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Summary. The article presents the method and results
of experimental research of deflection of one-layer
and two-layer slabs influenced by short-term lateral
load. The proposed method of calculation is based on
the limit equilibrium method, the calculation of slab
deflections values by LIRA-CAD bundled software.
The comparison is carried out of experimental and
theoretical results of slabs deflection calculation.

Key words: slab, deflection, steel fiber concrete.

INTRODUCTION

Layered constructions have been increasingly
applied in building recently. When appropriate
composition of separate layers is selected, multi-
layer constructions with perfect construction
properties may be created [9]. Layers are mostly
composed of heavy concrete and effective steel
fiber concrete. Such constructive decisions have
a widespread use in road and airfield pavements,
logistics areas, heavy-weight industrial floors,
etc. [13, 15, 16]. Among the most promising
trends of reasonable usage of steel fiber concrete
is its application in composite structures, as a
rule, in combination with concrete or ferrocon-
crete, with distinct partition of functions of eve-
ry material. In particular, the steel fiber concrete
that is rather thriftily applied along the construc-
tion outline, in a thin layer, provides high crack
resistance of constructions, as well as its high
durability due to high indices of tensile strength,
frost resistance, corrosion resistance and high
rates of other types of resistance of the steel fi-
ber concrete [14]. At the same time, this solution
provides necessary preconditions for significant
reduction of strength and value of the primary
concrete and reduction of the number of rein-
forcement rod. Thus, there are preconditions for
obtaining high indices created while their cost
drops.

PURPOSE OF WORK

The main purpose of proposed work is the
comparison of proposed method of deflection
calculation for layered slabs under lateral load
with the results of experimental research.

EXPERIMENTAL RESEARCH

According to the set purpose of research,
slabs of 4 series were produced, two slabs for
each series. The scope and outline of experi-
mental studies is set in Table 1 [5].

The total size of single-layer slabs amounts to
800x800x60 mm; the thickness of each layer of
reinforced concrete (concrete and steel fiber
concrete) in two-layer slabs is 30 mm.

Series I (I1®D) represents a slab made of steel
fiber concrete.

Series II (I13) represents a single-layer rein-
forced concrete slab with single-layer rein-
forcement ¥4 Bp-I laid at the bottom of the slab
with protective concrete layer 10 mm thick with
75 mm pitch

Series III (ITb®) represents a two-layer con-
crete slab, the top layer of which is made of un-
reinforced heavy concrete and the below one —
of the steel fiber concrete.

Series IV (I13®) of the studied samples rep-
resents slabs consisting of an upper layer of steel
fiber concrete and a heavy concrete layer rein-
forced with metal reinforcement mesh ¥4 Bp-I
set with 75 mm pitch.

Slab concreting was carried out in two stages.
Slabs of I13 grade and concrete layers of I13®
and I1b® slabs were concreted at the first stage.
Siliceous sand and giant gravel of 5...10 mm
fraction; Portland cement of M400 grade was
used as binding material; water-to-cement ratio
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amounted to W/C = 0,4. Plates of I13 and I13®
grade were reinforced with binding wire mesh of
Bp-I grade, 4 mm in diameter and 75 mm pitch
in two directions. Concrete protective layer was
10 mm. The surface is bush-hammered while the
concrete is immature.

At the second stage, after 4 days, slabs of [1d
grade were concreted and steel fiber concrete
layer slabs of I13® grade were additionally con-
creted.

Steel fiber concrete contained steel fiber with
diameter dy=1.0mm and length /,=36 mm;
volume percent of reinforcement was u,= 1%.
Fine concrete without coarse aggregate was used
as a concrete matrix; water-to-cement ratio
equaled to W/C =0,4.

Table 1. Scope of experimental studies
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General appearance of testing bench is
showed in Fig. 1.

The same calculation model was applied for
both the one- and two-layer slabs exposed by
lateral load: a slab is hinge-supported on four
sides and influenced by evenly distributed load

(Fig. 2)

Fig. 1. General appearance of testing bench
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Fig. 2. Distribution of load (@), and support (») upon
slab: 7 — hinged support, 2 — cylinder support

It is suggested that 16 concentrated forces
evenly allocated on the slabs surface show no
significant difference during the operation, as
compared to evenly distributed load, that is why
in further theoretical study of strength, crack re-
sistance, and deformation of studied slabs a de-
sign model was adopted for slabs supported by
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hinged bearings on four sides and influenced by
evenly distributed load. The load was applied by
degrees P;=2,0 kN with 15-minute timing at each
stage to take readings from devices. The value of
load was fixed by indices of model forcemeter of
hydraulic pumping station. Before testing the hy-
draulic system consisting of a pumping station,
jacks, and model forcemeter was calibrated using
model forcemeter of Tokarev system.

