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Synopsis

The artificial super lightweight aggregate (SLA) with isolated void has recently been developed in
Japan, which is characterized as the water absorption of about 3% and a density ranged from 850 to
1200kg/m’. Concrete mixed with SLA exhibits excellent performances compared to that with
conventicnal Hghtweight aggregates. Therefore, SLA concrete has high potential for use in various
infrastructures including marine structures.

It is well known that the low crushing load and the spherical shape of artificial lightweight
aggregates may cause deficiencies in load carrying capacities against shear or tensile forces. For
example in the current JSCE standard specification, the shear capacity of a lightweight concrete beam is
reduced to be 70% as that of general normal-weight concrete. This value for reduction was based on
experimental studies on conventional lightweight aggregate concrete beams. Therefore, the applicability
of this reduction to SLA concrete beams has to be confirmed.

Reinforced SLA concrete beams with the controlled density of concrete were experimentally
load-tested. The test results showed that the shear capacity becomes low as the density of concrete is
decreased. The conversion term from general normal-weight concrete to SLA concrete for calculating
the ultimate shear strength was proposed based on the test results, which is a function of the density of
concrete. The shear resisting mechanism of SLA concrete beams was discussed with the shear span to
effective depth ratio.
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Shear Resisting Behavior of Super Lightweight Concrete Beams Without Web Reinforcement

1. Introduction

As external forces become increase because of
enlargement of ship sizes or severe natural conditions in
deep-sea areas, marine structures particularly those
constructed in ports have become larger nowadays, and
it is likely that this trend will continue. A reinforced
concrete caisson, widely used as a principal structure of
breakwaters and quay walls, is a typical gravity type
structure to resist external forces by its own weight,
Therefore, a caisson has been regarded that its heavy
weight is important requirement. On the other hand, the

" enlargement of structures requires, for an example, a
large floating dock on which a caisson is built. Moreover,
construction methods may become rather complicated in
marine areas because of draft restrictions imposed for
towing of the caisson.

Use of lightweight concrete to build the caisson is
of great advantage in this regard as it releases some of
the restrictions imposed by the construction method on
the weight, size, and shape of which completed. The
authors (Yokota et al., 2000a) compared two caissons for
quay walls made of general normal-weight concrete and
lightweight concrete. Use of lightweight concrete
decreases the draft of the caisson; consequently, the
structure can be made much slender in case that
execution conditions such as draft restrictions or dock
capacities are critical for dimensioning the caisson. This
may result in significant reduction in construction cost
and period.

There are several methods to achieve lightweight
concrete. One of them is replacing fine or coarse
aggregate in concrete with lightweight ones, Artificial
super lightweight aggregate (abbreviated as SLA in this
paper) with isolated void has tecently been invented in
Japan. SLA is characterized as the water absorption of
about 3% and a density ranged from 850 to 1200kg/m’,
which is exiremely superior to conventional artificial
lightweight aggregate made of expanded shale. Concrete
mixed with SLA exhibits excellent mechanical
performances and durability compared to concrete mixed
with conventional lightweight aggregate {Okamoto et al,,
1999). The applicability of SLA concrete to marine
structures was discussed in the authors’ previous paper
{Yokota et al., 2000b) from the viewpoints of durability
and basic mechanical properties and it was concluded
that SLA concrete has great potential for use there
particularly for caissons.

It is well known, however, that the low crushing
load and the spherical shape of artificial lightweight
aggregate may cause deficiencies in load carrying
capacities against shear or tensile forces. For example in
the current JSCE standard specification for concrete
structures {1996), the shear capacity of a lightweight

concrete beam is constantly reduced to be 70% as that of
general normal-weight concrete. This value for reduction
is based on experimental studies on conventional
lightweight aggregate concrete beams. Therefore, the
validity of this reduction to SLA concrete beams has to
be confirmed.

Reinforced SLA concrete beams with controlled
density of concrete were experimentally load-tested to
discuss their shear resisting capacities. The test results
showed that the shear capacity becomes low as the
density of concrete is decreased. The conversion term
from general normal-weight concrete to SLA concrete
for calculating the ultirnate shear strength was proposed
based on the test results, which is a function of the
density of concrete. It was also made clear that the shear
resisting mechanism of SLA concrete beams depends on
the shear span to effective depth ratio.

2. Artificial Super Lightweight Agoregate

Attempts to reduce the weight of concrete have
been undertaken to date, but the application of
conventional lightweight concrete has been limited
because of many problems, such as the relatively small
amount of weight reduction that can be achieved and
poor durability and workability. Conventional artificial
tlightweight aggregate made of expanded shale is highly
absorptive (the water absorption of 10% or more) owing
to interconnected internal pores. In addition, expanded
shale aggregate concrete is not very durable because of
its low freeze-thaw resistance and is difficult to work
with because of poor workability during pumping. These
deficiencies have made Japanese engineers hesitate to
use conventional lightweight aggregate concrete in civil
engineering structures.

SLA, however, can overcome these drawbacks by
successfully producing isolated void. Some comparisons
between conventional lightweight aggregate and SLA
are presented in Table 1. The crushing load of one SLA
particle of 14mm in diameter is more than 800N and the
water absorption is considerably low, about 3 to 5%. By
mixing SL.A with an appropriate amount of natural
aggregate in concrete, it is now possible to obtain super
lightweight concrete whose density ranges from
approximately 1200 to 1800kg/m’, while that of
conventional lightweight concrete is about 2000kg/m’.
This reduction in the weight of concrete itself will be of
great advantage for use as a construction material in ¢ivil
engineering structures.

