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Abstract: In this paper, concrete mixes utilizing two sizes of natural aggregate and two sources
of lightweight and recycled aggregates were used to investigate the effect of aggregate type and
specimen size and shape on the compressive strength of concrete. In addition, samples from ready-mix
concrete producers with different strengths were evaluated using standard size cylinders and cubes.
Results were obtained on the 7th, 28th, and 90th day. In addition, flexural strength, split tension, and
modulus of elasticity were evaluated on the 28th and 90th day. Statistical analyses were conducted
to examine the significance of the difference between the compressive strength values for each two
mixes using tests of hypotheses. Moreover, other mechanical properties as a function of compressive
strength were discussed and compared to those predicated by the American Concrete Institute (ACI)
specifications. Results indicate specimen shape has a noticeable effect on the compressive strength
as the Cylinder/Cube ratio on the 90" day was ranging between 0.781 and 0.929. The concrete
compressive strength and modulus of elasticity were significantly affected by the aggregate type.
The flexural strength and split tensile strength were less affected by the aggregate type, which was
also confirmed by the values predicted with the ACI equations.

Keywords: aggregate type; specimen shape; specimen size; compressive strength; concrete
mechanical properties

1. Introduction

Concrete compressive strength (f7) provides an indication about the ability of a specific mix
to resist axial compression loads. Traditionally, axial compression test utilizes standard cubes and
cylinders to determine f; and became the most commonly used test in the construction industry. In
addition, other mechanical properties could be predicted as a function of f/ and design codes and
standards for concrete structures consider the concrete compressive strength as the main indicator
of the concrete resistance to loading. Concrete compressive strength is greatly affected by cement
content, water-to-cement ratio (w/c), and aggregate size and type. Other factors, summarized in Table 1,
influence the test results or indirectly affect the concrete compressive strength [1-16].
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Table 1. Factors affecting compressive strength of concrete [1-16].

Factors Affecting
Compressive Strength

Comments

Type of cement

Different concrete applications according to exposure conditions might
require cement with specific properties. Five basic types of Portland cement
are commonly used in the construction industry. A blend of cement and
cementitious materials is also available in the market. The main bonding
material and responsible for strength.

Supplementary
Cementitious materials

Used to reduce heat of hydration, to improve workability and durability
depending on the materials. They also ensure quality of concrete during
the stages of mixing, transporting, placing, and curing in adverse weather
conditions.

Water/cement ratio (w/c)

A low water/cement ratio increases resistance to weathering, provides a good
bond between successive concrete layers. Excess water increases the porosity
and permeability of the concrete and reduces strength.

Aggregate

Concrete strength is affected by the strength, surface texture, grading, and
maximum size of the aggregate.

Mixing water

Impurities in the mixing water might affect concrete set time, strength, and
long-term durability. It is generally thought that the pH of water should be
between 6.0 and 8.0.

Curing

Moisture during curing: prolonged moist curing leads to the highest concrete
strength. 3- and 7-day moist curing period will lead to 60% and 80% of
the strength of the continuously cured concrete.

Temperature during curing: increasing curing temperature while preventing
moisture loss leads to an increase in the rate of hydration and, consequently,
the rate of strength development. In cold weather, if concrete freezes soon
after it has been placed will have a severe strength loss.

Age of concrete

Concrete gains strength with age.

Maturity of concrete

It indicates the progress of hydration and it is the relationship between
strength gain, time, and concrete temperature.

Rate of loading

The axial compressive strength is reduced by about 75% of the standard test
strength under slow rates of loading. Whereas, at high rates of loading,
the strength increases, reaching 115% of the standard strength tests.

Specimen shape and size

Cube specimen generally gives more strength than that of cylinder specimen.
Moreover, increasing the specimen size decreases the compressive strength.

Admixtures

Air-entraining admixtures increase resistance to freeze and thaw cycles by
adding a stable bubble of air which might lead to a reduction of compressive
strength. However, target compressive strength could be achieved by careful

mix proportioning and reduced wjc ratio.

Using superplasticizers can improve the strength, marginally, when using
recycled aggregates or GGBFS. For self-compacting concrete, the use of
superplasticizers has a slight effect on the concrete strength and that effect is
more apparent in the early stages.

As shown in Table 1, several factors might influence the strength of concrete, especially aggregate
since it represents about 40-60% per volume of any concrete mix. In general, for the same cementitious
materials, w/c ratio and curing conditions, aggregate strength, texture, absorption, size, and gradation
affect the failure mechanism of the concrete, which in turn affects the compressive strength. Failure of
concrete depends mainly on three factors: bond strength between the aggregate and the cement paste,
strength of the cement paste, and strength of the aggregate.
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1.1. Effect of Aggregate Type on Compressive Strength

In general, compressive strength of normal weight aggregates depends on the strength of
the parent rock that ranges from 35 MPa to 350 MPa [1]. Aggregate strength influences the production
of high-strength concrete (HSC). Such mixes have high strength of the paste and the bond between
aggregate and cement is improved. Accordingly, cracks may extend through the aggregate under
loading, which makes use of the full strength of the aggregate and hence affects the concrete
strength. However, for normal strength concrete, bond strength between the aggregate and the cement
paste is affected by the physical properties of the aggregate, which in turn influences the concrete
compressive strength. Therefore, failure tends to occur in the cement paste and in the interfacial zone
between aggregate particles and the paste, before happening in the aggregate [7]. Other aggregate
types, lightweight and recycled aggregates, and their effect on compressive strength of concrete are
summarized in Table 2 [17-28]. Lightweight and recycled aggregates usually have lower strength and
higher absorption than that of natural aggregate. High porosity of lightweight aggregate leads to less
strength and high absorption, while recycled aggregate properties are affected by processing, previous
loading, and exposure conditions, as illustrated in Figure 1. Compressive strength of concrete prepared
with lightweight aggregate is affected by aggregate strength, w/c ratio, surface texture, mechanical
interlock, and bond with the cement paste. In addition, variation in absorption capacities leads to
formation of interfacial transition zones (ITZ), which have different microstructure. However, mixing
procedure and the use of supplementary materials improve the ITZ and the concrete compressive
strength. Similarly, concrete strength produced utilizing recycled aggregate is affected by the previous
factors, in addition to the percentage of recycled aggregate used in the mix.

