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ABSTRACT

Test results of nine reinforced concrete one way slab with and without lacing reinforcement are
reported. The tests were designed to study the effect of the lacing reinforcement on the flexural
response of one way slabs. The test parameters were considered is the lacing steel ratios of (0,
0.0025, 0.0045, and 0.0065), flexural steel ratios of (0.0025, 0.0045, and 0.0065) and span to the
effective depth ratios of (11, 13, and 16). Two specimens had no lacing reinforcement and the
remaining seven specimens had the lacing reinforcement. Four point bending test were carried
out, one of the specimens was tested under the static load applied gradually up to failure and the
other specimens were tested under repeated load (5 cycles) loading-unloading to 80% of the
ultimate load of the control specimen then loaded manually by the hydraulic jack up to failure.
The specimens showed an improving in ultimate load capacity ranged between (54.54% - 100%)
as a result of increasing the lacing steel ratio to (0.0065) and decreasing the span to effective
depth ratio by 31.25% respectively with respect to the control specimen. Additionally the using
of lacing steel reinforcement leads to reducing the residual deflection by about (57.24%) for the
specimen with the largest lacing reinforcement compared with the control specimen (without
lacing reinforcement).

Key words: laced one way slab, reinforced concrete, crack, residual deflection, repeated loading.
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1. INTRODUCTION

Traditional reinforced concrete (RC) is known to have limited ductility and concrete
confinement capabilities. The structural properties of RC can be improved by modifying the
concrete matrix and by suitably detailing the reinforcements. A laced element is reinforced
symmetrically, i.e., the compression reinforcement is the same as the tension reinforcement. The
straight flexural reinforcing bars on each face of the element and the intervening concrete are
tied together by the truss action of continuous bent diagonal bars as shown in Fig. 1. The dashed
lacing bar indicates the configuration of the lacing bar associated with the next principal steel
bar. In other words, the positions of the lacing bars alternated to encompass all temperature steel
bars. Laced reinforced concrete (LRC) enhances the ductility and provides better concrete
confinement, UFC 3-340-02, 2008.

The primary purpose of shear reinforcement is not to resist shear forces, but rather to improve
performance in the large-deflection region by tying the two principal reinforcement mats
together. In the design of conventional structures, the primary purpose of shear reinforcement is
to prevent the formation and propagation of diagonal tension cracks, Stanley Woodson, 1992.

A repeated load is a force which is applied many times to a member, causing stress in the
material that continually varies, usually through some defined range. If a stress is developed in a
member and then released, the member is said to have been subjected to a cycle of stresses.
Further, if a tensile stress has been developed, and released, and then a compressive stress is
developed, and this stress then is released, the member is said to have been subjected to a
reversed cycle of stresses or, briefly, to a reversal of stresses, the reversal of stresses is complete
if the opposite stresses are of equal magnitudes.

Investigations were carried out by Lakshmanan et al., 2008, to study the behavior of laced
reinforced concrete beams with and without steel fibers under shear loading. Reversed cyclic
shear loading tests were also carried out on the LRC beams with and without steel fibers.

Behaviour of LRC and its application for blast resistant design has been discussed in details by
Lakshmanan, 2008. Response of LRC beam under low shear, span to depth ratio is also
presented. It was also observed that cyclic ductility is significantly lower than static ductility for
these beams.

Behavior of the concrete one way slabs reinforced by the steel bars made of scrap metals and
subjected to cyclic load with different cycles loads were conducted by Adom-Asamoah and
Kankam, 2009, as a results of this study, the stiffness of slab, failure load, and the ultimate
deflection were reduced when comparing the behavior of the specimen tested under monotonic
load with that subjected to cyclic loading.

Sivagamasundari and Kumaran, 2011, investigated the behavior of the one-way slabs
reinforced with Glass Fiber Reinforced Polymer GFRP bars and compared with those of
traditionally reinforcement subjected to cyclic loading with variable and constant amplitude
fatigue loads. A nonlinear finite element analysis is also performed by considering the material
nonlinearity for the entire size of the specimens; a good agreement was evident on comparison
the analytical model results with the experimental test results.