There are two kinds of SLA as listed in Table 1: the
specified density of 850kg/m’ and 1200kg/m’. Because
the sizes of the two aggregate are identical, the heavier
one has larger crushing load and lower water absorption,
that is, superior performance to the lighter one; but costs
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Table 1 Fundamental specific properties of artificial lightweight aggregate

Conventional Recently invented SLA
Density (kg/m) 850 1200
Crushing load (N) 800 1000
Water absorption (%) <5 <3

Table 2 Specification of test beams

. L Type of Dimension (mm Longitudinal
Series | Designation coan::rete height :!\Iwidth >£ leng)th d (mm) | afd reinfircement

VL25-200 | LI
VB25-200 | B 2.5
VN2.5-200 | N
VL3.0-200 | LI
VB3.0200 | B 3.0
VN3.0-200 | N
VL3.5-200 L1

V-4200 [ VB35200 | B 250%250x3300 | 200 | 35 |  4xSD490-D22
VN3.5200 | N
V40200 | LI
VB4.0-200 | B 40
VN4.0-200 | N
VL5.0-200 | LI
VB5.0200 | B 5.0
VN5.0-200 | N
VL40300 | LI

V-d300 | VB4.0-300 | B 375%250x3700 | 300 | 40 |  6xSD490-D22
VN4.0300 | N
VL40-500 | LI

v-d500 | VB4.0-500 | B 575%250%5300 | 500 | 40 |  6xSD490-D22
VN4.0-500 | N

V-a1000 [ B 1070x 500 10000 | 1000 S5 5 x SD490-D35

much. According to the requirement to the density of
concrete, therefore, it is important to select the proper
type of SLA. Tt is aiso possible to use SLA as a part of
coarse aggregate in concyete. The shear resisting
behaviors of lightweight concrete using blended coarse
aggregate with crushed stone and SLAB850 is also
discussed in this paper.

3. Details of Experimental Test Program

3.1 Test beams

Shear resisting behaviors of SLA concrete were
investigated by a series of experimental loading tests on
reinforced concrete beams. Table 2 summarizes the
specification of the test beams. The test beams were
manufactured according to the following experimental

parameters: the type and density of concrete, the
effective depth, d, and the shear span to effective depth
ratio, a/d.

Three types of concrete, L, B, and N, were used for
making the test beam. L is SLA concrete mixed with
either SLASS0 or SLA1200 as coarse aggregate, L is
subdivided into three types: L1 mixed with SLA850 and
L2 and L3 mixed with SLA1200. Furthermore, super
lightweight fine aggregate was used in L3 by replacing a
part of natural sand to adjust the density of the concrete.
N is general normal-weight concrete, and B stands for
blended aggregate concrete: a part of crushed stone was
replaced by SLA. The blended concrete was designed to
have almost the same density as the concrete with
SLA1200 for a whole of coarse aggregate.

The specified mixes of respective concrete are
presented in Table 3. L and B were designed to be semi
high-fluidity concrete by specifying the slump flow as
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Table 3 Specified mix of concrete

Aggregate Stump*/ Air Water to Pensit Unit content (kg/m”)
Type | max.size | slump flow | content cement $/a (kig/n?;% Water Cement
{mm) (mm) (%) ratio W/C W C
L1 15 400 5.5 0.45 .54 1727 170 378
L2 15 450 6.0 (.40 (.52 1826 165 413
L3 15 450 6.0 0.40 0.52 1553 165 413
B 20 400 5.5 0.45 0.54 1836 170 378
N 20 120* 4.5 0.58 0.47 2299 166 289
Unit content (kg/m”)
. Chemical
Type | Powder Fine aggregate Coarse aggregate admixture
LS SLA | 81 32 33 SLAZS0 | SLA1200 | Gl G2 SP WRA
Ll - - 516 - - 255 - - - 3.97 -
12 - - - 435 | 440 - 363 - - 248 —
13 68 154 - 370 - - 363 - - 2.48 -
B — — 916 - - 204 - 162 - 3.97 —
N - - - 431 | 431 - - — 982 - 2.89
Table 4 Materials description
Materials Symbol Description
Cement Ordinary Portland cement C Density: 3160kg/m’
Powder Limestone fine powder LS Density: 2700kg/m’, Blaine: 4260cm®/g
SLA SLA | Density™: 920kg/m°, Water absorption (24h): 6.2%
Fine Sand S1 Density ”: 2580kg/m’, Water absorption; 1.92%
aggregate Sand 32 Density': 2600kg/m’, Water absorption: 2.54%
Crushed sand 33 Density: 2640kg/m’, Water absorption: 1.66%
SLA SLA850 | Density”: 850kg/m’, Water absorption (24h): 3.3%
Coarse SLA SLA1200 | Density”: 1170kg/m’, Water absorption (24h): 2.8%
aggregate Crushed stone Gl Density : 2700kg/m’
Crushed stone G2 Density ; 2660kg/m’
Chemical Superplasticizer Sp
admixture Water reducing agent WRA

1} Measured in saturated surface-dry condition
2) Measured in oven-dry condition

400 to 450mm for verifying their workability during
pumping. The basic properties of materials used in the
concrete are described in Table 4.