Mortar adhered
during processing

o %"f Potential cracks due to loading,
f&.fk exposure to different environmental
oL ‘%}, j < conditions and/or crushing

(a) Lightweight aggregate. (b) Recycled aggregate.
Aggregate size 4-14mm Aggregate size 4-8 mm

Figure 1. Schematic of lightweight and recycled aggregate particles.

The effect of petrographic characteristics of aggregates on the quality of concrete has been
considered by References [29,30]. It was evident that concrete strength is significantly affected by
the mineralogy and microstructure of the coarse aggregates. In addition, the aggregate strength and
mechanical properties are influenced by the secondary products of serpentinites and andesites.

1.2. Effect of Aggregate Size and Shape

Aggregate gradation (size distribution), shape (flat, elongated aggregate, round), and texture
(rough and smooth) have different effects on the mechanical properties according to concrete type being
prepared Normal Strength Concrete (NSC), High Strength Concrete (HSC), Lightweight Concrete (LWC),
and Recycled Aggregate Concrete (RAC). Several research efforts evaluated the effect of aggregate size
and shape on the mechanical properties of concrete are summarized in Table 3 [6,7,31-34]. Aggregate
size and shape can affect the cement-aggregate bond strength; for example, large aggregate size creates
high stress concentration in the cement paste, leading to increased cracking; therefore, small aggregate
size is recommended for HSC. Similar recommendation is suggested for LWC to avoid crushing of big
size aggregates while loading.
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Table 2. The effect of aggregate type on concrete compressive strength [13,17-28].

4 of 26

References Aggl;;gea;ilzs;d m Effect on Strength (Compressive and Modulus of Elasticity) Comments
Both compressive strength and elastic modulus were affected by the aggregate type Different concrete strength,
Chi et al. [17] Three types of LWA p . 8 . . y 881¢8 yp Portland cement, w/c ratio 0.3,
and decreased with an increase in w/c ratio.
0.4, and 0.5
Wasserman and Fly ash LWA Concrete strength' does not d.epend only on the aggrfegate strength bu.t affected by Portland cement, w/c ratio 0.4
Bentur [18] other characteristics such as its rough surface, porosity, and pozzolanic nature.
Porous surface of LWA improved the interfacial bond between aggregate and Portland cement, w/c ratio
Lo and Cui [19] LWA cement paste, resulting in better interlocking. Development of initial strength was 036 ’
much higher in LWC than in NWC. '
Normal crushed Compressive strength increased Wlt.h wie decrease. . . Different concrete strength.
Topcu, and . Replacement of natural aggregate with LWA cause decrease in modulus of elasticity. .
Uygunoglu [20] limestone and three Pumice is a useful aggregate for production of SCLC with high interlocking in ITZ Portland cement, wjc ratio
e types of LWA ‘ ) 0.36, 0.4, 0.43,0.46, and 0.48
and high compressive strength.
Tabsh and Concrete strength is affected by the source of the recycled aggregate. In addition,
Abdelfatah [13] RA bond strength is affected by the quantity and the shape of the old cement mortar

adhered on the aggregate surface.

Poon and Lam [21]

Natural crushed
aggregate and three

Compressive strength increased when aggregate/cement ratio decreased. Using
RCA instead of NCA reduced density and strength. The compressive strength was

types of RCA directly proportional to strength of the blended aggregate
The amount of the used recycled aggregate has a remarkable effect on
Seo and Choi [22] RCA the compressive strength. If amount of old cement mortar is about 10%, the mortar ~ Portland cement
can improve the bond quality.
Xiao et al. [23] Natural and RCA Both compressive strength and modulus of elasticity reduced as the RCA
percentage increased.
Tsounami et al. Natural and RCA For RCA replacement percentage higher than 25%, compressive strength reduces as Portland cement
[24] replacement percentage increases.
Concrete with 100% recycled aggregate was weaker than that of the natural
Katz [25] RCA aggregate, and about 25% reduction of the compressive strength was observed. Portland cement
RCA is less dense, more porous, and has higher water absorption than NCA due to
McNeil et al. [26] RCA the residual adhered mortar on RCA, which weakens the interfacial zone and

reduces both compressive strength and modulus of elasticity.
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References Aggl;;gea;lzs;d m Effect on Strength (Compressive and Modulus of Elasticity) Comments
Recycled gravel with The use of recycled aggregate up to 30% caused a 14% reduction in the compressive €35, CEM I CALCIA 52.5 N

Wardeh et al. [27]

30%, 65%, and 100%
replacement ratio.

strength, while increasing the replacement ratio had increased the cement content,
causing an increase in the compressive strength that counterbalances the negative
effect of the recycled aggregate.

CE CP2 NF cement, w/c ratio
0.5-0.52

Choi et al. [28]

RA

Enhancing the ITZ help suppress the occurrence of microcracks and improve
the mechanical performance of the aggregate, resulting in improved strength,

Normal strength concrete,
Portland cement, w/c ratio
0.55

permeability, and durability of concrete.

Table 3. The effect of aggregate size and shape on concrete compressive strength [6,7,31-34].

Agerecate Used Cementitious
References 88res Materials (Mineral Effect on Strength (Compressive and Modulus of Elasticity) Comments
in the Study .
Admixtures)
Loannides and Natgral aggregate Air entraining Smaller aggregates tended to shear under loading while larger aggregate was Normal strength concrete
. with different . Portland cement
Mills [7] . admixtures more prone to pull out. .
sizes w/c ratio 0.5
Fracture energy increased with increasing the aggregate size and not affected
Rocco and Elices Mullite aggregate significantly by the aggregate shape. Normal strength concrete
[31,32] with different Modulus of elasticity decreased as the aggregate size increased. Using crushed Portland cement
o sizes aggregates (with strong matrix-aggregate interfaces) showed higher modulus of w/c ratio 0.42, 0.7
elasticity than that while using spherical ones of the same size.
Ajamu and Ige Aggregate with Compressive strength increased as the aggregate size increase from 13mm to Normal strength concrete
; . Portland cement
[33] different sizes 19mm. .
w/c ratio 0.65
Compressive strength increased as the aggregate size increased in normal
Aggregate with strength concrete. While in HSC, Compressive §trength increased with Normal and High-strength
Meddah et al. . . decreasing the aggregate size.
different size and HRWRA . . . concrete
[34] e Increasing coarse aggregate content in NSC enhanced the compressive strength, .
distribution o 2. . . w/c ratio 0.58, 0.4
while in HSC there is an optimum content.
Effect of aggregate content and particle size is more significant in HSC than NSC.
Yaqub and Aggregate with Smaller aggregate sizes exhibited higher compressive strength in the case of High-strength concrete
. ; . Portland cement
Bukhari [6] different sizes HSC.