During the application of load in the center of
the slab deflections and deformations over sup-
ports were recorded using time indicators with
0.01 mm scale graduation value.

The load was applied by two hydraulic jacks
of 250 kN united by common oil circuit con-
nected to a common pump station.

Before testing the slabs, physical and me-
chanical properties of used materials were de-
termined: those of heavy concrete, steel fiber
concrete and reinforcement (Table 2).

Table 2. Physical and mechanical properties of con-
cretes and reinforcement

T ¢ Strength,
ype o MPa Tensile |Starting elas-
concrete or ..
fitting strength, | ticity factor,
) MPa MPa
cube | prism
concrete | 16,3 11,9 1,5 22500
Steel fiber
concrete | 19,8 | 14,5 1,63 24600
Rein-
forcement | — - 393 192000
Bp-1

According to results of experimental studies
with regard to nature of destruction [10], all
slabs collapsed according to normal sections.

CALCULATION OF DEFLECTION

The proposed method based on the limit equi-
librium method, which may be represented —
during the state of limit equilibrium — by the sys-
tem of disks united along the lines of fracture
with plastic hinges.

As proposed by A. A. Gvozdev [4], it is pos-
sible to make use of characteristic points 1 and 2
on the diagram (Fig. 3).

PIOI
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P
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Fig. 3. Design diagram of slab deflection:
I — cracking, 2 — appearance of the plastic hinge

Deflection values in the areas between f.,. and
fu are determined by interpolation.

The general view of the formula f of slab de-
flection of slab supported on four sides and bear-
ing a cracks, may be obtained from the follow-

ing ratio:
qll - QCV — \f;l B f;r
9~4, S~ Jo

(M

where:
q. and ¢g.. — load at destruction and crack for-
mation;
/. and f;, — slab deflection at the moment of de-
struction and crack formation correspondingly.

It should look as follows:

f=1, +q"__"”(fu -1 @

u cr

The value f;, is determined based on elastic
system calculation according to load ¢, which
in turn may be obtained by bending factor, when
first crack appeared in a slab area with the high-
est tension.

The deflections f at the moment of formation
of plastic hinges may be determined as follows.

Until the conditional yield point of reinforce-
ment achieved along all the lines of fracture,
cracks are formed and significantly increased on a
slab. At the same time, areas with cracks will be
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especially distorted that will mostly determine the
maximum value of slab deflection.

If insignificant curvature of slab areas ne-
glected bearing no cracks, but rigidity is high,
the slab calculation model may be represented as
stiff disks connected by yielding bracing with
width A. Bending rigidity of all joints is calcu-
lated according to V.M. Murashov theory [7],
though the coefficient y is taken as a one, as the
reinforcements reaches instability the influence
of stretched concrete between cracks disappears
or becomes insignificant. This assumption sub-
stantially simplifies the calculation.

For further simplification the angle fracture

. A :
between discs equal to — is assumed as if con-
r

centrated along the lines of fracture. The calcu-
lated deflection surface prior to exhaustion of
the bearing capacity turns out to be similar to the
surface used in calculating by limit equilibrium
method for the calculation of works on possible
movements. Though such likening is not accu-
rate, it allows determining the maximum deflec-
tion at a rather decent level.

There is a calculation model of square slab
presented on Fig. 3 and a diagram of angle rota-
tion at slab center deflection that is equal to f,.
Owing to symmetry, the fracture diagram of
value A for all plastic hinges is the same.

Rigid discs of the slab will turn in relation to
supports by angle:

¢ _ 2/,
L= 3
2 / )
Mutual angle adjacent discs
/ r
whereof:
IAf,
Jom= = (&)
2\2E,(d - x)
where:

— — curvature-multiplication of which by A
p

equals to reciprocal angle of rotation of adjacent

discs
l = % , (6)
r E(d-x)

1

22

erations, which is transition to the angle of rota-
tion of the disk relative to the support,

For fiber reinforced structures (such as fiber
concrete) the value f, and E; at the point of criti-
cal steel stress is replaced by the value f, and
elastic modulus E; suitable to the material. For
two-layer slabs the given geometric, strength,
deformation properties of two materials are
used.