The properties of concrete in fresh stage are
summarized in Table 5, together with the specific
cylinder strength at the age of 28 days.

Deformed bars of Grade SD490-D22 and D35 were
used as longitudinal reinforcement. The yield strengths
of rebars D22 and D35 are 515N/mm® and 536N/mm’,
respectively.

The test beam has a rectangular cross section whose
breadth s 250mm or 500mm. The geometry and rebar
arrangement of beam series V—d200 and V-d300 are
shown in Figure 1. Those of beam series V~d500 and
V—d1000 were designed in the same way as V—d300 and

V—d200 respectively; the former has double longitudinal
rebars. The effective depth of the test beam is 200, 300,
500, or 1000mm as the experimental parameter and its
length varies according to a/d. No web reinforcement
against shear is provided in the loading span of the test
beam to examine the shear capacity with regard to the
concrete itself.

On the basis of the experimental parameters
described above, each test beam has a unique name as
VL2.5-200. “V" represents the beam for shear test. The
second symbotl indicates the type of concrete. The two
numerical values representing a/d and the effective depth,
d, are followed.

In this paper, the shear resisting behaviors of SLA
concrete beams were discussed referring to the test result
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Tabie 5 Properties of concrete

Slump flow | Slump | Density Air Conerete | £ a1 28 days
Type 3 content | temperature ,
(mm) (mm) (kg/m ) (%) (oc) (N/mm )
Ll 380 x 380 — 1711 6.7 12.0 33.7
12 415 % 390 — 1790 8.7 14.0 47.9
L3 520 %490 — 1540 6.7 14.5 40.0
B 400 x 380 - 1839 5.1 16.0 31.8
N — 140 - 318 14.5 38.9
¢
Deformed bar A
{bar diameter=t0mm) j
—~ 3300
2100
40 so@7=560 800 o) 200 80@7=560 | 40
Seclion. A-A shear span length varies * [ *
=2 7 from 500 to 1000 i : a
S J | i f
9‘) i) g ¥ :
sq| [ovsa] b0 Deformed bar i Deformed bar
250 (bar diameter=10mm) | (bar diameter=22mm)}
|
Steel end plate ‘J
Rebars were anchored by nut A !
{a) V—d200 (a/d=4.0)
Deformed bar A‘%
(bar diameter=10mm)
3400
40(1 2900 4(]9
Section A-A [PO@5=400 7 1200 5po 1200 §0%)5=400
- i
P ; ]
o L 5@; 50 3 3 Deformed bar | : ] \Deformed bar
23 (bar diameter=10mm) ‘J (bar diameter=22mm})
Steel end plate Al .
Rebars were anchored by nut {unit: mm)

(b) V—~d300

Figure 1 Geometry and rebar arrangement of the test beam

on four SLA beams tested in the preliminary study
(Yokota et al, 2000b; Funahashi et al., 2001b). The
specification of those four beams is presented in Table 6.
Those beams were designated with the type of concrete,
L or N, and the designed density of the concrete: 1200,
1500, 1800, and 2300kg/m’. The a/d was constant to be
2.94,

3.2 Test procedure

All beams were simply supported and tested in
simultaneous shear and flexure using a symmetrical two
point loading arrangement that produced a constant

moment region at the midspan. The lengths of span and
constant moment region were varied to fulfill the
experimental parameter of a/d. Teflon sheet was spread
in the sliding device at the supports to eliminate friction
as much as possible, so that the beam is subjected to
little constraint and is possible to move longitudinally.
This constraint may affect the mode of shear failure of
the beam,

The beams were subjected to monotonically
increasing load up to failure by hydraulic jack. During
each test, load and deformation characteristics of the test
beam were simultaneously measured and crack pattern
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Table 6 Specification of beams in the previous test

Density of Dimension L
Designation ;ﬁi;z concrete | height x width X length (m‘fn) ald Lf)r;gltudmal
(kg/m*) (mm) reinforcement
VIL-1.8 SLA 1720
VL-1.5 SLA 1620
Vi-12 SLA 1310 400 x 200 x 3400 340 2.94 3 % SD345-D22
VYN--2.3 Normal 2260

e s
i I‘“ Hp o
T 23! BT ANETTY Ead
3 m i ‘o ' D lory 1T

(b) VB3.0-200

[t

)

38 136) \ )
! 2l an 2
N %N 1)
12
il 11

(¢} VN3.0-200

Figure 2 Appearance of cracks (V—d200 series, a/d=3.0)

was traced and recorded. The load applied was measured
with a load cell. Deflections of the beam were measured
by linear varying displacement transducers at the
midspan, at the two loading points, and at the supports.
Moreover, strains of rebars were measured by a pair of
wire resistant strain gauges in the same sections as those
at which deflection was measured. Concrete strain of the
compression fiber at the midspan section was also
measured by wire resistant strain gauge. Measurement

was done by computer controlled data logger at each
load step.