w/c ratio 0.23-0.35
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1.3. Effect of Specimen Configuration

Cylinders (100 x 200 mm, 150 X 300 mm) and cubes (100 x 100 x 100 mm, 150 x 150 X 150 mm) are
commonly used to monitor compressive strength of concrete. The variation in concrete compressive
strength due to shape and size might be attributed to variability in aggregate physical properties,
different friction between concrete surfaces and loading platen, and variation of crack propagation and
localized failure zone. Localization of the damage in a certain zone is affected by the slenderness of
the sample and the boundary restraint between the loading platens and the specimen [12,35,36]. For
cylinder specimens, it is expected that compressive strength should not be affected by the sample size
as long as the ratio of height to maximum lateral dimension (h/d) is maintained 2:1 [37]. However,
several studies [9,10,38,39] showed that compressive strength of small-size cylinders is slightly higher
than that obtained using the 150/300 mm cylinders. This is due to the smaller contact area between
the specimen surface and steel platen of the testing machine, which results in lower friction-based
shear forces. Smaller specimens are also denser as they have less number of micro-cracks and
defects, which strengthen their compressive strength. The effect of specimen shape on concrete
compressive strength is, however, recognized in the difference between cylinder and cube strength.
The concrete nominal strength (f/) has a great effect on the specimen shape factor. It positively
correlates with the cylinder/cube strength ratio as it is found that increasing the concrete strength
decreases the specimen shape effect [40]. European standard (ENV 206:1990) and (BS 1881: Part 120)
specifications [41,42] recommend a 0.8 ratio for the cylinder/cube strength and this ratio reaches 1.0
as concrete strength increases. Several studies showed that it is considerably hard to adopt a simple
ratio for the cylinder/cube strength [40,43-51]. Compressive strength of concrete utilizing lightweight
(LWA) and recycled aggregate (RA) are significantly affected by the size and aspect ratio of specimens
due to the decrease in the concrete unit weight. This also could be attributed to poor crack distribution
and localized failure zone due to the deteriorated aggregate interlock, which causes further decrease in
the compressive strength with the increase of the specimen size [1,35].

In this study, effect of aggregate type and specimens’ configuration on compressive strength
of concrete is investigated. The aggregate type includes natural aggregate, recycled aggregate, and
lightweight aggregate. The specimens’ configuration includes two sizes for cubes and cylinders. The lab
tests were conducted at 7, 28, and 90 days. Tests were conducted according to the American Society for
Testing and Materials (ASTM) specifications and British Standards (BS). In addition, statistical analyses
were conducted to examine the significance of the difference between the compressive strength values
for each two mixes using tests of hypotheses.

1.4. Research Significance

Due to the depletion of and increased demand for natural resources, several natural aggregates
were introduced to the construction industry. Therefore, one of the authors” goals is to evaluate
the quality of the natural aggregates and compare the results to the previous well-established facts.
In addition, another goal was to evaluate the suitability of the recycled and lightweight aggregates
available in the market to produce concrete comparable to that produced by natural aggregate, hence,
establish a base for comparison with concrete produced with natural aggregate.

2. Experimental Program

The main objective of the experimental program is to investigate the effect of aggregate type
and specimen size and shape on the concrete compressive strength. In addition, correlation between
compressive strength and aggregate strength is examined. The experimental program focuses on
the evaluation of samples prepared in the laboratory utilizing six aggregate types, in addition to
samples of five concrete strength (C45_1 (Ready mix 1-1), C75 (Ready mix 1-2), C45_2 (Ready mix
2-1), C60 (Ready mix 2-2), and C80 (Ready mix 2-3)) collected from ready-mix producers in Dubai and
Sharjah, UAE. The use of the ready-mix concrete is considered to validate the results obtained based
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on the mixes prepared in the laboratory while conducting this research. Laboratory samples were
prepared twice to ensure consistency and to account for variability of aggregate properties, especially
recycled aggregate. The evaluation criteria included compressive strength of standard size cylinders
and cubes, modulus of elasticity, flexural strength, and split tensile strength. Testing was conducted
according to ASTM specifications [52-58].

2.1. Materials

All mixes prepared in the laboratory have Ordinary Portland cement type I (SG = 3.15), silica fume
(SG = 2.2), Ground Granulated Blast-Furnace Slag “GGBS” (SG = 2.85), and tap water. In addition,
normal weight dune sand (particle size 100% passing 0.6 mm, SG 2.60) and coarse sand (maximum
particle size 4.75 mm, SG 2.60) were used as fine aggregates. Six types of coarse aggregate (Figure 2)
were used to produce the concrete mixes in the lab: 10 mm and 20 mm sizes limestone (10 mm Nat.,
20 mm Nat.), sintered pulverized—fuel ash (LWA;) and pumice (LWA,) lightweight aggregates with
aggregate size 4 to 8 mm, and recycled aggregate (RCA;, RCA;) from two sources with size 4-14 mm.
In addition, several mechanical and physical properties of the coarse aggregates were evaluated and
summarized in Table 4. Detailed investigation of the aggregate properties has been reported in previous
research [59,60]. In addition, all ready-mix producers’ mixes used a mix of 10 mm and 20 mm natural
aggregates, cement, GGBS, silica fume, fine sand, and w/cm = 0.39.

(a) 20 mm normal wei

AN sy
et

ght aggregate

ok

(d) Lightweight aggregate- source 2

(f) Recycled aggregate — source 2

(e) Recycled aggregate — source 1

Figure 2. Coarse aggregate used in the investigation.
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Table 4. Summary of the coarse aggregate properties.

Absorption Bulk Dry Moisture

Physical Property % Sp. Gr.* Content% LA Abrasion
Grade Grade Grade
Aggregate Type B % C% D %
Natural Aggregate 0.65 2.685 0.558 22.38
Sintered pulverized—fuel 2430 1336 0.564 95.97
ash
Pumice 12.6 1.605 0.604 27.27
Recycled Aggregate - 1 3.94 2.36 0.719 35 31
Recycled Aggregate - 2 3.35 2.47 0.84 24.97

* Bulk Dry Specific Gravity.

