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Abstract: Expanded shale lightweight aggregates, as the coarse aggregates, were used to produce
lightweight aggregate concrete (LWAC) in this research. At the fixed water-cement ratio, paste quantity,
and aggregate volume, the effects of various aggregate gradations on the engineering properties of
LWAC were investigated. Comparisons to normal-weight concrete (NWC) made under the same
conditions were carried out. From the experimental results, using normal weight aggregates that follow
the specification requirements (standard gradation) obtained similar NWC compressive strength to
that using uniform-sized aggregates. However, the compressive strength of LWAC made using small
uniform-sized aggregates was superior to that made from standard-grade aggregates. This is especially
conspicuous under the low water-cement ratio. Even though the workability was affected, this problem
could be overcome with developed chemical additive technology. The durability properties of concrete
were approximately equal. Therefore, it is suggested that the aggregate gradation requirement of LWAC
should be distinct from that of NWC. In high strength LWAC proportioning, following the standard
gradation suggested by American Society for Testing and Materials (ASTM) is optional.

Keywords: lightweight aggregates; aggregate gradation; standard gradation; uniform-sized
aggregates; compressive strength; durability

1. Introduction

Generally, normal-weight concrete (NWC) aggregate gradation should fit in with the standard code
requirements. The main purpose is to enable finer concrete workability and make the aggregate collection
tighter. A tighter aggregate collection indicates that the concrete contains more aggregate and less paste.
Hence, the unit weight and achievable concrete strength can be higher. Lightweight aggregate concrete
(LWAC) mix-proportion design criteria is established in many standard specifications, such as ACI 318 of
US, DIN of Germany, JIS of Japan, CNS 12891 of Taiwan, etc. In addition to lightweight aggregate (LWA)
consideration, the aggregate gradation is generally in accordance with NWC [1-3]. For example, the criteria
for the structural aggregate gradation of the structural LWAC in the American Society for Testing and
Materials (ASTM) C330 specification refer to the ASTM C33 specification. The gradation prescriptions for
“Lightweight aggregates for structural concrete” from CNS 3691 in Taiwan is similar to that for “Concrete
aggregates” in CNS 1240 for NWC. However, for LWAC, when a higher quantity or coarser aggregate
particle size is used, the unit weight of the concrete could be reduced, but negative effects on the concrete
strength might occur.

Over the past decades, a number of experimental research projects have been conducted to study
the properties of LWA, as well as the associated engineering properties of LWAC. They indicated that
the engineering properties of LWAC are affected by several parameters, like the water-to-cement ratio,
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age, curing conditions, strength and elastic modulus of the aggregate, aggregate types, volume fraction
of the aggregate, etc. [4-8]. In recent years, analytical methods of data-driven models have also been
of increasing interest in evaluating the concrete compressive strength such as artificial intelligence
based techniques like artificial neural network [9,10] and adaptive network-based fuzzy inference
systems (ANFIS) [11,12]. However, these studies do not distinctly study the effect of LWA aggregate
gradation. Therefore, whether the gradation prescriptions for LIWAC should parallel that for NWC
or not should be further investigated. This research manufactured concrete using various aggregate
grades. The engineering properties were determined to investigate the effects of various aggregate
grades on concrete properties.

2. Experimental Details

Artificial lightweight aggregates and natural normal weight aggregates were used to manufacture
concrete in this research. The test materials included clean water, Type I Portland cement of Taiwan Cement
Company (specific gravity = 3.15), normal weight coarse aggregates from a local river of Taichung City in
Taiwan (specific gravity = 2.65, water absorption = 1.1%), normal weight fine aggregates (Taichung City,
Taiwan) (specific gravity = 2.61, water absorption = 1.2%), and expanded shale lightweight aggregates
(Figure 1), which were supplied from TianJin BaoMing Co., Ltd. of China. Three lightweight aggregates
grades with uniform size were selected. The nominal grain sizes were 16 mm, 11 mm and 7 mm.
A standard gradation fit with the ASTM C330 specification was used as the control batch. The maximum
grain size was 19 mm (Dmax = 19 mm). The basic properties of lightweight aggregates are shown in Table 1.
To obtain concretes with similar unit weight, selected lightweight aggregates from each grain size possess
similar specific gravity and water absorption. In addition, the specific surface area (SSA = surface area
of aggregates/volume of aggregates) defined by Singh [13] was treated as an index of the aggregates
grade. The SSA of three uniform-sized aggregates and the standard aggregate grades were calculated.
The amount of aggregate for each grade and the SSA calculation are shown in Table 2. The relationship
between the nominal grain size and aggregates SSA is drawn in Figure 2.