Anandavlli, 2012, applied reversed cyclic load on two Laced Steel Composite Concrete (LSCC)
beams, one of them for 45° and another for 60° lacing angle. Reverse cyclic loading consists of
loading and unloading the beam in both the directions alternatively.
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2. RESEARCH SIGNIFICANCE

To know the effectiveness of the lacing reinforcement on the behavior of the one way slab. A
better understanding of the contributions of the shear reinforcement will allow the designer to
compare the benefits of using (or not using) shear reinforcement. The repeated response of laced
reinforced concrete one way slab under four point bending test was studied experimentally. The
tests focused on the influences of lacing steel ratio, flexural steel ratio and clear span to effective
depth ratio of slab.

3. TEST SPECIMENS

The slabs were designed to reflect the interaction of the lacing reinforcement with the other
primary parameters. All slabs were designed to be simply supported conditions, the dimensions,
and steel reinforcement ratios were selected according to ACI 318M-2014 code, and to satisfy
and meeting with UFC 3-340-02, 2008, requirements for the laced reinforced concrete
structures. Details of the test specimens, both with and without laced reinforced steel are
discussed hereafter. The dimensions of the tested slabs are (2000mm x 700mm) and different
thickness of (135mm, 160mm, and 185mm). Two of these slabs were without lacing
reinforcement (reference specimens), and seven specimens were having the lacing reinforcement
with 45° lacing angle, with various tension steel ratio (pt=0.0025, 0.0045, and 0.0065) lacing
steel ratio (ps=0.0025, 0.0045, and 0.0065), and clear span to effective depth ratio (L/d=11, 13,
16), as shown in Fig. 2. A total of nine specimens (SS45/0, RS45/0, RS45/25, RS45/45,
RS45/65, RS25/45, RS65/45, RM45/25 and RL45/25) were tested. The specimen designation
can be explained as follows. The first symbol indicates the type of load (S=static load and
R=repeated load) the second symbol indicates the thickness of slab (S=small thickness=135mm,
M=medium thickness=160mm, and L=large thickness=185mm), the third symbol before slash
indicates the flexural steel ratio (25=0.0025, 45=0.0045, and 65=0.0065), and the last symbol
denotes to the lacing steel ratio (0=no lacing reinforcement, 25=0.0025, 45=0.0045, and
65=0.0065). The entire characteristics and details of the tested specimens are listed in Table 1,
and Table 2 shows the details of each group.

The properties of the steel used in the reinforcing mats of the slabs are listed in Table 3. The
specimens were constructed using a normal density concrete with a compressive strength of
approximately 30 MPa. A mechanical mixer was used to produce the concrete using normal
Portland cement, fine aggregate, and crushed coarse aggregate of 19 mm maximum nominal
size. The mixing processes were performed according to the procedure of ASTM C192-2002.
Table 4 lists the final strengths based on the average values from the tests performed on at least
three 150 x 300mm cylinders for each test specimen. The tensile strength of the concrete was
determined by performing the split cylinder tests.

4. INSTRUMENTATION

The instrumentation of the slab specimens was designed to register the maximum quantity and
most reliable data of local strains, deflections and crack widths, to achieve the behavior of the
laced reinforced concrete one way slab. Uniaxial electrical resistance (foil) strain gauge was the
adopted method to measure the strain in both concrete and steel. Two different sizes of pre-wired
strain gages of (120Q) resistance, made in Japan for TML, were used in the test, All the used
types of strain gauges were normally installed by the recommended adhesive (CN-E and CN-Y)
before which the contact surface was suitably prepared. In order to measure the vertical
deflection of the tested slabs LVDT (Linear variable deferential transformer) was adopted tool to
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measure the deflection at mid span and at the two thirds part of the tested slab, were fixed to
lower steel beams of the testing machine under the tension face of the specimens.

5. TEST PROCEDURE

All specimens were tested using the hydraulic testing frame. The specimens were a simply
supported condition on the shorter opposite sides, where the specimen was placed inside the
testing frame so that supports lines, points load, LVDT were fixed in their correct locations, as
shown in Fig. 3. The specimens were loaded by two equal lines load at third parts of the tested
slab (four point bending test). The static load was increased gradually by a step load of (3.63 kN)
up to failure. Repeated load was applied by incremental loads gradually up to (80%) of the
ultimate load level of the control specimen (SS45/0) and then release the load gradually to zero
with (5 cycles) loading-unloading. Then the slabs were loaded manually up to failure by using a
hydraulic jack of (500 kN) capacity.