Los Angeles abrasion: results from the Los Angeles (LA) abrasion test could be used as an
indicator of aggregate strength and a relative measure of resistance to crushing under a gradually
applied compressive load. A high LA abrasion number reflects a larger portion of crushed aggregates
(fine) compared to the original mass. However, in case of recycled aggregate, high LA values could be
attributed to the mortar adhered to the aggregate during crushing of recycled concrete. In general,
aggregate’s composition, texture, and structure affect its strength [1]; therefore, it is recommended to
evaluate the aggregate performance in concrete samples to have a better indication of its strength.

Absorption: lightweight and recycled aggregates from both sources have high absorption capacity
than that of the NWA. Therefore, the LIWA and RCA were pre-wet 15 min prior to mixing with part
of the mixing water (about 15% of the LWA aggregate weight and 5% of the RCA aggregate weight)
to compensate for the high absorption capacity and to avoid impact on short-term workability. In
addition, about 5% of the cement and cementitious materials weight were added during the pre-wet
time to enhance the bond strength between the aggregate and the cement paste [59,60].

2.2. Mix Proportioning

All mixes prepared in the lab were proportioned using the absolute volume method and were
based on a normal weight self-consolidated concrete mix [61] with a target strength of 70 MPa. Volume
fractions, Table 5, for all materials and wy/c ratio were the same for all mixes prepared in the laboratory;
however, weights of course aggregates were adjusted to account for the difference in specific gravities.
The total volumetric fraction of the cement and supplementary cementitious materials was 16%.
A low cement content (8%) per volume was selected as an approach to achieve eco-friendly concrete
mixes. The volume fraction of the GGBS (6%) and silica fume (2%) are the commonly used ratios by
the ready-mix producers. In addition, the w/c ratio was selected to achieve the target strength and
durability requirements [61].

Table 5. Mix proportioning.

Material Absolute Volume
Cement 0.08
GGBS 0.06
Silica fume 0.02
water 0.18
Coarse aggregate 0.33
FA (1/2 dune and 1/2 crushed) 0.33

Total Volume 1
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2.3. Testing Program

Cylinders 100 x 200 mm (4 X 8 in.) (Cyq), 150 x 300 mm (6 x 12 in.) (Cy,) and cubes 100 x 100 x
100 mm (4 x 4 X 4 in.) (Cuy) and 150 X 150 X 150 mm (6 X 6 X 6 in.) (Cuy) were prepared from each mix
to evaluate the compressive strength development. In addition, flexural, splitting tensile strength, and
modulus of elasticity were evaluated at 28- and 90-day for all mixes except mix LWA;. There was not
enough material from LWA; to produce all samples, and the source was not available in the market.
Therefore, only samples for compressive strength evaluation, for LWA1, were prepared and included
in the related discussions. All samples were cured using wet burlaps for three days and were left to
dry in ambient room temperature. Table 6 summarizes the tests, number of samples, sample size, age
at testing, and specifications followed during testing.

Table 6. Summary of the experimental investigation.

No. of Testing Events
Test Test Specifications Specimen Size (mm) Specimens &
P (day)
er Test
150 x 300 cylinder 2 cylinders*
Compressive . 100 x 200 cylinder 2 cylinders*
srength ASTM C39/C3M17 [37] 1201205 150 eube S ibeee  7th,28thand 90th
100 x 100 x 100 cube 2 cubes*
Modulus of o1y 1 c460/C469M-14[58] 150 x 300 cylinder 1 cylinder 28th and 90th
Elasticity
Sphzlrre‘igtfﬁ“ﬂe ASTM C496/C496M-11 [56] 150 x 300 cylinder ~ 2cylinders  28th and 90th
f tlf;‘rt‘grf}i ASTM C78/C78M-16 [57] 100 x 100 X 500 beam 2 beams 28th and 90th

* Two sets of samples were prepared for a total of 4 samples of each cube/cylinder.

3. Results

3.1. Compressive Strength

Table 7 provides a summary of the compressive strength results for different concrete mixes at
7-, 28- and 90-day. In addition, Figures 3 and 4 show the average compressive strength for cube
and cylinder specimens, respectively. The results show that generally the compressive strength for
all the concrete mixes increased with age, as expected. The cube specimen of the natural concrete
mixes gave 75% of its target strength (70 MPa) on the 7-day, 97% on the 28-day, and exceeded it on
the 90-day. Both the lightweight aggregate and recycled aggregate concrete mixes resulted in 15-20%
lower compressive strength than that of the natural mixes in the 7-, 28-, and 90-day due to the lower
aggregate strength. Cylinder specimen exhibited lower strength than that of the cube as a result of
the specimen shape effect. In addition, sample failure modes of cubes and cylinders from all mixes are
shown in Figure 5. In addition, failure modes of other samples are illustrated in Annex A. These failure
modes indicate the variability of the aggregate-cement bond strength, which is affected by the aggregate
type. Similar results were reported by References [13,16,19,62,63]. Nonetheless, the lightweight and
recycled aggregates showed improved bond strength due to the addition of cementitious materials
during the pre-wet process before mixing, which was discussed elsewhere by References [59,60].
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Table 7. Summary of compressive strength for different concrete mixes at 7th, 28th, and 90th day.
Test Date 7-day 28-day 90-day
h Cypr C2 Cuy Cup Cyp Cyp Cuyp Cup Cyp Cyz Cup Cup
10mm Natural 46.06 409 521 5283 6331 56.05 5947 6793 63.01 5835 64.07 79.13
20mm Natural 59.67 48.8 6197 5831 6519 6565 67.6 7263 7268 5416 7655 77.01
LWA, 449 432 4349 492 5354 424 5289 6092 54.67 5025 5737 61.65
LWA, 3847 4115 3778 451 4765 464 5228 6057 51.69 4376 5294 59.57
RCA; 4489 4115 514 4844 5234 514 5272 6093 569 6046 5749 66.4
RCA, 4556 3835 4598 5497 5456 531 60.52 66.63 59.82 488 66.56 69.6
Ready mix 1-1 35 313 437 45 36.57 3575 4443 522 3766 37.05 556 56.59
Ready mix 1-2 4817 531 60.66 5932 5898 57.85 6251 6813 58.09 57.7 67.61 76.83
Ready mix 2-1 43.61 4187 4639 4791 50.49 49 5435 59.11 54.28 493 59 61
Ready mix 2-2 53.08 4855 49.49 54.07 5823 5785 587 664 6047 555 5576 62.35
Ready mix 2-3 644 6514 6319 6464 6791 828 7574 8319 7849 80.89 8111 86.47
90 —e— 10mm Natural
—o —&—20mm Natural
% LWT1
70 LWT2
g ——RAl
2 60 —e—RA2
© —@— Ready mix 1-1
%0 —@— Ready mix 1-2
40 —— Ready mix 2-1
—@— Ready mix 2-2
30

40

60

Testing day

80

—@— Ready mix 2-3

100

Figure 3. Average cube compressive strength.

