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Abstract. This article explores the evaluation of the stress-strain state of steel reinforced concrete
slabs under the action of long-term loads. The technique of computer simulation for the performance
evaluation of steel reinforced concrete slabs under short-term and long-term loads and the results of
numerical studies are shown. A unit for long-term tests has been prepared based upon the numerical
studies. The mounting locations of instruments for measuring vertical displacements, the label diagram of
sensors of strains in steel reinforced concrete test structures are given. The measurement results are
summarized in tables and graphs. The analysis of the results of full-scale tests is given as are comparisons
with numerical experiments’ data. Analytical expressions for the calculation of steel reinforced concrete
slabs for long-term loads taking into account the creep of concrete are given.

AHHoTaums. OueHKe HanpsKeHHO-0e(OPMMPOBAHHOTO COCTOSIHUSA CTanexene3o6eToHHONM NnTbI
npv AENCTBUM ONUTENbHBIX HAarpy3oK NOCBsilLeHa AaHHas cTaTbs. MNprBeaeHbl METOAMKA KOMMbIOTEPHOIO
MOAENMPOBaHNS OLEHKM paboTbl COCTaBHOW MINTbI MY KPaTKOBPEMEHHbIX U ANUTENbHbIX HArpyXeHusIX,
pe3ynbTaTbl YACTIEHHbIX UCCNeaoBaHUiA. Ha ocHoBe YCNEeHHbIX UCCreaoBaHWi NOArOTOBIIEHA YCTaHOBKA
AN AnUTenbHbIX UCTbITaHuid. MMpuBedeHbl MecTa yCTaHOBKM NpuOOpOB AN 3aMepa BepTUKarbHbIX
nepemeLLeHnin cxema Haknenkun gaTyvMkoB gedpopmauuii 6eToHa 1 cTany Ha UCTIbITYEMON KOHCTPYKLIMN.
Pe3ynbTaTbl U3aMepeHuii cBedeHbl B Tabnuubl U rpadukn. [laH aHanus pesynbTaToB HAaTYPHbIX UCTIbITAHWI
1 CpaBHEHWA C AaHHbIMU YUCTEHHbIX SKCMEPUMEHTOB. [puBeaeHbl Takke aHanMTUYECKNE BblpaXeHUs Ans
pacyeTa cTanexene3obeToHHbIX NANUT Ha ANUTENbHbIE HArPYXXeHUs C y4eToM Nnonayyectn GeToHa.

1. Introduction

In recent years, the construction practice has exhibited a tendency of expanding the application of
steel reinforced concrete structures which renders their further study more relevant. However, the studies
of steel reinforced concrete flexible elements are mainly dedicated to the identification of the stress-strain
state by short-term external impacts [1-18] or to the identification of their preoperational stress-strain state
[19-20]. To study the stress-strain state of steel reinforced concrete structures both analytical [1-8] and
experimental methods — that is numerical experiments [14-18], or full-scale tests [19—-20] are employed.
The article deals with studies of steel reinforced concrete slabs for the action of long-term loads. The
applicable Eurocode in European countries and the Russian design and construction specifications
SP 266.1325800.2016 mainly view steel reinforced concrete structures under the action of short-term
loads.

In order to identify the stress-strain state of steel reinforced concrete structures, different
mathematical models and experimental studies on large-scale field models are employed. Experimental
studies on full-scale models require considerable time, human and physical costs. Therefore, it is quite
often that mathematical models which lead to faster results are selected. Many researchers while in search
of effective mathematical models come to use numerical experiments based on application software.
However, the accuracy of the data in large part depends on the proper choice of the numerical experiment
model that would correspond to the physical operational essence of the nature structure by all the
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parameters. There are many PC software systems (SCAD, Microfe, LIRA, ANSYS, etc.) used by
researchers to model the elements of building structures. When choosing a PC, the question arises as to
how close they are to the actual operation of the structures and how accurately they can assess the
behavior of the structural element from its zero load up to the point of its destruction as well as taking into
account the stress-strain state in various modes of load (short-term, long-term, repeated-static loads).

Studies of steel reinforced concrete structures on the basis of a mathematical model using
application programs with further verification of the calculation results is an actual task. In this connection,
the following tasks are set:

— The choice of the settlement complex, most fully reflect the actual work of the composite slab
under operating loads.