At the time of either just before or after the loading
test, compressive and tensile strengths of the concrete
were investigated by 100mm diameter by 200mm long
cylinders and 150mm diameter by 200mm long cylinders,

respectively. Those values will be presented in 4.3,
Table 7.
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(a)} VL4.0-500

[ EL]
’ n “'f ,,, qa T s
11 g é
() ” ! =
144 12
a2

&
(b) VB4,0-500
v \ k\\w \ : } ! v
K
A
(c) VIN4.0-500
Figure 3 Appearance of cracks (V-d500 series)
4. Test Results in these figures and the numerical values in this figure

4.1 Process of failure
The process of failure of the beam is discussed
based on the formation and propagation of cracks.
Figure 2 shows the formation of crack in three

beams of V-d200 series up to the maximum load applied.

Cracks on the both side surfaces of the beam are drawn

indicate the load applied in kN at which a target crack
propagated.

Several flexural cracks were initiated before a
diagonal tension crack occurred. After the formation of a
significant diagonal tension crack in each of the two
shear spans, the tied-arch mechanism was formed and
the failure of the beam was characterized by crushing of
concrete in the central region. This mode of failure is
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= - VL

Z VB

L Y A — VN

o S
L

®

[+ ]]

o

0

10 15 20

Midspan deflection (mm)

Figure 4 Shear force vs. midspan deflection
(V-d200, a/d=2.5)

180
160 |
140 |
120 |
100 |
80 |
80 |
40 |
20 |

Shear force (kN)

Mdspan deflection (mmj)

Figure 5 Shear force vs. midspan deflection
(V—d200, a/d=3.0)

180
160
140 }
120 +
100 }
80
60
40 b
20 |,

Shear force (kN)

Midspan deflection (mim)

Figure 6 Shear force vs. midspan deflection
(V-d200, a/d=3.5)

defined as the shear compression failure, SC. In this
failure mode, the beams were capable of carrying shear
forces even after the significant diagonal tension cracks
occurred. That is, the arch resisting mechanism was
formed in the beam along the diagonal tension cracks.
This transition of failure modes was observed also in all

the beams with a/d £ 3.5 of V-d200 series as well as
VL3.0-1000.

On the other hand in the remaining beams, the other
mode of failure was confirmed; that is, the typical
diagonal tension failure, DT. The failure process of DT
is shown in Figure 3 as the crack formation of beams of
V—-d500 series. V—d500 beams had much more flexural
cracks than V—d200 beams shown in Figure 2 because
of the difference of the span and a/d. In the mode of DT,
immediately after the formation of a diagonal tension
crack at the either side of the shear span, the load was
sharply dropped and reached to the failure stage. Failure
of VL4.0-500 and VN4.0~500 beams as shown in
Figure 3 was exactly categorized in this mode. The
beams tested with a/d = 4.0 as well as VN-2.3 and
VL3.5-1000 beams showed this failure except for
VB4.0-500 beam.

VB4.0-500 beam showed the slightly different
failure mode. That is, even after a diagonal tension crack
occurred, the load did not drop and became large up to
formation of another diagonal tension crack at the other
shear span. The final stage was characterized by
crushing of the top part of concrete at the tip of the
diagonal crack. VL-1.2, VL-1.5, and VL-1.8 beams
showed the same failure mode,

The above two failure modes are both diagonal
tension failure. In this paper, however, the two modes
will be distinguished each other: the former is DT1 and
the latter is DT2.

The difference of the failure mode was brought
about primarily by the parameter of a/d, neither by the
type of concrete nor by the effective depth. When the
density of concrete became smaller, the failure mode of
SLA beams changed into DT2 failure mode as observed
in VL-1.5 and VL—-1.2 beams.

4.2 Load displacement relationship

The process of shear failure described in 4.1 will be
discussed by the relationship between the shear force and
displacement. Figures 4 to 8 show the shear force versus
midspan deflection curves of V—d200 beams. The shear
force is defined as a half of the load applied. The curves
of beams that showed SC failure mode had three bending
points as shown in Figures 4 to 6. The first bending
point indicates the formation of the first diagonal tension
crack and the second one does the formation of the
diagonal tension crack in another shear span. The last
one is coincident with the failure of the beam and after
this point the shear force rapidly decreased. Therefore,
the shear force at this point is defined as the ultimate
shear capacity.

The beams failed by DT1 failure mode showed the
different relationship as those failed by SC as presented
Figures 7 and 8. Some of the beams had two bending
points there, but the first one corresponded to the
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180 —
160 | WL
= 140 VB
<L 200 VN
g 100 | R
£
&
[13]
&=
7]
15 20
Midspan deflection {mm)
Figure 7 Shear force vs. midspan deflection
{V-d200, a/d=4.0)
’E 80 a1 e 1 e s
160 | W
= 140 ¢ VB
2+ VN ¢
g 100 e
£ 80t Y —
§ 60} LN
B 40 b e
20 - &
0 L : . grmmne= .
0 ] 10 15 20
Midspan deflection {mm)
Figure 8 Shear force vs. midspan deflection
(V-d200, a/d=5.0)
180
160 R
— VL !
= 140 | \ : VB
£ 120 + Y S YN
g 100 | L b [ .
'g 80 . '
8 60}
B 40 |
20 |/
0 Il
0 5 10 15 20

Midspan deflection {mm)

Figure 9 Shear force vs. midspan deflection
(V-d300, a/d=4.0)

maximum shear force. When the effective depth became
large, as shown in Figures 9 and 10, this trend was
rather distinct; the beams that failed by DT} mode were
brittle.