At each loading stage, the test measurements included the magnitude of the applied load,
deflection of the slab at three locations, cracks width, strain in steel reinforcement (tension and
lacing steel bars), and strain in compressive face of slab were recorded. At the end of each test,
the cracks propagated were marked and the crack pattern and mode of failure for each specimen
were carefully examined.

6. TEST RESULTS AND DISCUSSION
6.1 General Behavior and Crack Patterns

For a simply supported one-way slab subjected to equal line loads at the third points, the middle
third of the span is subjected to pure bending (such that it is under zero shear and maximum
bending moment); whilst the remaining sections experience maximum shear force and varying
bending moment. The middle third experiences the largest strains and therefore the concrete
beneath undergoes cracking first. Then, the first crack growths slowly across the width of the
slab (i.e. parallel to the supports). Development and formed of flexural cracks occurred parallel
to that crack and slowly propagated throughout the thickness of the slab, on increasing the
application of static load. Fig. 4 shows the crack pattern of the static tested specimen at failure. It
is clear from this figure that the generated flexural cracks are approximately parallel and did not
show any cracking on either side of the specimen near the support regions. Also, the crack
patterns of the specimens tested under repeated load Fig. 5-a to 5-h are approximately same that
for the specimen under static load. Further development of cracks occurs and width of cracks, on
increasing the number of loading cycles for the specimen under repeated load. Generally it is
noticed that the cracks develops and growths throughout the slab thickness on increasing the
applied load are parallel and vertically up to failure for the specimen without lacing
reinforcement. While the cracks are curved and connected together through the slab thickness for
the specimens with lacing reinforcement, and this overlap increase as the lacing steel ratio
increased, as illustrated in Fig. 6-a and 6-b respectively. Finally, the modes of failure for
specimens occurred by excessive yielding of tension steel reinforcement and followed by
concrete crushing at the top surface of the slab at failure.

6.2 Cracking and Failure Loads

The experimental results for cracking and ultimate loads of all specimens are listed in Table 5.
The first cracks (flexural) occurred at a load range of about (18.18% to 24.07%) of the ultimate
load capacity of these specimens.
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Also, from the experimental testing results, it is demonstrated that the ultimate load increased as
the lacing steel ratio for the specimens RS45/25, RS45/45 and RS45/65 increased by about
(22.73%, 45.45%, and 54.54%) respectively with respect to the specimen RS45/0 (without lacing
reinforcement). For the specimens of the different flexural steel reinforcement ratio and the same
lacing steel ratio, it is observed that a slightly increase in the ultimate load capacity of the
specimen RS25/45 on that recorded for the specimens RS45/45 and RS65/45. This is because of
using the lacing reinforcement caused by decreasing the effect of the flexural reinforcement and
this may be explained as the de-bonding between the concrete and the steel reinforcement for the
specimen RS25/45 occurs at the load level higher than that for the other two specimens. As
expected, the ultimate load capacity increased by increasing the slab thickness, where the load
increase by about (51.85% and 100%) for the specimens RM45/25 and RL45/25 respectively
with respect to the specimen RS45/25.

6.3 Load-Deflection Response

The vertical deflection is measured at the middle of the slab and beneath the points load at each
load step; the behavior of the specimens is compared with the behavior of control specimen for
each group at the failure load stage. Generally, when a specimen is subjected to a gradually load
increase, the deflection increases linearly with the load in an elastic range. After the cracks start
developing, deflection of the slab increases at a faster rate. After cracks have developed in the
slab, the load-deflection curve is approximately linear up to the yielding of flexural
reinforcement after which the deflection continues to increase without an appreciable increment
in load. Load-displacement response of the slab tested under static load is shown that the failure
load is found to be (83.49 kN). Therefore, the amplitude of the repeated load is taken as 80% of
this load as shown in Fig. 7.