— Analysis of the stress-strain state of the slab under the operational load (stresses in the ribs and
plate, deflections, shear at the "steel-concrete" boundary)

— Carrying out full-scale tests of the model of composite slab on a scale of 1: 2.

— Comparison of results of full-scale tests with analogous data of nhumerical studies.

— Record analytical expressions for the evaluation of strength for the case of prolonged loading and
comparison of calculation results by analytical formulas with the data of numerical and on-line experiments.

2. Methods and Results

The third stage (post-processing) is the analysis of calculation results. The calculated physical
guantities (displacements, strains, stress, temperature and others) are represented in the ANSYS graphic
window as pictures, tables, diagrams, animations.

The following structural solution was studied:

The steel part of the steel-concrete composite slab is the 3 000 mm rolled I-beams #14 per; the
dimensions of the heavy B25 concrete slab part are as follows: length is 3 000 mm, width is 3 000 mm,
height is 45 mm (Figure 1).
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Figure 1. Finite-element mesh generation of  Figure 2. Finite-element mesh generation of the
the steel-concrete composite slab I- beam

The anchors are made from steel reinforcement in the form of two rows of 60 mm tall vertical bars
(298 S245), welded throughout the entire length to the upper flange of steel beams spaced at intervals of
150 mm in the middle of the stairwell and of 200 mm on the ends (Figure 2). Height of the full construction
is 190 mm.

The next stage of modelling is to select materials for the created bodies and to specify their
properties.

For these purposes, there is a separate material management unit in Workbench, which deals with
the analysis unit and is represented by the Engineering Data unit. For this particular slab, two materials
from the library of General Materials — the library of the general use materials — were used; however, some
characteristics were altered.

Metal ductility is calculated via a non-linear material model. In this particular case, Bilinear Isotropic
Hardening was selected from the plasticity models.

For obtaining the numerical solution, it is necessary to split the geometric models by the finite-
element grid. This procedure is carried out in the Modelling unit “Mechanical”’. The grid on solid bodies is
created with the aid of the tetrahedral or hexahedral solid-state members. For this particular slab, the
Medium grid — from 75° to 24° — was used in the Relevance center. There also exists a Fine grid — from
36° to 12° and a coarse grid — form 91° to 60°.

The slab was modelled according to the diagram of the free-supported structure distributed along
the surface area by the load. The bearing distance of the slab is 2900 mm.
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The load was applied for 3 steps. The boundary conditions were applied by means of the Remote
Displacement.

The contact between the anchors and the reinforced concrete slab was assigned through Rough —
this particular case corresponds to the infinite friction coefficient between the connected bodies; however,
with the possible detachment along the surface the absence of friction is implied.
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Figure. 3 Graphs showing the development of loads in the lower flange of the I-beams of a steel
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Figure 4. Graphs showing the development of loads in a reinforced concrete slab

A calculation of a steel reinforced concrete slab performed on the ANSYS software serves to reveal
the situation of a stress-strain state, stages of development of plastic strains in a steel beam and in a
concrete slab.

The findings of the studies show a sequence of development of loads and strains in the steel I-beam
and in the reinforced concrete slab as strains develop from a more stressed zone to a less stressed one;
from the middle to the ends. In a steel beam, strains develop at a more intense pace as the load increases
than in a steel reinforced concrete slab which can be explained by a smaller cross-section of the tension
flange than a compressed reinforced concrete shelf. Graphs showing the distribution of loads in beams
and in a slab

Figures 3—4 and graphs showing changes in deflections (Figure 5) have been formed.

3amaimeB @.C., 3akupoB M.A. HampsbkeHHO-e)OPMUPOBAHHOE COCTOSIHHE CTAJIEKEIE300€TOHHOM IIUTHI IPU
JUTUTENTbHBIX HArpyxeHusix // HxeHepHO-cTpouTeNbHbIN xKypHai. 2018. Ne 7(83). C. 12-23.



