better estimation for the measured modulus of elasticity up to a compressive strength of 80 MPa.

  3.     For concretes tested using 150 x 300 mm cylinders with compressive strength in the range of 45 MPa to 90 MPa, Eq. (1) is recommended for a better prediction of the modulus of elasticity.

   4.    For concretes tested using 100 x 200 mm cylinders with compressive strength in the range of 45 MPa to 90 MPa, Eq. (2) is recommended for a better prediction of the modulus of elasticity.

    5.   Further investigation need to be carried out to include more data points to give more confidence in the proposed equations. The data points should include concrete mixes obtained from ready mix plants in Riyadh.

Acknowledgements. The author would like to acknowledge the financial support given by the Research Center, College of Engineering, King Saud University through research grant No. 10/423. The experimental program was carried out at the structure and concrete laboratories of the Civil Engineering Department, King Saud University. The author would also like to express his gratitude to Dr. Abdulrahman Alhozaimy for his thoughtful suggestions and his contribution in this study. The assistance of Mr. Rais Mirza, Mohammad Salim and Sayyed Zafarullah in conducting the testing program is gratefully acknowledged. 

References

[1] Shah, S. P. and Ahmad, S. H. High Performance Concrete: Properties and Applications. McGraw-Hill, 1994.

[2] ACI Committee 318. “Building Code Requirements for Reinforced Concrete (ACI 318M-95) and Commentary (ACI 318RM-95). Mich.: American Concrete Institute, Farmington Hills, 1995, p. 371.

[3] Pauw, A. “Static Modulus of Elasticity of Concrete as Affected by Density.” ACI Journal, Proceedings 57, No. 6 (Dec. 1960), pp. 679-687.

[4] ACI Committee 363. State-of-the-art Report on High Strength Report. Mich.: American Concrete Institute, Farmington Hills, 1984, p. 48.

[5] Carrasquillo, R., Nilson, A. and Slate, F. “Properties of High Strength Concrete Subject to Short-term Loads.” ACI Journal, (May-June 1981), pp. 171-178.

[6] Russel, H. G. “Shortening of High-strength Concrete Members.” ACI SP, 121, No. 1 (1990), pp. 1-20.

[7] Joint FIP-CEB Working Group on High Strength Concrete. High Strength Concrete: State of the Art Report. CEB Bulletin No. 197 (FIP SR 90/1). London: Federation Internationale de la Prescontrainte, August 1990, p. 61.

[8] Cook, J.E. “Research and Application of High Strength Concrete: 10,000 psi Concrete.” Concrete International Design and Construction, American Concrete Institute, 11, No. 10 (October 1989), pp. 67-75.

[9] Swartz, S. E., Nikaeen, A., Narayan Babu, H. D., Periyakarruppan, N. and Refai, T. M. E. “Structural Bending Properties of Higher Strength Concrete.”  ACI SP, 87, No. 9 (1985), pp. 147-178.

[10] Swamy, R. N. “High-strength Concrete-material Properties and Behavior.” ACI SP, 87, No. 8 (1985), pp. 119-145.

[11] Cetin, A. and Carrasquillo, R. “High-performance Concrete: Influence of Coarse Aggregates on Mechanical Properties.” ACI Materials Journal, 95, No. 3 (May-June 1998), pp. 252-261.

[12] Myers, J.J. and Carrasquillo, R.L. “Mix Proportioning for High-strength HPC Bridge Beams.” American Concrete Institute, Detroit, MI, Special Publication 189, Fall (1999), pp. 37-54. 

[13] Mokhtarzadeh, A. and French, C. “Mechanical Properties of High-strength Concrete with Consideration for Precast Applications.” ACI Materials Journal, 97, No. 2 (March-April 2000), pp. 136-147.

[14] ASTM C 150. Standard Specification for Portland Cement. Annual Book of ASTM Standards, American Society for Testing and Materials, 1997.

[15] ASTM C 494. Standard Specification for Chemical Admixtures for Concrete. Annual Book of ASTM Standards, American Society for Testing and Materials, 1999.

[16] ASTM C 192. Standard Practice for Making and Curing Concrete Test Specimens in the Laboratory. Annual Book of ASTM Standards, American Society for Testing and Materials, 1995.

[17] ASTM C 39. Standard Test Method for Compressive Strength of Cylindrical Concrete Specimens. Annual Book of ASTM Standards, American Society for Testing and Materials, 1996.

[18] ASTM C 469. Standard Test Method for Static Modulus of Elasticity and Poisson’s Ratio of Concrete in Compression. Annual Book of ASTM Standards, American Society for Testing and Materials, 1994.

مقترح معادلة لحساب معامل المرونة للخرسانة عالية المقاومة

باستخدام مواد محلية بمدينة الرياض

علاء سراج ملائكة

قسم الهندسة المدنية، كلية الهندسة، جامعة الملك سعود،

ص ب 800  الرياض 11421، المملكة العربية السعودية
(قدم للنشر في 07/06/2003م؛ قبل للنشر في 24/10/2004م)

ملخص البحث. تقدم الورقة نتائج اختبارات دراسة معملية لمعامل المرونة للخرسانة عالية المقاومة باستخدام مواد محلية متوفرة بمدينة الرياض، حيث تراوح مدى مقاومة الضغط بين 45 و 90 ميجاباسكال. تم مقارنة النتائج مع كل من معادلتي معهد الخرسانة الأمريكي ACI 318 و ACI 363 المستخدمة لحساب معامل المرونة للخرسانة. وجد أن معادلة معهد الخرسانة الأمريكي ACI 363 تعطي قيما أصغر من النتائج المعملية لمعامل المرونة بينما معادلة معهد الخرسانة الأمريكي ACI 318 تعطي قيما أعلى لمعامل المرونة عندما تكون المقاومة أعلى من 80 ميجاباسكال. تم اقتراح معادلتين تجريبيتين لحساب معامل المرونة للخرسانة المصنعة بمواد محلية من خلال نتائج قوة مقاومة الضغط للعينات الإسطوانية مقاس 150 × 300 مم و 100 × 200 مم. 
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Fig. 1. Static modulus versus compressive strength for 150 x 300 mm cylinders.
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Fig. 2. Static modulus versus compressive strength for 100 x 200 mm cylinders.
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