=

lL\Lll

20

40

60

80

100

—@— 10mm Natural
—@—20mm Natural
LWT1
LWT2
—e—RAl
—0—RA2
—@— Ready mix 1-1
—0— Ready mix 1-2
—@— Ready mix 2-1
—0— Ready mix 2-2
—@— Ready mix 2-3

Testing days

Figure 4. Average cylinder compressive strength.
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RCA o RCA2

C60

C80

Figure 5. Failure modes of cube and cylinder specimens from all mixes.
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3.2. Modulus of Elasticity, Split Strength, and Flexure Strength Results

Figures 6-8 summarize the test results of modulus of elasticity, split tensile strength, and flexure
strength for all mixes except mix LWA;. The results were significantly affected by the aggregate type.
Moreover, the modulus of elasticity and flexural strength test results for all the concrete mixes had
increased from 28-day to 90-day, as shown in Figures 6 and 8. The modulus of elasticity was less than
that of the natural aggregate and ready-mix concrete by about 25% (for RCA) and 40% (for the LWA).
However, the results of split tensile strength test indicate a significant variation among different
concrete mixes as illustrated in Figure 7. This could be attributed to variation of the aggregate-cement
bond properties, which are greatly influenced by the aggregate type [19,39,64,65]. It should be noted
that the results in Figures 6-8 are based on two (for modulus of elasticity) or four (for split test)
specimens only. Therefore, the results are considered preliminary results.

s 40
o 35
g 30
= 25
?é 20
o 15
% 10
I
Ready Ready Ready Ready Ready
Mixes 0MM 20MM -\ \vro RAL  RA2 mix1- mix1- mix2- mix2- mix 2-
Nat. Nat.
1 2 1 2 3
m 28th day 30.57 28.69 17.48 20.79 2537 26.485 32.27 25.854 34.109 36.39
m 90th day 3453 3175 20.75 20.32 28.26 28.44 35.04 26.908 37.08 36.83
Concrete mixes
m 28th day = 90th day
Figure 6. Elastic modulus for different concrete mixes at 28- and 90-day.
5
45

Split tensile strength (MPa)

3
2.5
2
15
1
0.5
0

10mm  20mm Ready Ready Ready Ready Ready

Mixes LWT2 RA1l mix 1I- mix 1- mix2- mix2- mix 2-

Nat. Nat. 1 2 1 2 3
m 28th day 2483 275 2479 3.06 3.452 2656 3.343 3736 3.174 4.113
= 90th day 2415 2595 3433 2766 282 2992 4032 2987 3.772 4.347

Concrete mixes
m 28th day m90th day

Figure 7. Split strength for different concrete mixes at 28- and 90-day.
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_ 9
S 8
>3 7
< 6
<3 5
[«b]
= 4
s 3
g 2
oy
Ready Ready Ready Ready Ready
Mixes 10MM 20MM | /0o RAT  RA2 mix 1- mix 1- mix 2- mix 2- mix 2-
Nat.  Nat.
1 2 1 2 3
m 28th day 5.764 5.425 5982 5570 4.747 5.038 6.491 6.491 7.798 7.072
m 90th day 6.055 6.588 7.072 5.909 5.958 5.110 6.733 6.733 7.653 7.702
Concrete mixes
m 28th day ®90th day

Figure 8. Flexure strength for different concrete mixes at 28- and 90-day.
4. Discussion

To evaluate the effect of sample configuration (size and shape) and aggregate strength on
the concrete compressive strength, t-pooled statistical analysis was conducted on the test results. For
a specific sample configuration and testing date, most of the results reported in Table 7 are average of
four samples. The results for the same sample size, ratios between f; at 7-day and 28-day, f: at 90-day
and 28-day, f/ at 7-, 28-, and 90-day and the target compressive strength, and average shape factor (ratio
between the cylinder and cube compressive strength values) at 7-, 28-, and 90-day are summarized in
Table 8. The results indicated that there was a continuous hydration and formation of C-S-H, which is
reflected by the strength gain, and most of the ratios for Cyj, Cyy, Cuy, and Cuy specimens for different
mixes were less than 1 for 7- to 28-day ratio. Previous studies [16,59,60] conclude that the natural
concrete mixes typically achieve 0.7-0.8 of the 28-day strength in the first 7 days. On the other hand,
most of the ratios are more than 1 for 90- to 28-day ratio. This highlights the importance of long-term
evaluation especially for lightweight and recycled aggregate concrete, which is also in agreement with
the recommendations for concrete with GGBS, lightweight, and recycled aggregate concrete [15,19,60].
Some scattered results in Table 8 show lower compressive strength for the 90-day than the 28-day,
especially for Cy, specimen; nonetheless, the majority of the results indicate higher strength, which is
similar to results reported in the literature [31,32,44]. Table 9 illustrates a summary of the ratio between
the cylinder and cube strength from the literature and from the current study.

4.1. Shape Factor Analysis

Aggregate type, target strength, and sample configuration (cylinder or cube) and sample size
might affect the compressive strength values of the concrete mixes and the shape factor (the ratio
of cylinder to cube compressive strength). Therefore, statistical analysis was conducted to examine
the effect of these parameters on the shape factor.
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Table 8. Summary of compressive strength ratios.