Magazine of Civil Engineering, No. 7, 2018

L] 8:62

/ -
el | |
7

6.17

—@— double-T N23

4 == double-T N22

o o
o 2000 4000 6000 8000 10000 12000 14000 16000

kg

Figure 5. A graph depictingk deflections per stage of load
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Figure 6. A graph showing the development of loads in the case of along-term load
Modulus of elasticity E from the initial one.

The attained results of calculations clearly show the development of a stress-strain state in the
anchor rods: strains and stresses in them increase as the distance from the middle of a beam grows,
stresses increase along the height of rods as they approach the contact zone "steel and concrete"; the
surface of the top flange of the steel profile has clearly visible zones of tension using which it is possible to
judge about the size of crushed zones or where the concrete in the shelf of a composite beam has split.

The results of the numerical study confirm the theoretical foundation and methodology of calculations
of steel reinforced concrete slabs for long-term loads. The creep in the concrete part of the structure
confirms the change in the stress-strain state over time. An increase of stresses in the steel part of the
structure as the creep accounts for up to 19 %, an increase in deflections up to 39 % in comparison with
calculations at short-term loads (Figures 6-8).

To ensure the combined action of metal beams with a slab, various anchoring devices are welded
to their upper flange to prevent shifts in the layers. In this study, cylindrical rods have been selected as
anchors.

In order to study the peculiarities behind the action of a steel reinforced concrete slab under long-term
loads, its large-scale model in the scale 1:2 with the following geometric parameters and components was
tested: A reinforced concrete slab with a width of 3 000 mm, a length of 3 000 mm and a height of 45 mm,
supported by four steel beams from an I-beam No. 14 GOST (Russian State Standard) 8239-89, with a length
of 3 000 mm located at a distance of 1 000 mm from each other. The combined action of steel ribs and the
reinforced concrete slab was achieved through two rows of vertical anchor rods (266 A400) with a height of
40 mm welded along the entire length to the upper flange of steel I-beams with a step of 150 mm on the ends
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at a quarter of the span and with a step of 250 mm in the middle in half span. The concrete slab model was
reinforced by reinforcement grids from a wire g4 B500 with a step of 200 mm by the classical scheme for
ribbed uncut reinforced concrete slabs. The B25-class concrete was used. The slab under the experiment
rested against rolling and stationary rollers by means of steel ribs with a working span of 2 900 mm. Rolling
and stationary rollers were installed on reinforced concrete blocks on the ends of steel I-beams.
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Figure 7. Graphs of the development of deformations in the edges of the plate
under prolonged loading
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Figure 8. Graph of development of shear at te steel-concrete border
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Figure 9. A general view of the slab under load Figure 10. Dial gauges to record the shift at
the border of steel and concrete and
settlement of the supports

3amamue @.C., 3akupo M.A. HanpsokeHHO-Ie)OpPMUPOBAHHOE COCTOSHUE CTANICKEIC300CTOHHON TUIUTHI MPH
JUTUTENTbHBIX HArpyxeHusix // HxeHepHO-cTpouTeNbHbIN xKypHai. 2018. Ne 7(83). C. 12-23.



Magazine of Civil Engineering, No. 7, 2018

| -5 | —8 17 ‘|2 8- =2 2] |
1T 7 16 | T 5‘5 1 |4m
| - | —e —t5 || = 17 r“‘ll
| 5 |H 1% Y |3m
I I " I
- —14 —_4 e
| ||0 L ) |||0 " L_~a|2ln
l ‘I —z —13 |L| —3 —13 l—sl‘l
I o Pl B
I || I
00 30 20 20 %0 0 20
Figure 11. A diagram showing the stickers of Figurel2. Strain sensors on the ribs of the
strain sensors on the bottom surface of the slab slab

Vertical strains (deflections) of the slab were measured on the centers of the middle and marginal
steel beams by means of beam compasses firmly fixed on a tripod with a dial gage installed under the
middle beam. A dial gage (Figure 10) was also installed to measure the settlement of supports in the roller
support zone. In order to measure strains (stresses) on the upper and lower surfaces of the concrete slab
(Figure 11), resistive-strain sensors with a base of 20 mm (for steel) (Figure 12) and 50 mm (for concrete)
were glued onto the walls and shelves of the steel I-beams. A total of 120 resistive-strain sensors were
glued. The moment when cracks formed and the manner of their propagation were determined visually; a
24-times magnification MBP-2 microscope was used to measure the values of cracks openings.