Table 1. Basic properties of lightweight aggregates.

Grain Size (mm) Nominal Grain Size (mm) Particle Density (kg/m3) 24 h Water Absorption (%)

12.5-19 16 1460 8.77
9.5-12.5 11 1460 8.00
4.759.5 7 1490 712

Table 2. Gradation and specific surface area (SSA) of coarse aggregates.

Amount (%)

Gradation SSA (m2/m3)
19-12.5mm 12.5-9.5mm 9.5-4.75 mm
Standard gradation (S) 40 30 30 573
Nominal grain size 16 mm 100 0 0 381
Nominal grain size 11 mm 0 100 0 545

Nominal grain size 7 mm 0 0 100 857
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(a) 7 mm (b) 11 mm (c) 16 mm
Figure 1. Particle shape of lightweight aggregate (LWA).
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Figure 2. Relationship between grain size and the specific surface area (SSA) of aggregates.

Two water-cement ratios (w/c), 0.4 and 0.7, were selected to investigate the aggregate grade
impact on the concrete properties. Under a fixed w/c, the amount of mortar, and aggregate volume,
the aggregate grade was the only variable that was changed. The aggregates’ grade effect on the
concrete properties was explored. The differences between LWAC and NWC were analyzed and
compared. The LWAC and NWC test mix-proportions are shown in Tables 3 and 4. In these tables,
L indicates LIWAC while N means NWC, and 0.4 indicates w/c. S represents the standard aggregate
grade that met the ASTM C33 or ASTM C330 specification, and 16 means aggregates with a nominal
grain size of 16 mm, respectively. The lightweight aggregates were oven-dried and pre-wet before
mixing (the amount of 30 min water absorption was used).

Table 3. Mix proportions of lightweight aggregate concrete (LWAC) (kg/m?3).

Normal Weight Lightweight Coarse Aggregates (Oven-Dried)

Item w/c Cement Water .
Fine Aggregates 19125 mm  12595mm  9.5-4.75 mm
L0.7-S 239 179 183
L0.7-16 598 0 0
L0.7-11 0.7 290 202 721 0 597 0
L0.7-7 0 0 609
L0.4-S 221 165 169
L0.4-16 552 0 0
L0.4-11 0.4 480 194 667 0 551 0

L0.4-7 0 0 562
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Table 4. Mix proportions of normal-weight concrete (NWC) (kg/m?3).

e C Normal Weight Normal Weight Coarse Aggregates
Item wlc ement Water :

Fine Aggregates 19 125mm  12.5-9.5mm  9.5-4.75 mm
NO.7-S 419 342 342
NO0.7-16 1103 0 0
NO.7-11 0.7 290 202 721 0 1103 0
NO.7-7 0 0 1103
NO0.4-S 387 316 316
NO0.4-16 1019 0 0
NO4-11 0.4 480 194 667 0 1019 0
NO0.4-7 0 0 1019

3. Results and Discussion

To investigate the effects of aggregate grade on the concrete properties, various experiments on
the concrete freshness properties, hardened properties, and durability properties were conducted.
The freshness concrete properties are tested in slump, air-content, and unit weight tests, and the
hardened concrete property is tested in a compressive strength test. These tests followed the
corresponding ASTM specifications. The strength values were derived from the average value of five
cylindrical specimens (9150 x 300 mm) after 28 days of standard curing. Concrete durability property
tests included permeability and electrical resistance. The permeability test (Figure 3) used 10 kg/cm?
of water pressure upon the top surface of oven-dried specimens (9150 x 300 mm) for three hours.
The electrical resistance test (Figure 4) measured four electrical resistance values for each cylindrical
specimen (@150 x 300 mm). The average values were then calculated. All test results are shown in

Table 5.

Figure 3. Permeability test.

Figure 4. Electrical resistance test.
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Table 5. Engineering properties of concrete.