The load-displacement relationship of VB4.0-500
beam was similar to that of the beams with SC failure

180
160
140
120
100
80
80
40
20

Shear force (kN)

Midspan deflection (mm)

Figure 10 Shear force vs. midspan deflection
(V—d500, a/d=4.0)

700
600 |
500
400 | o
300

200
100 o ald=3.5

Shear force (kN)

0 20 40 60 80 100

Midspan deflection (rmm)

Figure 11 Shear force vs. midspan deflection
{V-d1000)

mode. The difference of the failure modes between SC
and DT2 is not clearly distinctive from the viewpoint of
load-displacement characteristics. Those characteristics
of the remaining beams are shown in Figure 11, which
are the same as the beams described before.

There was no significant difference in the rigidity of
the beam regardless of small Young’s modulus in SLA
concrete.

4.3 Shear carrying capacity

On the basis of the experimental test results of
crack formation and the relationship between the shear
force and displacement, the failure mode, the diagonal
tension cracking load (shear force), and the shear
capacity are summarized in Table 7. The density of
concrete and strengths of concrete at the test are also
presented in the table. The diagonal tension cracking
load is defined as the shear force when the first diagonal
tension crack was formed.

The shear capacities of the beams mixed with SLA
at the initiation of a diagonal tension crack were almost
the same as compared between VL and VB beams, while



Shear Resisting Behavior of Super Lightweight Concrete Beams Without Web Reinforcement

Table 7 Summary of the experimental test results

Density r 7 ) Shear capacity at Ultimate shear
Designation of t ¢ ! F;ghll: diagonal cracking stage capacity V;;exp/
concrete ,
Gymy | OV | () ooy |G| o |y |
VL2.5-200 1770 31.2 1.72 3C 1.36 68.0 3.07 153.5 2.26
VB2.5-200 1850 334 2.45 SC 1.39 69.5 2.25 112.5 1.62
VN2.5-200 2333 33.3 298 | SC 2.04 102.0 3.20 160.0 1.57
VL3.0-200 1770 31.2 1.72 SC 1.28 64.0 2.24 112.0 1.75
VB3.0-200 1850 334 2.45 SC 1,36 68.0 2,14 107.0 1.57
VN3.0-200 2333 333 2.98 SC 1.96 98.0 2.80 140.0 1.43
VL3.5-200 1770 31.2 1.72 SC 1.18 59.0 1.69 84.5 1.43
VB3.5-200 1850 33.4 245 SC 1.31 65.3 1.51 75.5 1.15
VN3.5-200 2333 333 2.98 SC 1.94 97.0 2.30 115.0 1.19
V14.0-200 1770 31.2 1.72 DTI 1.23 61.5 1.23 61.5 1.0
VB4.0-200 1850 33.4 245 DT1 1.33 66.5 1.33 66.5 1.0
VN4.0-200 2333 33.3 2.98 DT1 1.67 83.5 1.67 83.5 1.0
V15.0-200 1770 31.2 1.72 DT1 1.2] 60.5 1.21 60.5 1.0
VB35.0-200 1850 334 245 DT1 1.34 67.0 1.34 67.0 1.0
VN5.,0-200 2333 333 2.98 DT1 1.77 88.5 1.77 88.5 1.0
V14.0-300 1770 29.1 1.63 DTI 1.13 85.0 1.13 85.0 1.0
VB4.0-300 1816 34.8 1.96 DT] 141 106.0 1.41 106.0 1.0
VN4.0-300 2333 37.6 2.58 DT1 1.93 144.5 1.93 144.5 1.0
V14.0-500 1793 31.2 1.69 DT1 0.69 86.5 0.69 86.5 1.0
VB4.0-500 1832 34.5 2.57 DT2 0.89 111.0 0.99 124.0 1.12
VN4.0-500 2340 41.2 3.05 DT! 1.20 150.5 1.20 150.5 1.0
VL3.5-1000 1810 37.7 2.51 DTI 0.44 222.2 0.44 2222 1.0
V1.3.0-1000 1560 34.1 2.21 SC 0.35 177.2 1.20 598.8 338
VL-1.8 1720 33.7 2.87 DT2 0.63 43.0 1.30 88.2 2.05
VL-1.5 1620 45.0 2.01 DT2 0.61 41.8 0.90 61.4 1.47
VL-1.2 1310 33.3 1.70 DT2 0.54 36.9 0.87 59.2 1.61
VN-2.3 2260 23.0 2.17 DTI 1.17 79.8 1.17 75.8 1.0
Note) /. : compressive strength of concrete, f; : tensile strength of concrete, V : shear force, 7: shear stress
those of the beams of general normal-weight concrete,
VN, were considerably higher than VL and VB beams. 140
Even if normal crushed stone was used with SLA, the — VB3.0-200
effect of the particle geometry of SLA was considered _ 120 ved500 -
not to be ignorable. £ 100 - VB4.0-500 P
Comparing the ultimate shear capacities of the 3
beams that showed SC failure mode, the effect of SLA 2
was rather significant. The ratios of ultimate shear §
capacity to diagonal cracking shear capacity of VL w
beams were approximately 1.4 to 2.3; the higher ratio 0 . .
was obtained as a/d became smaller. Those of VB and 0 500 1000 1500

VN beams were about 1.3 to 1.6 and 1.2 to 1.5
respectively. When SLA is used in a concrete beam with
smaller a/d, the diagonal cracking load will be smaller,
but the beam can carry further shear forces after the
cracking.