The slab fragment model was tested in a laboratory on the premises of the Kazan State University
of Architecture and Engineering under static short-term and long-term loads. The static load was
transferred to the slab in 48 points in the zone above the steel ribs.

The static evenly distributed load was supplied step-by-step: The distribution layer consisted of 48
reinforced concrete cubes 100 x 100 x 100 in size; the subsequent stages of loads were generated from
foundation blocks 400 x 600 x 1200 in size with a weight of 580-590 kg. The second and third layers of the
foundation blocks were placed through the wooden gaskets along the ends to provide a static pattern of
load transfer from the blocks. A total of 24 blocks were used (Figure 9).

At each stage, the readings of the resistive-strain sensors were taken through AID, deflections in the
middle of the beams and the settlement of the supports of the slab were measured and crack formation
was observed in the reinforced concrete slab. Strains of the steel ribs were measured as well as those of
the I-beams of the reinforced concrete slab and vertical strains of the slab and deflections; based on the
readings of resistive-strain sensors and strain indicators, first graphs were formed on the day when the test
slab was loaded, i.e. short-term load results. The readings were taken every day during the first week, then
once a week. Figures 13-15 show graphs of stress development in the upper and lower flanges of the ribs
and in the slab whereas Figure 16 shows a "steel and concrete" shift development at the junction of the
ribs with the slab.
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Figure 13. Graphs showing the development of strains in the case of along-term load
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Figure 14. Graphs showing the development of loads in the upper flange of I-beams in the case of
along-term load

MPa
2
o
0.5 o 0
! = —
om
0 1 .
#— bottom point
1
+— top point
-2
3
4]
4w
+ v +
s

0 5 10 15 0 5 30

weeks

Figure 15. Graphs showing the development of stresses in the case of along-term load
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Figure 16. Graphs showing the development of a shift at the border of steel and concrete

An analytical description of the stress-strain state of the steel reinforced concrete slab under long-
term loads.

The calculation of the strength of normal cross-sections is performed based on the following
prerequisites:

— cross-sections normal to the longitudinal axis of the steel reinforced concrete element are
considered;

— normal stresses in the monolithic reinforced concrete slab and a steel beam are taken as
calculation data;

— the connection between the main stresses and the relative strains of concrete and steel is
presented in the form of corresponding diagrams "o — & ".

— the hypothesis of flat cross-sections is considered fair for the average strains of the concrete of
the monolithic slab and beams' steel;

— the ductility of the connecting seam (conjunction) of the reinforced concrete part and the steel
part of the steel reinforced concrete bending element is not taken into account; the condition of compatibility
of strains of concrete and steel along the plane of the contact "steel and concrete" is accepted.

Based on the hypothesis of flat cross-sections and analytical or actual diagrams of concrete
o, — &, "and steel" o, — &, " function, the stresses in the concrete of the monolithic slab and in the steel

beam are determined by the corresponding strains. Thus, the internal stress forces in the concrete oy, in

the slab reinforcement oa and in the steel of the beam o5 are defined in the cross-section for any considered
load level caused by the action of operational loads.

In this case, there are two equations of equilibrium [1, 2]:

hy : AN Con
N, = jab[gb(x)]~bn-dx+as (gs)'As_Us(gs)'As+Ua(ga)'Aa+O—a(8a)'Aa =0 (1)
0

M, :hjnab[gb(x)]-br']-zl(xi)-dx+a's(g;)-A;-22+crs(gs)-A$-z3+a;(g;)-A;-z4+aa(ga)-Aa-25 )
0

where is o}, (gb),als (g's),aS (gs),a;i (5;1)1O_a (£5) " the dependence of the stress-strain of concrete, steel
and reinforcements;

&,(X) — the law of variation of strains along the height of the cross-section of the steel reinforced
concrete element;

b,; — the width of the reinforced concrete monolithic shelf is entered into the calculation;
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X; — the height of the compressed zone;

z1— the distance from the center of gravity of the curve of normal stresses in monolithic concrete to
the neutral axis;

z2 — the distance from the center of gravity of the curve of normal stresses of the compressed part
of the steel beam to the neutral axis;

z3— the distance from the center of gravity of the curve of normal stresses of the stretched area of
the steel beam to the neutral axis;

z4—the distance from the center of gravity of the top reinforcement of the concrete shelf to the neutral
axis;

zs — the distance from the center of gravity of the bottom reinforcement of the concrete shelf to the
neutral axis.