Fresh Concrete Hardened Concrete Durability
Item Slump Air Content Unit Weight Compressive Permeant Electrical
(mm) (%) (kg/m3) Strength (MPa) Volume (cm®)  Resistance (kQ2-cm)
L0.7-S 180 21 1857 23.8 16 15.9
L0.7-16 220 15 1874 219 17 15.9
L0.7-11 180 19 1852 24.5 19 15.9
L0.7-7 130 2.1 1901 26.3 15 16.5
NO0.7-S 160 1.0 2351 24.0 31 14.1
NO.7-16 200 0.8 2361 214 26 15.9
N0.7-11 130 15 2349 23.1 33 14.1
NO0.7-7 70 17 2344 239 41 12.9
L0.4-S 60 2.5 1937 448 13 23.1
L0.4-16 65 2.1 1925 38.6 14 21.9
L0.4-11 60 2.2 1936 43.7 14 24.9
L0.4-7 45 22 1943 57.8 12 24.6
NO0.4-S 35 22 2399 53.1 14 20.4
NO0.4-16 60 17 2399 52.0 12 20.7
N0.4-11 45 1.6 2382 50.6 12 19.2
N0.4-7 25 19 2387 542 14 18.6

3.1. Influence of Aggregates” Gradation on the Properties of Fresh Concrete

The mixing duration was two minutes. The slump and air content tests proceeded after mixing
for eight minutes. The slump test results are shown in Table 5 and Figure 5. From Table 5, it can be
seen that the LWAC slumps were in the range of 130 mm to 220 mm. The NWC slumps were in the
range of 70 mm to 200 mm when the w/c = 0.7. As for the w/c = 0.4, the LWAC slumps were within
45 mm to 656 mm, while the NWC slumps were within 25 mm to 60 mm.

Figure 5a shows a LWAC slump in which 7 mm uniform size aggregates were 130 mm when
the w/c is 0.7. The slump increased to 220 mm as the size of the aggregate changed to 16 mm.
The increment was about 70%. NWC exhibited the same trend. The workability of the concrete
was obviously affected by the aggregate grade. Figure 2 shows that the SSA of the aggregates and
the slump are inversely proportional to grain size. The concrete slump becomes larger as well.
The same tendency appeared at the low water-cement ratio (w/c = 0.4, shown in Figure 5b). The main
reason is that the amount of paste adhering to the aggregate surface becomes reduced as the SSA
decreases. When the total volume of paste is fixed, the paste provided for flowing increases relatively.
Therefore, the workability of the concrete becomes better. This is not so obvious at lower water-cement
ratios because of the high paste consistency in the concrete.

The differences between LWAC and NWC were further compared. Under the same mix proportions,
the LWAC slump was larger than that of NWC slump. The possible reason is that the coarse aggregates
of LWAC were oven-dried. Thirty minutes of lightweight aggregate absorption was used while mixing.
The redundant water, which could not be completely absorbed by the lightweight aggregates at the
beginning of the mixing process, transformed into mixing water. Therefore, the workability of LWAC was
enhanced. Moreover, the shape of lightweight aggregates was much rounder than that of normal weight
aggregates. Therefore, the resistance was relatively low when flowing. Combining the characteristics of
lightweight aggregates mentioned above, all cause a slightly better LWAC workability than that for NWC
under the same mix proportions.

According to the air content test result in Table 5, the air contents of LWAC were in the range of
1.5% to 2.5%. Compared to the air content in NWC with the same aggregates grade, the air content
of LWAC was about 0.4-1.1% higher than that of NWC. The major cause is the great quantity of
pores existing on the shell of lightweight aggregates. The air content measurement for concrete is
the pressure method, so that the value might be highly estimated because of the influence from such
surface pores. Therefore, the air content of LWAC is higher than that of NWC.
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The specific gravity of normal-weight aggregates was about 2.65 for each grain size. The specific
gravity of lightweight aggregates was about 1.46 for each grain size. By virtue of the similar aggregate
specific gravity for each size of aggregate, the influence on the unit weight of aggregates’ grade was not
obvious for both LWAC and NWC. Comparing the unit weight of LWAC and NWC, LWAC, which uses
the expanded shale lightweight aggregates, is about 20% lower than NWC on average. The unit weight
of LWAC depends on the specific gravity and amount of lightweight aggregate. If the lightweight
aggregates with plenty of pores and low density were used, the unit weight of the concrete could be
certainly reduced.
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Figure 5. Slump of normal-weight concrete (NWC) and lightweight aggregate concrete (LWAC).