By the combination of Eq. (2)-(6) we can de-
fine a final ratio for the calculation of current de-
flection of the slab supported by four sides in-
fluenced by evenly distributed load:

— factor derived from geometrical consid-

f=fo+ 0 Canp), @)
qu - cr r

where:

f.r — slab deflection at the moment of of for-

mation of the first cracks in stretched area of the

element;

q.-— load, when first cracks were created,;

¢. — load corresponding to the limit of the slab

bearing capacity;

Thus, the calculated width of deformed areca
A remains unknown in the Eq. (7); as a result it
is not possible to calculate the value f.

In order to solve such problem the following
method of finding the desired value of deflection
f may be proposed. First of all, a boundary value
of the slab deflection is set according to the
standards for that class of structures f,=/ f ] ap-
ply it in the Eq. (7) f/=f,=/ f]. The Eq. (7) is set-
tled with respect to value A and then obtained
result is applied to the Eq. (5), therefore obtain-
ing the deflection at the time of formation of
plastic hinges with regard to real-specified pa-
rameters. At the same time, the result of Eq. (7)
shows the value of current deflection by intro-
ducing the calculated value of width of de-
formed area A.
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Fig. 4. Calculation diagram of square slab influenced
by evenly distributed load:

a — fracture diagram; b — diagram of disc rotation an-
gle rate

The value of fcr and qer can be calculated if
the combine Eq. (7) with the formula
B.H.Galerkina [2] for square plates, supported
on four sides, the deflection at the center of
slabs:

4
£ =0,04706 glh - )

1

To determine the width of the deformed zone
A slabs a series of isolated points on several re-
search graphs deflections. Points are usually pre-
scribed in the operational (working) load range:
often —1s 0,7...0,8 from destructive load. To find
the value A using Eq. (6) and (7), taking into ac-
count the specific slabs construction.

Results of calculation of one- and two-layer
slabs by the limit equilibrium method are shown
in Fig. 7, 8.

Considering complexity of mathematical cal-
culations for slab deflection due to analytical
methods [6] and unsatisfactory precision of re-
sults, a decision was made to do calculations on
computing machine with a help of LIRA-CAD
bundled software [3, §].

165

The basis of LIRA-CAD is represented by the
calculation of components and structures by fi-
nite element method [3].

The calculation model of a slab (Fig. 5) is
built out of tridimensional finite elements (type
CE-36). The slab is separated into 1444 finite el-
ements according to plan. The sectional area of
the slab is composed of 12 layers 5 mm each.
The load is applied in the form of 16 concentrat-
ed forces. The distribution of load and supports
is accepted as in Fig. 2.

b

Fig. 5. Calculation model of slab in LIRA-CAD:
a — general view; b — side view

The CE-36 finite element is a universal tridi-
mensional eight-node isoparametric finite ele-
ment, designed for the calculation of tridimen-
sional constructions. There is a diagram repre-
sented in Fig. 4. Each of finite element nodes
has three degrees of variance U, V, W defined
with regard to global coordinates X, Y, Z and are
linear displacements according to axis, whose
positive direction coincides with the direction of
coordinate axis. As a result of modeling, there
are 19,773 nodes and 17,328 elements
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Fig. 6. Diagram of CE-36 finite element

The assumed calculation model makes it pos-
sible to change the rigidity of materials for both
one-layer and two-layer slabs.

The slab calculation was performed in linear
position for loads corresponding to loading pitch-
es at testing. Non-linear physical-mechanical
properties were taken into consideration by
means of changing the elasticity modulus.

Initial values of elasticity modulus for con-
crete and steel fiber concrete were assumed ac-
cording to [l1], that is E,=22,5-10° MPa,
E,=23,8-10° MPa.

In accordance with recommendations [11] the
nonlinear behavior of construction is recom-
mended to consider by means of introducing de-
creasing coefficients: 0,2 — in case of any cracks,
or 0,3 — in case no cracks revealed.

That is why during the calculations the de-
creasing coefficient was 0,3 before appearance of
any cracks and 0,2 — after the first cracks ap-
peared. Reduction of slab rigidity as a result of
crack was also considered by means of introduc-
ing zero rigidity elements in the tensile area with-
in height of the crack. The rigidity of slab sup-
ports was not reduced to avoid forcing through
the slab thickness

As a result of calculation of one-layer slabs in
LIRA bundled software, diagrams of deflection
of the slab center f of the total pressure P,,,=16P;
were obtained, which are presented in Fig. 7.
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Fig. 7. Calculation results for deflection of one-layer
slabs of series I grade I1® (a) and slabs of series 11
grade I13 (b): 1 — experimental,; 2 — calculation by the
limit equilibrium method; 3 — calculated in LIRA
bundled software

When calculating the two-layer slabs, relevant
elasticity modulus of material was applied for
each slab layer. The value of decreasing coeffi-
cients and zero elasticity elements were applied
similar to the calculation of one-layer slabs.