It is demonstrated that as the lacing steel ratio increase, the deflection for the specimens
RS45/25, RS45/45, and RS45/65 decrease by about (27.83%, 47.94%, and 50.22%) respectively
compare with that of the specimen RS45/0 at the failure load, as illustrated in Fig. 8. For the
specimens with the same ratio of the lacing steel reinforcement RS25/45, RS45/45, and RS65/45
and the different flexural steel ratios, it is noticed that the load-deflection behavior is
approximately identical, and there is a clear interaction between the curves as shown in Fig. 9.
Then, the deflections were reduced by about (74.42% and 79.93%) for the specimens RM45/25
and RL45/25 respectively compared with the deflection at the failure load of the specimen
RS45/25, this is due to the significant effect of increasing the slab thickness to increase the
stiffness of the specimens, as shown in Fig. 10.

6.4 Residual Deflection Response

The experimental test results showed that there is an increase in deflection at the same point and
the same increment of the load with an increase a number of cycles of loading for all the
specimens. That causes slab not to return to the original position when the load decreased to zero
level at the end of each cycle of loading. The lacing reinforced slab exhibited the lowest residual
deflection and greatest stiffness. Among the five load cycles at a level of (80%) of the control
specimen SS45/0, it is always the first cycle that is found to absorb more energy of the slab.
Energy absorbed in the other cycles is found to be lower than that absorbed in the first cycle for
the specimens.

It is noted that the increasing of the lacing steel ratio reduced the residual deflection for the
specimens RS45/25, RS45/45, and RS45/65 by about (9.6%, 45.55%, and 57.24%) respectively
with respect to the specimen RS45/0 as shown in Fig. 11. It’s observed that the increasing of
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flexural steel reinforcement ratio for the specimens, RS45/45 and RS65/45 causes increasing in
the residual deflection by about (52.94% and 73.53%) respectively with respect to the specimen
RS25/45. This is due to increase the stiffness of the specimens, and the reinforcement in the
slabs were not able to return to dissipate energy without permanent deformation, as illustrated in
Fig. 12. Also, as the depth of the slab increases, the stiffness will be increased. As a result, the
deflection at the peak load of the first cycle will be decreased, then the residual deflection for the
specimens RM45/25 and RL45/25 are reduced by about (59.46 % and 77.22%) respectively with
respect to the specimen RS45/25 as shown in Fig. 13.

6.5 Load-Strain Relations

The load-strain relations of steel reinforcement and the compression concrete surface were
measured to get a better understanding for the response and behavior of the laced one way
reinforced concrete slab. Strain gauges of (60 mm) length were installed on the top concrete
surface to measure the compressive strain of concrete. Generally, it is so clear that the effect of
lacing reinforcement to restrain the flexural reinforcement through its plastic region for all
specimens with lacing reinforcement compared with the specimen without lacing reinforcement
SS45/0.

Figs. 14-a to 14-c illustrate that the flexural steel reinforcement is yielded with recorded the
tensile strain by about (3121-4089) microstrains and the maximum compressive strain of the
concrete was (2055) microstrain, while the lacing bars within the elastic range by the tensile
strain of (806-994) microstrains at the service load stage of the specimens RS45/0, RS45/25,
RS45/45, and RS45/65B. Then the compressive strain of the concrete reached to (3835-5340)
microstrains and increasing the tensile microstrain of the lacing reinforcement to (2709-3157) at
the ultimate load of specimens, while the flexural steel reinforcement were re-strained.

The effect of increasing the flexural steel ratio of the specimens RS25/45, RS45/45 and RS65/45
on the load-strain curves were illustrated in Figs. 15-a to 15-c. It can be seen that there is
significant record in tensile strain of the flexural steel reinforcement by about (4014-5380)
microstrains, the compressive strain of concrete was ranged by (1587-2173) microstrain and the
lacing steel reinforcement was recorded (705-1126) microstrains at service load. Then
compressive strain of the concrete reached to (4114-5621) microstrains, and the lacing steel
reinforcement recorded the tensile strain by about (2113-3895) microstrains at the ultimate load
of specimens, the similar re-strained behavior was previously explained for the flexural steel
reinforcement is observed.