3.2. Influence of Aggregates” Gradation on the Properties of Concrete Strength

As shown in Table 5, the compressive strength of LWAC with various mix proportions was
approximately 22 MPa to 26 MPa when the w/c is 0.7. For NWC with the same w/c, the compressive
strength was about 21 MPa to 24 MPa, which was close to that of LIWAC. However, the compressive
strength of LWAC with various mix proportions was approximately 39 MPa to 58 MPa when the
w/c is 0.4, while that of NWC was about 51 MPa to 56 MPa. The discrepancy between them was
considerably evident.

Figure 6 shows the relationship between the concrete compressive strength with uniform size
aggregates and that of concrete with standard-grade aggregates (fit in with the ASTM specification).
As shown in the figure, the compressive strength of LWAC which uses 7 mm uniform-sized
aggregates is 11% higher than that of LWAC with standard gradation aggregates when the w/c
is 0.7. Furthermore, the difference approaches 29% when the w/c is 0.4. The compressive strength of
NWC which uses uniform size aggregates was mostly lower than that of NWC with standard-grade
aggregates with high or low w/c. The values were in the range of 89% to 102%. This indicates
that NWC with standard gradation aggregates possesses comparatively higher compressive strength.
However, LWAC with standard gradation aggregates does not exhibit better compressive strength.

There is a tendency for the compressive strength of LWAC increases as the aggregate grain
size decreases, this appeared regardless of the w/c value. The larger SSA the aggregates possess,
the higher compressive strength of the concrete. This is especially conspicuous under the low w/c.
Like composite material, lightweight aggregate is the weak-phased material in LWAC (especially at
the low w/c). Under the same total volume of aggregates, the number of aggregate particles increase
as the grain size of the aggregates decreases. The distribution of weak-phased material in concrete
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tends towards uniform. The uniformity of concrete is consequently improved, so that the concrete
represents preferable strength.

Furthermore, at the low water-cement ratio (w/c = 0.4), the difference of compressive strength with
varied gradation is obvious. This is because the particle strength and elastic modulus of lightweight
aggregates are both lower than those of mortar, so that the strength behavior of LWAC is mainly
controlled by aggregates [14-22]. Hence the influence of aggregate gradation on the strength of
concrete is extremely obvious. The strength and elastic modulus of natural aggregate are higher than
that of mortar, and the achievable strength of NWC is mainly predominated by mortar. The aggregates
merely present the reinforced particles in concrete. Therefore, the effect of the variation of aggregates’
gradation on the concrete strength is not evident (shown in Figure 6b). This phenomenon occurs in
LWAC with a high w/c, as well (shown in Figure 6a). The strength of mortar reduces as the w/c
is high. The strength of lightweight aggregates could be higher than that of mortar at this time,
and the lightweight aggregates possess the strength properties like natural aggregates. The lightweight
aggregates perform the reinforced particles in LWAC, and the strength of concrete tends to be decided
by mortar. For this reason, the strength of LWAC and NWC is almost identical (as w/c = 0.7) under
the same mix condition. Furthermore, the influence of aggregate gradation has a similar tendency.
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Figure 6. Compressive strength of NWC and LWAC.

As a result, the standard grade of aggregates that follows the specification requirement should
still be adopted in NWC and high w/c ratio LWAC for improving the characteristics of strength and
workability. In LWAC proportioning (low w/c), if the major concern is concrete strength, the standard
gradation advised by ASTM could not be followed.

From the discussion mentioned above, LWAC with lightweight aggregate of small grain
size and uniform grade represents comparatively superior strength behavior in the high-strength
(low w/c) concrete.

The quality concrete possesses low unit weight and holds the high compressive strength at the
same time. If the ratio between compressive strength and unit weight of concrete is larger, the economic
benefits that the concrete structure provides could be enhanced. Strength efficiency is defined as the
compressive strength provided by concrete per unit weight in this research. Figure 7 shows the
relationship between the aggregate grain size and strength efficiency of concretes. The strength
efficiency of LWAC with high water-cement ratio (w/c = 0.7) is approximately 0.012 to 0.013.
Comparing with that of NWC which is about 0.009 to 0.010, the value is probably 30% higher.
The average of the strength efficiency of LWAC with a low water-cement ratio (w/c = 0.4) is mostly
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higher than that of NWC, but the diversity is comparatively unobvious under the larger grain size
condition. The influence of the aggregates’ grade is considered. It can be seen from the figure that
the strength efficiency increased as the grain size of aggregates decrease in substance. For NWC,
strength efficiency with uniform grain size aggregates is mostly lower than that of standard gradation
aggregates. However, the strength efficiency of LWAC with small uniform grain size aggregates is
conspicuously higher than that with standard-grade aggregates.