Regardless of the mode of failure, VN beams
carried larger shear force compared to other beams with

Rebar strain (x105)

Figure 12 Relationship between shear force and
longitudinal rebar strain at the midspan
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Table 8 Summary of the calculation results and comparison to experimental results

Calculated shear capacity (kN) Comparison to the experimental results
Designation {(a) {b) (c) (d) Diagonal cracking Ultimate
. Eq.(2 s Eq.(3 - Eq.(3 Eq.{6
71?1 : F 0(_7) ’3? : =q0§ 7> :a?.,= gq((s)) a{6) | vs(a) | vs(b) | vs{c) | vs.(a) | vs.(b) | vs{d)

VL2.5-200 | 48.0 62.9 60.7 122.5 1.42 1.08 1.12 - — 1.25
VB2.5-200 | 49.1 64.4 66.3 128.4 1.4] 1.08 1.05 - - 0.88
VN2.5-200 | 70.1 91.8 01.8 128.0 1.46 1.11 1.11 - - 1.25
VIL.3.0-200 | 48.0 58.4 56.3 88.8 1.33 1.10 1.14 - - 1.26
VB3.0-200 | 49.1 59.8 61.6 93.1 1.38 1.14 110 - - 1.15
VN3.0-200 | 704 85.3 85.3 92.8 1.40 1.15 1.15 - - 1.51
VL3.5-200 | 48.0 55.2 53.2 67.0 1.23 1.07 1.11 — - 1.26
YB3.5-200 | 49.1 56.5 58.2 70.2 1.33 1.16 1.12 — — 1.07
VN3.5-200 | 70.1 80.6 80.6 70.0 1.38 1.20 1.20 - - 1.64
Vi4.0-200 | 48.0 52.8 50.9 52.3 1.28 .16 1.21 1.28 1.16 -
VB4.0-200 | 49.1 54.0 55.7 54.7 1.35 1.23 1.19 1.35 1.23 -
VN4.0-200 | 70.1 77.1 77.1 54.6 1.19 1.08 1.08 1.19 1.08 -
VL5.0-200 | 48.0 49.4 47.7 34.2 1.26 1.22 1.27 1.26 1.22 -
VB5.0-200 | 49.1 50.6 52.2 35.8 1.36 1.32 1.28 1.36 1.32 —
VN5.0-200 | 70.1 72.2 72.2 357 1.26 1.23 1.23 1.26 1.23 -
VL4.0-300 | 63.6 70.0 67.5 56.3 1.34 1.21 1.26 1.34 1.21 -
VB4.0-300 | 67.5 74.3 74.4 66.8 1.57 1.43 1.42 1.57 1.43 —
VN4.0-300 | 99.0 108.9 | 108.9 70.4 1.46 1.33 1.33 1.46 1.33 -
VL4.0-500 80.5 88.6 87.1 70.0 1.07 0.98 0.99 1.07 0.98 -
VB4.0-500 | 833 91.6 93.0 74.9 1.33 1.21 1.19 1.49 1.35 -
VN4.0-500 | 126.2 138.9 | 1389 84.3 1.19 1.08 1.03 1.19 1.08 -
VL3.5-1000 | 231.2 | 2659 | 2652 | 340.9 | 096 0.84 0.84 0.96 0.84 —
VL3.0-1000 | 2237 | 2722 | 2172 | 3807 | 0.79 0.65 (.82 - - 1.57

VL-1.8 48.1 59.0 54.5 82.0 0.89 0.73 0.79 1.83 1.49 -

VL-1.5 53.0 65.0 54.9 99.3 0.79 0.64 0.76 1.16 0.94 —

VL-1.2 48.0 58.8 36.1 81.3 0.77 0.63 1.02 1.23 1.01 -

VYN-2.3 60.5 74.2 722 63.4 1.32 1.08 1.10 1.32 1.08 -

the same experimental parameters. Moreover, the shear
capacity of the beam became small as the density of
concrete was decreased. The characteristics of such
reduction will be discussed in 5.1, Use of crushed stone
mixed with SLA as coarse aggregate in the concrete
provided slight increase in shear capacity in case of DT1
failure mode,

The strains of longitudinal rebar at the midspan
section of the beam are shown in Figure 12 for ensuring
the mode of failure. In this figure, beams of three types
of failure modes are selected: VB3.0-200 with SC,
VB4.0-200 with DTI, and VB4.0-500 with DT2. In
particular, un-yield of a longitudinal rebar has to be
confirmed in DT failure mode. All the beams presented
in this figure had almost the same strain characteristics
and no longitudinal rebars yielded up to failure of the
beam.