Until the condition |ANX| <6 () (-5the specified accuracy of executions) is fulfilled, the consecutive

approximations method is used to calculate the desired height of the compressed zone x; of the steel
reinforced concrete built-up section according to the formula (1).

For long-term loads, the strength is expressed as
M, +AM, + AM_ <M, (3)

where M is the bending moment of the action of the external load.

AM, = 0.5[0'3(‘1’; + Utl;zi))n } b,h,z, +0,A,2, + 0, A, Zs —an additional bending moment due to the
occurrence and accumulation of residual stresses in the concrete of the slab.

AM, =0, (t)A,Z, + o (t)A,Z, — an additional bending moment due to the development of
residual stresses in the upper and lower parts of the steel rib's cross-section.

3. Discussion

An analysis of the existing literature, rules and regulations pertaining to the design and calculation
of steel structures and reinforced concrete structures as well as of instructions and recommendations [12,
13] lead to the conclusion that obtaining theoretical calculations closest to full-scale studies by modeling in
the ANSYS software is possible if changes in the stress-strain modulus of the concrete part of the structure
and creep are taken into account. Moreover, factors such as temperature, shrinkage and relaxation have
less impact on the stress-strain modulus of the structure compared to creep in long-term loads calculations.
In this regard, calculations were performed taking into account the changes in the stress-strain modulus of
concrete over time taking into consideration the creep coefficient with results attained (A value of
Ep = 30000 MPa for concrete B25 was taken as the initial modulus of elasticity). Stresses were also
observed which are reflected in the graphs.

The attained results of calculations in ANSYS clearly show the development of a stress-strain state
in the anchor rods: strains and stresses in them increase as the distance from the middle of a beam grows,
stresses increase along the height of rods as they approach the contact zone "steel and concrete"; the
surface of the top flange of the steel profile has clearly visible zones of tension using which it is possible to
judge about the size of crushed zones or where the concrete in the shelf of a composite beam has split.

The calculation model used to calculate the durability of normal cross-sections of steel reinforced
concrete bending elements is accepted based on analytical diagrams of strains of concrete and steel [1.2].
This approach allows for calculating the structural elements for durability from one position taking into
account the non-linear properties of materials at different loads at any moment of time.

— The full-scale tests made it possible to record longitudinal strains of concrete and steel,
transverse strains of the concrete of a reinforced concrete slab, strains of the shift at the contact point "steel
and concrete" as well as the width of the crack opening and deflections in the structure

— The results of experimental studies allowed for constructing curves of longitudinal and transverse
stresses of the steel reinforced concrete slab in the middle zone of the span of the built-up section.
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— An analysis of the attained results revealed that due to the creep of concrete caused by long-
acting loads in the beams combined with the slab and due to plastic deformations, the share of force
endured by the slab goes down which accordingly leads to an additional load on the beam. This said, the
greatest additional stress caused by the impact of concrete creep occurs in the top flange of the metal
beam connected with the slab by means of anchors.

4. Conclusions

A comparison of the results of stresses according to numerical and full-scale experiments has been
made as well as according to analytical formulas.

1) The results of experimental stresses with data obtained by the ANSYS software differ;
— upto 11 % on average for short-term loads.

— upto 19 % for long-term loads.

2) The results of the experiment differ with the analytical method of calculation:

— upto 14 % for long-term loads.

— upto 24 % for long-term loads.

3) The results of the experiment and those of nhumerical calculations for the shift in the contact plane
of steel and concrete presents a good convergence of up to 7 %.

Summarizing the conclusions, it should be noted that numerical methods based on software
complexes can be used to investigate the stress-strain state of steel slabs under the action of long loads
in the initial period, however, the work material diagrams, changes in their strength properties, must be
corrected with experimental data.

For further research, it is necessary to use analytical expressions that most fully reflect the actual
work of steel-reinforced concrete structures and to shift them into program complexes in order to accelerate
the calculation processes.
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