Test Date Ratié)ol:;tweel? 7tlsl t/28th;hDay Ratié) betweer} 90tsl; /28tltll-lDay Cu,/TS Ratios Average Cy/Cu Ratio

pressive Streng ompressive Streng 7th 28th 90th 7th 28th 90th

Mixes Cy1 Cy» Cuq Cuy Cy1 Cy» Cuy Cuy Cuy/Ts Cuy/Tg Cuy/Tg Cy/Cu Cy/Cu Cy/Cu
10 mm Natural 0.73 0.73 0.88 0.78 1.00 1.04 1.08 1.16 0.75 0.97 1.13 0.839 0.922 0.839
20 mm Natural 0.92 0.74 0.92 0.80 1.11 0.82 1.13 1.06 0.83 1.04 1.10 0.925 0.925 0.866
LWA, 0.84 1.02 0.82 0.81 1.02 1.19 1.08 1.01 0.70 0.87 0.88 0.946 0.806 0.878
LWA, 0.81 0.89 0.72 0.74 1.08 0.94 1.01 0.98 0.64 0.87 0.85 0.957 0.829 0.818
RCA; 0.86 0.80 0.97 0.80 1.09 1.18 1.09 1.09 0.69 0.87 0.95 0.872 0.934 0.929
RCA, 0.84 0.72 0.76 0.83 1.10 0.92 1.10 1.04 0.79 0.95 0.99 0.855 0.836 0.781
Ready mix C45_1 0.96 0.88 0.98 0.86 1.03 1.04 1.25 1.08 1.00 1.16 1.25 0.747 0.748 0.666
Ready mix C75 0.82 0.92 0.97 0.87 0.98 1.00 1.08 1.13 0.79 0.91 1.02 0.844 0.894 0.802
Ready mix C45_2 0.86 0.85 0.85 0.81 1.08 1.01 1.09 1.03 1.06 1.31 1.35 0.906 0.877 0.863
Ready mix C60 0.91 0.84 0.84 0.81 1.04 0.96 0.95 0.94 0.90 1.11 1.04 0.981 0.928 0.982
Ready mix C80 0.95 0.79 0.83 0.78 1.16 0.98 1.07 1.04 0.81 1.04 1.08 1.013 0.948 0.951

Cyq: cylinder 4x8 in, Cyy: cylinder: 6x12 in, Cuy: cube 4x4x4 in, Cuy: cube 6x6x6 in, TS — Target Strength.
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Table 9. Summary of cylinder vs. cube strength ratios from the literature compared to the current
study. [43,45-51].

Average
Reference cylinder/cube Remarks
Ratio
Study focused on high-strength concrete. Few data were
Cormack [43] 087 generated for f.’<41 MPa
Evans [45] 0.77-0.96 Lower-strength concrete had gene.rally lower cylinder/cube
strength ratios
. 0.71-0.77 Segregating concrete
Sigvaldason [46] 0.76-0.84 Non-segregating concrete
Gyengo [47] 0.65-0.84 Variation due to changing coarseness of aggregate grading
Gonnerman [48] 0.85-0.88 Tests performed using standard cylinders and 6” and 8” cubes
Water-cured specimens
Plowman, Smith, 0.74 Air-cured specimens
and Sheriff [49] 0.64 In both cases, portions of steel bars were embedded in cylinder
specimens
Raju and 0.61 Using 150 mm cubes
Basavarajaiah [50] 0.51 Using 100 mm cubes
.. 0.67-0.76 Landcrete specimens (small agg. From lateric soil)
Lasisietal. [51] 0.55-0.86 Concrete specimens
0.66-0.98 Normal and high-strength concrete.
Current study 0.82-0.88 Lightweight aggregate concrete.
0.78-0.93 Recycled aggregate concrete.

4.1.1. Effect of Aggregate Type on Shape Factor

The statistical testing was conducted to compare the compressive strength of the 6-inch and
the 4-inch standard specimen sizes for the same specimen shape (cube and cylinder) and concrete
mix. Testing was conducted for available “nl = n2 = 4” samples of results and was carried out for
the compressive strength at 7-, 28- and 90-day. The result of this test showed that the majority of
the compared standard specimen sizes gave equal compressive strength, which indicates a negligible
effect of using different standard sizes on the concrete compressive strength. Accordingly, the data
for the cube and cylinder have been combined (having a size of 8 samples). The average concrete
compressive strength is calculated as the trimmed average of 6 samples (after excluding the highest
and the lowest value). The specimen shape factors “Cy/Cy” for six concrete mixes were compared
using the t-pooled hypothesis testing, for a 95% confidence level, to investigate the effect of aggregate
type on the shape factor. Table 10 shows the summary of the hypothesis testing results for the shape
factors at 90-day, which is considered to represent the long-term performance of the concrete. It should
be noted that the limit for “t” is +2.228. The results shown in Table 9 indicate that the aggregate type
has a significant effect on the shape factor and the following observations were concluded: (i) there is
no significant difference in the shape factor values when comparing natural and lightweight aggregates.
However, there was a significant difference between the two types of lightweight aggregates, which
was confirmed by Reference [59]; (ii) recycled aggregate concrete mixes show a statistically significant
difference in the shape factors when compared to other types of aggregate. This can be attributed to
the fact that the recycled aggregate properties cannot be controlled due to the high variability of their
sources even in the same batch, which may have different quality and strength [13,21,59,66].
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Table 10. Summary of hypothesis testing results for Cy/Cu at 90-day.

Mixes t-Value
10 mm Nat. 20 mm Nat. LWA: LWA: RCA: RCA:
10 mm Nat. 0.860 1.301 -0.652 3.104 -1.808
20 mm Nat. 0534 -2.087 3.130 -3.531
LWA:1 -2.971 3.108 -4.525
LWA:2 5989 -1.640
RCA: -7.393
RCA:

4.1.2. Effect of Concrete Target Strength on Shape Factor

A summary of calculated specimen shape factors Cy;/Cu; and Cy,/Cu, of the five ready-mix
concrete with different target strengths at 7-, 28-, and 90-day are shown in Table 11. The results for
samples collected from the same ready-mix producer show that, in general, when increasing the target
strength level of the concrete mix, the specimen shape factor increased. Similar results were reported
by other researchers [12,40].

Table 11. Summary of Cy;/Cu; and Cy,/Cuj ratios at 7-, 28-, and 90-day.

Test Date 7-day 28-day 90-day
Mixes Cy1/Cuy Cy2/Cu, Cy1/Cuy Cy,/Cuy Cy1/Cuy Cy2/Cu,

Ready mix 1-1 (45 MPa) 0.80 0.70 0.82 0.68 0.68 0.65
Ready mix 1-2 (75 MPa) 0.79 0.90 0.94 0.85 0.86 0.75
Ready mix 2-1 (45 MPa) 0.94 0.87 0.93 0.83 0.92 0.81
Ready mix 2-2 (60 MPa) 1.07 0.90 0.99 0.87 1.08 0.89
Ready mix 2-3 (80 MPa) 1.02 1.01 0.90 1.00 0.97 0.94

4.2. Effect of Aggregate Type on Concrete Compressive Strength Analysis

Compressive strength of six concrete mixes was compared using the pooled t-test method to
investigate the effect of the aggregate type on the concrete strength. Table 12 summarizes the t-pooled
analysis for each specimen shape “Cy and Cu” at 90-day. For the cylinder specimen, Table 12, the results
showed that compressive strength was affected by both the aggregate type and specimen shape. To
investigate the aggregate type effect separately, the 90-day specimen shape factors were applied to
the compressive strength of the cylinders and then re-compared using the t-pooled testing method.
Results in Table 12 show that generally the concrete compressive strength was highly affected by
the aggregate type. The following observations were concluded:
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Table 12. Summary of t pooled analysis results at 90-day.