It is demonstrated that from Figs. 16-a to 16-c the flexural steel reinforcement is yielded with the
tensile strain range of (3348-4514) microstrains, and recorded the compressive strain at the top
surface of concrete by about (1318-1838) microstrains, while the lacing reinforcement recorded
the tensile strain by about (504-1389) microstrains at the service load stage of the specimens
RS45/25, RM45/25, and RL45/25. These values increase to (4208-4721) microstrains at the top
of concrete and (2709-4856) microstrains for the lacing steel reinforcement at the ultimate load
stage of specimens, while the flexural steel reinforcement is re-strained at the plastic region
because the effective of using the lacing steel bars.

7. SUMMARY AND CONCLUSIONS
The main conclusions can be summarized as follows:-

1. The crack pattern and mode of failure for the specimen tested under repeated load were
similar to that described in the similar specimen tested under static load.
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2. The ultimate load for specimen tested under repeated load was smaller than that of
similar specimen subjected to static load.

3. The first cracking load increased by about (40%) for the specimen with highest lacing
steel ratio, and by about (116.67%) for the specimen with lowest L/d ratio with respect to
the control specimen for each group.

4. The ultimate load showed increase with increasing the lacing steel ratio, where the
ultimate load for the specimen with the highest lacing steel ratio was (54.54%) greater
than the control specimen.

5. The ultimate load capacity enhanced by (100%) as a result of decreasing the (L/d) ratio to
(31.25%) with respect of the control specimen.

6. The ultimate deflection for specimen subjected to repeated load was smaller than of
similar specimen tested under static load.

7. It is observed that with the increase in the number of load cycles, the corresponding
deflection and number of cracks increased.

8. Residual deflection reduced by about (57.24%) for the specimen with the largest lacing
reinforcement compared with the control specimen (without lacing bars).

9. Repeated loading produces a residual deflection which increases with the increased the
flexural steel ratio, and the (L/d) ratio.

10. The flexural steel reinforcement is not able to return to dissipate energy without
permanent deformation.
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Table 1. Characteristics of the tested slabs.
Slab , [Tension|Lacing
Specimen | . — | steel | steel Lacing steel Flexural steel
No. . . _[thickness| d ) ) ) .
designation (mm) |ratio ratio | ratio details details
(pt) | (ps)
1 | SS45/0 135 | 16 [0.0045| O Without lacing | 8 mm at 100 mm
2 | RS45/0 135 | 16 [0.0045| O Without lacing | 8 mm at 100 mm
6 | RS25/45 | 135 | 16 |0.0025|0.004 |@6 mm at 60 mm | 06 mm at 100 mm
Table 2. Details of slab groups.
Group Description Specimens
L _ SS45/0 (ps=0)
a='° PE=000 19 Reus (ps=0)
| , _ 2. RS45/25 (ps=0.0025)
ps Variable (Lacing) 3. RS45/45  (ps=0.0045)
4. RS45/65  (ps=0.0065)
L_ B 1. RS25/45  (pt=0.0025)
a1t ps=00045 15 Reysus  (pr=0.0045)
_ 3. RS65/45  (pt=0.0065)
pt Variable
pt = 0.0045, ps =0.0025 | 1. RS45/25  (d=112.5mm, L/d=16)
i 2. RM45/25  (d=137.5mm, L/d=13)
g — Variable 3. RL45/25  (d=162.5mm, L/d=11)

Table 3. Properties of steel reinforcement.

Nominal diameter | Measured diameter Yield stress Ultimate strength
(mm) (mm) fy (MPa) Fu (MPa)
6 5.83 724.4 777.4
8 7.87 626.24 775.34
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Table 4. Mechanical properties of concrete.
Compressive strength at | Modulus of Stpelriltstiilr;g Modulus of
Speci time of specimen testing | rupture f, at elasticity at
pecimen - strength f; at :
(MPa) time of : time of
- time of .
ID specimen specimen specimen

f, f, testing E[)esting testing
(MPa) (MPa) (GPa)
SS45/0 42.92 35.28 3.87 3.57 24.43
RS45/0 47.90 36.14 3.7 3.58 29.32
RS45/25 45.57 37.15 3.78 3.74 25.32
RS45/45 41.15 33.43 3.7 3.39 22.18
RS45/65 42.28 34.58 4.2 3.22 24.01
RS25/45 44.44 37.57 3.72 3.82 28.09
RS65/45 45.08 34.77 3.52 3.15 25.83
RM45/25 43.62 36.81 3.74 3.68 25.82
RL45/25 4551 34.23 3.56 3.12 25.23

Table 5. Cracking and ultimate loads of test specimens.