5. Shear Resisting Behaviors

5.1 Effect of the density of concrete

It was made clear from the experimental resulis that
the shear resisting capacity of SLA beams is dependent
on the density of concrete. The effect of the density of
concrete to shear resisting capacity is not taken into
account in the current design calculation in Japan as
mentioned before. However, in the draft of revised
version of Eurocode-2 (Walraven, 2000), a density of
concrete is considered as the conversion term that is a
factor to calculate the shear capacity of lightweight
concrete beams using that of general normal-weight
concrete beams. The conversion term, 7),, is expressed as
follows:

1, = 0.4+0.6 (p /2400) (1)
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Rigure 13 Shear capacity relating diagonal tension crack versus density of concrete

where, p is a density of concrete in kg/m’. This term
originally derives from that regarding the tensile strength
of concrete. The density of normal concrete, p,, is
specified to be 2300 kg/m® in Japan; therefore 2400 in
Eq. (1) will be replaced by 2300,

In the JSCE design standard for concrete structures
(19968), the shear carrying capacity of a reinforced
concrete beam without web reinforcement such as
stirrups is calculated as follows:

V, o =02047", 3100, $10007d b,d 2

where, f. is the compressive strength of concrete
(N/mm?), p,, is the longitudinal reinforcement ratio, 4 is
the effective depth of a beam (mm), and b, is the width
of a beam. In the original equation, the effects of
prestressing and axial forces are taken into account, but
they are omitted in Eq. (2) because of no relation to this
study.

Eq. (2) is a simplified equation based on the
empirical study conducted by one of the authors (Niwa
et al.,, 1987). The original equation explicitly considers
the effect of a/d as follows:

Vam,=0_2031/f'c’JIOOpw«./"1000/d[0.75+—l% d (3
a

As easily understood, the JSCE equation is equivalent to
the case of a/d=5.6. Since the value of a/d is one of the
important experimental parameters in this study, Eq. (3)
is also used for discussion.

For calculating the shear capacity of SLA beams
with the current design equations as Eqgs. (2) and (3), the
constant value of 0.7 is specified as the conversion term;
that is, 7,=0.7. The calculated values of the tested beams
with the constant 7, are presented in Table 8, columns
(a) and (b). Most of the beams when the density of
concrete is larger than about 1700kg/m’ were estimated
to be on the safe side: the ratios of experimental results
to calculated ones were approximately 1.3 to 1.4 by Eq.
(2) and 1.1 to 1.3 by Eq. (3). For the tested beams whose
density is smaller than about 1700kg/m’, the calculated
values were rather small compared to the experimental
results.

Figure 13 shows the shear load carrying capacity at
diagonal tension cracking of SLA beams against the
density of concrete. The test results with SLA concrete
beams done by Niwa et al. {1999) and Maehori et al,
(2000) are also plotted in this figure. In case of using
11,=0.7, the density of 1700 to 180()1(g,/m3 is the lower
limit value that this 7], is applicable. The conversion term
in the Eurocode-2 calculated larger capacity than the
experimental results when using Eq.(3) for estimating
shear capacity. Therefore, the new conversion term will
be proposed here.

The shear strength of concrete to govern the shear
capacity of concrete bearmns has not well been quantified.
If the shear failure mechanism is considered to have
close relation to the tensile splitting strength of concrete,
a conversion term for calculating the tensile strength of
lightweight concrete is worth taking into account. The



Hiroshi YOKOTA, Masashi FUNAHASHI, Masao YAMADA, Natsuo HARA, and Junichiro NEWA

@ Pre-study (cracking)
A VL (ultimate)
B VN {cracking)

O Pre-study (ultimate)
¢ VB (cracking)
OWN {ultimate)

A VL (cracking)
¢ VB (ultimate)

SC: Shear compression A {VN2.5-200)SC Dw'
failure sC A SC(VL2.5-200) (VN3.0-200)SC [y ",
15 } VL3.0-1000Q /' soavso-200) (vr\13.5-200)scD
| ! y
|
|
|
o |
8 |
3 {
g E
>
*
1 L
0 5 - .l ‘
VL-1.2 VL1
0.0 ! :
1000 1500 2000 2500

Density of concrete (kg/m?)

Figure 15 ¥,/ V. .; versus density of concrete

conversion term for tensile strength of concrete is shown
in Figure 14, For calculating the tensile strength of
concrete, f;, from its compressive strength, the following
equation is currently applied:

5=02712 4

In this figure, the ratio of the experimental value of
the tensile strength to the calculated value by Eq. (4) is
plotted against the density of concrete. From the authors’
previous study (Funahashi et al., 2001b), the conversion
terms relating to basic mechanical properties of SLA
concrete can be expressed as 1, ={(p / p, )", where n is a
certain number. Applying this format of the function to
calculate the tensile strength, it is most fitted to set #=1/2
for SLA concrete. The predicted line of using n=1/2 is
shown in Figure 14. The calculated strengths with #=1/2
are slightly smaller than the average of experimental
ones, but the applicability is confirmed. There is very
little difference by comparing to 1, of Eq. (1). Therefore,
the conversion term to calculate the shear capacity of
SL.A beams will be expressed as the similar way to 1,.

Through try-and-error examination to find the most
reasonable one, the conversion term, 7, to predict the
shear capacity of SLA beams is proposed as follows:
32

=07 p.) (5)

! | @ Exp./Cal

: = m=(plp)** .
: P =04406 (plpo)
00 L T T T T
500 1000 1500 2000 2500

Ratio in tensile strength of concrete

Density of concrete (kg/m?)