Knowing from the test results mentioned above, both compressive strength and strength efficiency
of LWAC with a uniform aggregate grain size less than 11 mm are evidently excellent compared to
that of standard-grade aggregates. However, this tendency does not occur in NWC. Therefore, this
research recommends that the aggregates gradation requirement of LWAC should be distinct from that
of NWC. Following the standard grade suggested by ASTM is optional.
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Figure 7. Strength efficiency of NWC and LWAC.

3.3. Influences of Aggregates’” Gradation on the Durability of Concrete

Test results for three-hour water permeation of LWAC and NWC are shown in Table 5 and Figure 8.
Water permeation of LWAC with the standard grade (SSA = 573 m?/m?3) is 16 cm? at 0.7 w/c, while
the value of NWC is 31 cm®. Water permeation of LWAC is obviously smaller than that of NWC. It can
also be found that the influence of the variation in coarse aggregates” gradation on the permeability
of NWC is comparatively apparent. When the SSA of NWC increases, water permeation increases as
well. However, the effect of variation of coarse aggregates” gradation on the permeability of LWAC is
not prominent.

Water permeation inside the concrete predominantly occurs via the bonding interface of
aggregates and mortar. For NWC, the smaller grain size aggregates have, the more SSA is. So that
the path for water to pass through is increased, the permeant volume increases too. For example,
the permeant volume for NWC with 7 mm grain size aggregates approaches 41 cm3. A comparatively
superior interface zone forms because the surface pores of lightweight aggregates could be provided
for mortar to lock [23,24]. Therefore, the permeant volume for LWAC is less regardless of variations in
aggregate gradation. That is to say that LIWAC possesses comparatively preferable anti-permeability.

Nevertheless, the effect of variation of coarse aggregates gradation on the permeability of both
LWAC and NWC is not obvious at 0.4 w/c (see Figure 8b). The main reason is that the mortar
strength is considerably high. Whether using normal weight aggregates or lightweight aggregates,
the interface zone between the aggregates and mortar was substantially strengthened. The influence of
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the foregoing interface locking effect will be virtually eliminated. Hence, NWC and LWAC represent a
similar permeation behavior regardless of various gradations.

The electrical resistance test results for LIWAC and NWC are shown in Table 5 and Figure 9.
The results show that the electrical resistances of LWAC are all slightly higher than that of NWC. It is
especially conspicuous at a low water-cement ratio (w/c = 0.4).

The electrical resistance depends on the water path to conduct electricity inside the concrete.
Due to the better bonding between the surface pores of lightweight aggregates and mortar, LWAC
possesses a comparatively better interface zone. A part of the water path to conduct electricity between
the interface of mortar and aggregates was obstructed so that the electrical resistance of LWAC is
higher than that of NWC. When the uniform grain size was used, the electrical resistance of LWAC
increased as the grain size decreased. On the contrary, the electrical resistance of NWC decreased
as the grain size decreased. The primary reason is that the SSA of natural aggregates increased as
the grain size decreased. It brings on the increment of the path to conduct electricity, following with
the decrement of the electrical resistance of concrete. However, mortar of LWAC is comparatively
dense [23-27]; as a result electrical resistance increased.
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Figure 8. Permeability of NWC and LWAC.
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Figure 9. Electrical resistance of NWC and LWAC.
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4. Conclusions
Our conclusions from this research are as follows:

1.  Whether NWC or LWAC, the larger SSA coarse aggregates provide better concrete workability.
Workability decreases when aggregates are of uniform grade and small grain size.

2. LWAC used lightweight aggregates with uniform grade and less than 11 mm grain size obtained
higher compressive strength than that using standard grade aggregates. It is advantageous to
increase the compressive strength by using smaller grain size aggregates. However, this tendency
does not occur in NWC.

3. According to the representations of compressive strength, this research recommends that the
requirement for aggregates grade for LWAC should not be the same as that of NWC.

4. In LWAC proportioning (low w/c), if the major concern is concrete strength, the standard
gradation advised by ASTM could not be followed.

5. The interface zone between mortar and aggregates of LWAC is comparatively dense. The water
permeation of LWAC will be less, and the electrical resistance will be higher than those of NWC.
The permeability and electrical resistance of LWAC will be improved as the grain size decreases.
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