As a result of calculation of two-layer slabs by
means of LIRA bundled software, diagrams of
deflection of the slab center f of the total pressure
P, =16P; were obtained, which are presented in
Fig. 8.
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Fig. 8. Calculation results for deflection of two-layer
slabs of series I1I grade IIB® (a) and slabs of series IV
grade [13® (b): I — experimental; 2 — calculation by
the limit equilibrium method; 3 — calculated in LIRA
bundled software

CONCLUSIONS

1. Given that today’s construction industry is
represented by the vigorous process of increas-
ing the strength of construction materials, par-
ticularly concrete and reinforcement, due to
achievements in chemistry, there is a strengthen-
ing of quality indicators of buildings and con-
structions, in particular bearing construction ar-
rangements. Thus, systems making it possible to
work in a multi-axial load state (shell structures,
slabs, wall-beams, etc.) are getting more popu-
lar. There is an opportunity to significantly re-
duce the cost by reduction of cross-section oper-
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ational overcuts at the expense of increased
strength of materials. The new technologies
make it possible to perform the most complex
design elements made of any materials. Consid-
ering the current trends, it should be noted that
the issue of performance reliability for buildings
and structures is not about the strength require-
ments, but the rigidity of elements and buildings
in general. Therefore, the study of rigidity (most
commonly the deflections) of examined slabs
seems to be a topical issue.

2. Another question this work bears an an-
swer to is the feasibility of using multi-layer
slabs. From the point of view of rigidity (bend-
ing) of slabs, the two-layer slabs have an ad-
vantage: they show 10% less deflections, than
the one-layer ones. Considering the higher level
of crack resistance of tow-layer slabs, the use of
two-layer slabs is absolutely justified.

3. Calculation by a computer using LIRA
bundled software provides wide opportunities to
determine rigidity (deflection) for both single-
layer and multi-layer slabs owing to computing
technologies. However, the obtained calculation
results indicate a deficiency in accuracy, com-
pared to the experimental data. The fact is that
compliance with regulatory guidelines, imple-
mented to consider nonlinear structure operation
by introduction of decreasing coefficients, some-
times does not match the actual conditions of
slab deformation. Furthermore, there are some
doubts as to the correctness of defining the depth
crack distribution along the slab height, which
determines its actual rigidity.

4. The comparative analysis of experimental
and theoretical diagrams of slab deflection evi-
dences good matching of results. Deviations at
maximum loads were as follows: for one-layer
slabs of series I (II®D) — 26%, for slabs of series 11
(IT3) — 13%; for two-layer slabs of series III
(ITb®) — 11%, for slabs of series IV (II3D) — 2%.
Such deviation in calculations may be explained
by complexity of defining the real rigidity of
slabs, i.e. the definition of deformation modulus
and the height of crack creation to set the zero ri-
gidity elements.
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PACYET IIPOT'MBOB
OJIHO- U IBYXCJIOMHBIX IIIUT,
OITEPTBIX I10 KOHTYPY

AHHoTauus. IlpuBeneHbl METOOUKAa U PE3YyJbTaThl
9KCTIIEPUMEHTAIBHBIX  HCCIEAOBaHMI  NPOTHOOB
OJIHOCJIOMHBIX U JIBYXCJIOMHBIX IUIUT MOJ JEHCTBUEM
MONEPEIHOTO KpPaTKOBPEMEHHOTO HarpysKH.
Paccumnranbl mporu0Obl mIMT crocoOOM, OCHOBAHHOM
Ha METOJAE TPEAEAbHOTO DPABHOBECHSA, U METOAOM
KOHEUHBIX JJIEMEHTOB, C MOMOILBI0 IMPOrPaMHOIO
kommiaekca  JIMPA. BeinmonHeHsl  cpaBHEHUS
9KCIIEPUMEHTAIILHBIX M TEOPETUYECKHX PE3YJITATOB
pacuera porudoB IUIUT.

KiaroueBble cjoBa: 1umra, mporud, cranedudpo-
6eToH