Figure 14 Prediction of tensile strength
by the density of concrete

The accuracy of this proposed conversion term is
confirmed in Figure 13 and Table 8 at the shaded
cofumns. This conversion term is not the best fit one to
explain the experimental results. However, considering
the following reasons, Eq. (5) is concluded to be
applicable: 1) the equation is rather simple and 2) the
equation is consistent with the other basic mechanical
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properties of SLA concrete such as tensile strength and
Young’s modulus.

For calculating the shear capacity in case of SC
failure mode, the shear compression capacity, ¥, ..,
should be evaluated. The equation to calculate this is
given by the following equation:

0'244f;2f3 (1+1/100p“, )(1+3331“/d)b d (6)
e 1+{a/df

where, r is the width of load applied. Except for
VB2.5-200, all the beams showed higher shear capacity
than the calculated one as presented in Table 8. Since
shear compression failure will be governed by the
compressive strength of concrete, the conversion term is
not required for calculation.

Figure 15 shows the relationship between the shear
capacity of tested beams at either diagonal tension
failure or shear compression failure and the density of
concrete. The shear force at diagonal tension cracking of
SLA beams was approximately 45 to 75% as small as
that at failure. Shibata et al. (1998) studied the fracture
mechanics of SLA concrete and showed that SLA
concrete had considerably lower ability to absorb energy
along the face of a crack than general normai-weight
conerete. This characteristic might cause the lower shear
capacity at diagonal tension cracking in SLA concrete
beams. As the density of concrete became smaller, this
difference was more significant. On the other hand, in

; versus shear span to depth ratio

case of SLA concrete with a density of about 1800kg/m”,
the difference between those forces was small, Therefore,
it is concluded that the shear capacity depending on the
failure mode was greatly affected not only by the density
of concrete but also by the shear span to effective depth
ratio, a/d, which will be described later.

5.2 Effect of shear span to effective depth ratio

Figure 16 shows the relationship between the shear
capacity of tested beams with either DT or SC failure
modes and a/d. When a/d was equal to be 5.0, all the
beams failed by DT failure mode. As a/d became smaller
the shear force of SC failure mode was larger than that
of DT failure mode. Moreover, comparing of SLA
concrete beams to normal-weight concrete beams, the
transitional a/d between the two failure modes of SLA
concrete beams had a tendency to become larger. This
may be derived from low shear capacity of SLA concrete
beams.

This difference is schematically shown in Figure
17. The shear capacity of a normal-weight reinforced
concrete beam is governed by both the diagonal tension
cracking (DT) force and the shear compression failure
(SC) force with the arch mechanism. A broken line and a
dash-dotted line in this figure are shear capacity
regarding DT and SC respectively. The transitional value
of a/d is generally 2.0 to 2.5 in normal-weight concrete.
On the other hand, an SLA concrete beam showed lower
diagonal crack load. Therefore, the transitional value of
a/d will shift to be large on the assumption that the arch

bl
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load is not significantly differed because this type of
failure is dominated by compressive strength of concrete.

Figure 18 shows the shear capacity of tested beams
and at diagonal tension cracking and at ultimate
normalized by calculated shear capacity with Eq. (3).
The solid line represents the predicted result using the
proposed 1. The results by Niwa et al. (1999) and
Maehori et al. (2000) are also plotted there. As indicated
in the previous section, the beams with a/d=3.0, marked
with “*”, experienced DT failure at first and consequent
SC failure at the ultimate except for normal-weight
concrete beams. In case of a/d=3.5, however, most of the
beams showed DT failure mode.

A SLA beam with a/¢=3.5 that is likely to fail with
DT failure mode is possible to be predicted its shear
capacity by using the proposed conversion term in this
paper, 1,. On the other hand, a beam with a/d=3.0 is
required to consider the tied-arch resisting mechanism
after diagonal tension cracking, but this does not always
happen. Within the transitional region from DT failure to
SC failure, the increment in shear capacity is considered
as a function of a/d. The dashed line in Figure 18 is one
example to take into account such mechanism: another
conversion term as 7(3.5/(a/d))*; but not been well
examined in this study.

6. Conclusions

The following conclusions were drawn from the
experimental shear loading tests on various SLA
concrete beams:

(1) The shear capacity of SLA concrete beams at
diagonal tension cracking decreased as the density of
concrete became small. The conversion term was
proposed to express this reduction with the density
of concrete, p, as (p /p.)*".

{2) SLA concrete beams likely to transfer its failure
mode from the diagonal splitting failure to shear
compression failure at the larger shear span to
effective depth ratio compared to that of general
normal-weight concrete.
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(3) Regarding the change in shear failure mode, the
transitional value of the shear span to effective depth
ratio was 3.0-3.5 in SLA concrete beams.

(Received on May 30, 2001)
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List of Symbols

Voo : calculated shear capacity at diagonal cracking
Vicar : calculated shear capacity at ultimate

a : shear span of a beam

b, : width of a beam

d : effective depth of a beam

i : compressive strength of concrete

f; : tenstile strength of concrete

Pw - longitudinal reinforcement ratio

1 : conversion term in general

i : conversion term for tensile strength

Ty : conversion term for shear capacity

P : density of concrete

P : density of general normal-weight concrete
(=2300kg/m’ in this paper)

T : shear stress