Crack Ultimate % %Increase in | %lncrease in
_ load (Pcr) | load (Pu) | pcr/pu | first cracking | ultimate load
Specimens (kN) (kN) load with with respect
respect to to control
control

SS45/0 18.15 83.49 21.74 Ref. Ref.

RS45/0 18.15 79.86 22.73 Control Control

Group RS45/25 21.78 98.01 22.22 20 22.73
I RS45/45 25.41 116.16 21.87 40 45.45
RS45/65 25.41 123.42 20.64 40 54.54
RS25/45 21.78 119.79 18.18 Control Control

Grﬁ”p RS45/45 | 2541 116.16 | 21.87 16.67 13.03
RS65/45 25.41 112.53 22.58 16.67 -6.06
RS45/25 21.78 98.01 22.22 Control Control

G:cl’lu'o RM45/25 | 32.67 14883 | 21.95 50 51.85

RL45/25 47.19 196.02 24.07 116.67 100
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Figure 1. Typical laced reinforced concrete structural element.
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a. Longitudinal section in slab without lacing reinforcement.
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0 W|th 45° Varied Ratio Reinf. bars @6 mm
/ Varied with Thickness
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b. Longitudinal section in slab with lacing reinforcement.

Figure 2. Details and dimensions of the tested slab specimens.
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c. LVDTs Arrangement.
Figure 3. Photographs of specimen and instruments setup.
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I —————

a. specimen RS45/0. b. specimen RS45/25.

A N —
Y AT M ———; = =

{fis

g. specimen RM45/25. h. specimen RL45/25.

Figure 5. Cracks patterns at the tension face of the specimens tested under repeated load
after failure.
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b. specimen with lacing reinforcement.

Figure 6. Typical cracks pattern at the side face of the specimens tested after failure.
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Figure 7. Load-central deflection behavior for the specimens without lacing reinforcement.
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Figure 8. Influence of the lacing steel ratio on load-central deflection behavior for group (1).
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Figure 9. Influence of the flexural steel ratio on load-central deflection behavior for group (I1).
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Figure 10. Influence of the L/d ratio on load-central deflection behavior for group (11).
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Figure 11. Influence of the lacing steel ratio on the central Residual deflection of group ().
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Figure 12. Influence of the Flexural steel ratio on the central Residual deflection of group (11).
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Figure 13. Influence of the L/d ratio on the central Residual deflection of group (111).
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a. Load-strain curves at the flexural steel reinforcement.
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b. Load-strain curves at the top surface of concrete.
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c. Load-strain curves at the lacing steel reinforcement.
Figure 14. Influence of the lacing steel ratio on load—strain curves at mid-span for group (1).
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a. Load-strain curves at the flexural steel reinforcement.
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b. Load-strain curves at the top surface of concrete.
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c. Load-strain curves at the lacing steel reinforcement.
Figure 15. Influence of the flexural steel ratio on load-strain curves at mid-span for group (I1).
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a. Load-strain curves at the flexural steel reinforcement.

- 200
——— RS45/2 TS :
S45/25 ~ L - 180
— - RM45/25 -~ £ 160
¢ e, _ \ o
— —RL45/25 ~ \ E 140
1 E 120
. £ 100 Z
—] :
N \ E -g
60 S
- 40
E 20
LN RN I BN L RN N N I NN N I B N NN L BN B I N B N B B | 0
-6000 -5000 -4000 -3000 -2000 -1000 0
Concrete Microstrain
b. Load-strain curves at the top surface of concrete.
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c. Load-strain curves at the lacing steel reinforcement.
Figure 16. Influence of the L/d ratio on load-strain curves at mid-span for group (I11).
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