17 of 26

t-Value Cy of Six Concrete Mixes Cu of Six Concrete Mixes Adjusted Cy of Six Concrete Mixes
Mixes 10 mm Nat. 20mm Nat. LWA: LWA: RCA: RCA:2 10 mm Nat. 20mm Nat. LWA:  LWA: RCA: RCA: 10 mm Nat. 20 mm Nat. LWA: LWA2 RCA: RCA2
10 mm Nat. 0.880 -4.079 4263 -3.837 -0.616 1.346 -3.065 -4773 -1.138 -2.040 0.736 -3.390 -4.060 -2.677 -0.705
20 mm Nat. -3247 3510 -2.899 -1.188 -3.075 4175 -1.941 2511 -3.663 4217 -3.067 -1.404
LWA: -0.581 0.865 2.534 -1.717  2.056 0.623 -0.800  0.894 3.199
LWA: 1412 2.866 3.814 2.175 1.711 4.018
RCA: 2.072 -1.153 2.340

RCA:
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(1) For normal strength concrete, changing the aggregate size did not affect the concrete compressive
strength when using natural aggregate, similar findings were reported by References [7,34].

(2) Both lightweight and RCA; mixes show less compressive strength than the two natural
concrete mixes. This is attributed to their lower aggregate strength. This conclusion is compatible
with the results reported by previous research [13,27], which conclude that compressive strength has
decreased with replacing the natural aggregate with recycled aggregate.

(3) The RCA; mix resulted in an equivalent compressive strength to those of the natural concrete
mixes for both cylinder and cube specimens, which matches their corresponding aggregate strength
and similarly gives higher compressive strength than those of the lightweight aggregate mixes.

(4) In accordance with the higher strength shown by the RCA; than RCA;, its concrete mix
exhibited a slightly higher compressive strength than that of RCA; concrete mix in the cube specimen
and an equivalent strength in the cylinder case. This difference could be attributed to the variation
of the recycled aggregate sources even within the same batch, which may have different properties
and strength.

4.3. Correlation between Aggregate Strength and Concrete Compressive Strength

Regression analysis was conducted to investigate the relationship between the aggregate strength
of the six types considered in this study represented with their weight loss percentage that resulted from
the LA abrasion test, and their concrete mixes’ trimmed average of the equivalent compressive strength.
Analysis was done for both cylinder and cube specimens’ compressive strength at 28-day. The results
indicate a good correlation between the aggregate strength and their concrete mix compressive strength.
The R? values, for a second-order equation, was around 0.60 for the cylinder and cube compressive
strength, as shown in Figure 9. These results refer to the great role played by the aggregate type in
affecting the concrete compressive strength. This contradicted with several previous studies [67-71]
that estimate concrete compressive strength based on the water-cement ratio and ignoring the effect
of aggregate type/strength in their models. Findings from the current study are in agreement with
other studies [6,9,17,44,62—-64] that aggregate type should be considered while predicting the concrete
compressive strength.

80 80
75
70 70

y =-0.9944x + 87.757

65 R?=0.6144 60
5 60 T e g
g 55 L NG >0 g
~ N 3
O 50 gty Nt ©
....... °
45 F— e —— e P 0
. y=-1.2193x + 86.121

40 Linear (Cy) R?=0.6174 30

35 + Linear (Cu)

“ 20

20.00 22.00 24.00 26.00 28.00 30.00 32.00 34.00 36.00
Aggregate weight loss%

Figure 9. Correlation between compressive strength and aggregate strength.



Crystals 2020, 10, 625 19 of 26

4.4. Comparing Test Results to ACI Standards

ACI363R-10 [72] and ACI318-19 [73], Equations (1) to (6) [72,73], utilize cylinder compressive
strength to predict other mechanical properties.

Modulus of elasticity E = 3320 y/f/ -+ 6900 for f/ 21 MPa < f! < 83 MPa (1)
E = 4700 /f! @)

Split tensile strength fs,r = 0.59 \/JTC’ for f/ 21 MPa < f! < 83 MPa ®)
fspr = 056/ f¢ (4)

flexural strength f, = 0.94+/f for f/ 21 MPa < f! < 83 MPa (5)
fr=0.62A+/f! (6)

where,

f¢ is the cylinder Cy, compressive strength at 28-day in MPa.
A is a reduction factor to account for aggregate type. A = 0.85 for sand lightweight concrete.

In the current study, modulus of elasticity, split tensile strength, and flexural strength were
calculated using equations from Reference [72] for natural aggregates and equations from Reference [73]
for lightweight and recycled aggregate concrete mixes. The main goal of the comparison is to check
the applicability of using ACI equations to predict the mechanical properties of concrete with different
aggregate types. Table 13 summarizes the comparison of the calculated and tested values for
the modulus of elasticity, the flexure strength, and the split strength. It is observed that the tested
modulus of elasticity for the ready mixes and the mixes with natural aggregate ranged between 0.85
and 1.06 of the calculated values according to ACI equations. However, in the case of lightweight
and recycled aggregates, the ACI equations overestimated the modulus of elasticity, which indicates
unsuitability of these equations with RCA and LWA samples. Values from the tested samples were much
lower than their standard predicted values, which were in the range of 0.55 to 0.74 of the calculated
values. Lightweight aggregate and recycled aggregate samples require more curing time, which might
affect the test results at 28 days, as discussed earlier in the paper.

The tested split tensile strength for the majority of the concrete mixes is lower than the standard
predicted value, especially for the 10mm and 20mm concrete mixes. This indicates weak bond strength,
resulting in an early failure in the lateral direction. In addition, ready-mix concrete mixes have
resulted in tested flexural strength that is comparable to the calculated values (ratio of 0.83 to 1.09).
The natural aggregates resulted in a lower flexure strength than the calculated values. The pumice
lightweight aggregate and recycled aggregate concrete mixes exhibited higher flexural strength than
those predicted, especially for the pumice lightweight aggregate concrete mix. This could be a result of
its small size and rough surface, which increased the interlocking between aggregate and the cement
paste and the special presoaking procedure followed for both lightweight and recycled aggregate
concrete mixes, which enhanced the bond in the ITZ.

Table 14 summarizes some of the results of the modulus of elasticity, split strength, and flexural
strength from the literature and the current study results, which came compatible with each other.
Variation in values is attributed to the different types of aggregate used and the strength level targeted
in those studies.
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Table 13. Summary of calculated and tested values.

Mix Modulus of Elasticity (GPa) Split Strength (MPa) Flexure Strength (MPa)
Calculated Tested Ratio+ Calculated Tested Ratio+ Calculated Tested Ratio+

10 mm Nat. 31.76 30.57 0.96 4.42 2.48 0.56 7.04 5.76 0.82
20 mm Nat. 33.80 28.69 0.85 478 2.75 0.58 7.62 543 0.71
LWA?2 32.02 17.48 0.55 3.81 2.48 0.65 3.59* 5.98 1.67
RCA1 33.70 20.79 0.62 4.01 3.06 0.76 445 5.57 1.25
RCA2 34.25 25.37 0.74 4.08 3.45 0.85 452 4.75 1.05
Ready mix 1-1 26.75 26.49 0.99 3.53 2.66 0.75 5.62 5.04 0.90
Ready mix 1-2 32.15 32.27 1.00 4.49 3.34 0.74 7.15 6.49 0.91
Ready mix 2-1 30.14 25.85 0.86 413 3.74 0.90 6.58 6.49 0.99
Ready mix 2-2 32.15 34.11 1.06 4.49 3.17 0.71 7.15 7.80 1.09
Ready mix 2-3 37.11 36.39 0.98 5.37 411 0.77 8.55 7.07 0.83

*A factor of 0.85 was adopted to account for the aggregate type; + Ratio = tested/calculated.

20 of 26
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Table 14. Results of mechanical properties from literature and the current study results. [13,20,21,25-28,33,34,62,63,74-80].

Reference Flexul(‘;}[ I%Sength Split Te?;ﬁfa)Strength Modulu(sGOIfalilasticity Remarks
Topeu and Uygunogl (20 To17 1718 Lightweight sggoegate concete
Tabsh and Abdelfatah [13] 294 Recyeld spgregate concrete
Poon and Lam [21] 3-4.2 Normal and high-strength concrete.
Katz [25] 54 3.1 11.3 Recycled aggregate concrete.
MeNeiletal. 20 89-97 273 15t 3070 5050 ROA.
Beshr et al. [62] 24-4 21-28 High-strength concrete.
Beushausen and Dittmer [63] 2.66-2.93 3.74-4.35 27.03-44.81 High-strength concrete.
Kilic et al. [74] 52-17.3 High-strength concrete.
Wu et al. [75] 5-5.3 31-39.5 w/c = 0.44.
Zhou et al. [76] 18.6-51.3 High-performance concrete.
Ozturan and Cecen [77] 4.7-53 3.9-5.2 Normal and high-strength concrete.
Aitcin and Mehta [78] 31.7-37.9 High-strength concrete.
Ezeldin and Aitcin [79] 74-92 High-strength concrete.
Sengul et al. [80] 1.22—3.88 25.3—38 Normal strength concrete.
44-8.14 36.3-51.1 High-strength concrete.
Ajamu and Ige [33] 4.4-493 Normal concrete with different aggregate sizes.
Meddah et al. [34] 28.5-37 Normal and high-strength concrete.
Wardehetal. [27] 3.9;131.75 3256.3 3%)9-5?6 ?%%thZgiﬁg;E%altgg%nlgcez
Choi et al. [28] 1.8-2.5 Recycled aggregate concrete.
5.5-7.8 2.5-4.11 28-36 Normal and high-strength concrete.
Current study 6 2.5 17.5 Lightweight aggregate concrete.
4.75-5.57 3-35 21-25 Recycled aggregate concrete.
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5. Conclusions

This paper presents a preliminary experimental investigation of the effect of specimen configuration
and aggregate type on the concrete compressive strength. Six concrete mixes with different aggregate
types were cast and tested for compressive strength, elastic modulus, splitting tensile strength, and
flexural strength. In addition, samples from five ready-mix concrete were collected from two producers
and were evaluated for the same mechanical properties. Two specimen shapes, cylinder and cube,
were used with 100 X 200 mm (4 X 8 in.) and 150 X 300 mm (6 x 12 in.) sizes. Compressive strength
was evaluated on the 7-, 28- and 90-day, while the elastic modulus, split tensile strength, and flexural
strength were evaluated on the 28- and 90-day. The results from the current study are based on a small
number of samples, however, the following could be concluded from the findings:

For the same cementitious materials, w/c ratio and curing conditions, compressive strength of
the recycled and lightweight aggregate concrete was about 15-20% lower than that of natural aggregate
and ready-mix concrete mixes. The modulus of elasticity was less than that of the natural aggregate
and ready-mix concrete by about 25% (for RCA) and 40% for the LWA. These lower values can be
attributed to the fact that these aggregates have lower strength than natural aggregates.

For all the concrete mixes in the study, the concrete compressive strength shows significant
correlation with the aggregate strength (with an R2 of 0.61). Both flexural and split tensile strengths
were less affected by the aggregate type than the compressive strength and elastic modulus.

The specimen size and aggregate unit weight effect on compressive strength is negligible regardless
of the specimen shape and the aggregate type. In addition, for normal strength concrete and for
the aggregate gradation used in the study (10 mm and 20 mm), aggregate size has no effect on
the concrete compressive strength.

The cylinder/cube ratio ranged between 0.781 and 0.929 for the 90-day, which is in agreement with
previous research. Using different types of aggregate in concrete mixes resulted in a cylinder/cube
ratio influenced by the aggregate strength and, in turn, was affected by the specimen shape.

Based on the preliminary results obtained in this research, it seems that ACI equations [72,73]
overestimated modulus of elasticity and split tensile strength values for LWC and RAC, which indicates
inapplicability of such equations for lightweight and recycled concrete.

The presoaking procedure followed during mixing of lightweight and recycled concrete enhanced
the ITZ, which was reflected by the improved bond, interlocking with the cement paste and better
flexural performance. In this study, pumice lightweight aggregate and recycled aggregate concrete
mixes exhibited higher flexural strength than those predicted by the ACI standard [69,70].
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