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Analysis of normal operation of a rockfill dam
with combination of seepage-control elements:
reinforced concrete face and clay-cement-concrete wall

AHanmna paboTocnocobHOCTU KAMEHHOW NITOTUHbI
C KOMOUHaumen NpoTNBOOUNLTPALMOHHbLIX 3IEMEHTOB —
Xene3obeToHHOro akpaHa 1 rMUHOLEMEHTOOETOHHOM CTEHBI

M.P. Sainov, KaHo. mexH. Hayk, doyenm M.I1. CauHos,
National Research Moscow State Civil HauyuoHanbHbIG uccnedosamernseKutl
Engineering University, Moscow, Russia Mockogckuti 20cydapcmeeHHbIl cmpoumenbHbIl

yHusepcumem, Mockea, Poccusi

Key words: concrete faced rockfill dam; KnroueBble crnoBa: kamMeHHas nnoTuHa c
cut-off wall; stress-strain state; numerical Xene3obeTOHHbIM 3KPaHOM; CTEHA B TPYHTE;
modeling HanNpPs»KEHHO-0edOPMUPOBAHHOE COCTOSIHUE;

YncneHHoe MmogennpoBaHue

Abstract. The paper considers results of stress-strain state analysis for a 87 m high rockfill dam
that is located in the layer of soil foundation and has a combined seepage-control element. In the lower
part of the dam as well as in its foundation there is fixed a grout curtain by using slurry trench cut-off
walls, and in the upper part there is fixed a reinforced concrete face. The wall and the face are
conjugated via the reinforced concrete gallery. Analyses showed that both seepage-control elements
have a favorable stress-strain state: no tensile stresses occur in them. In the considered dam the
reinforced concrete face operates in more favorable conditions than in a traditional dam with a reinforced
concrete face. This allows recommending this type of the dam for practical application in hydraulic
engineering. The alternative is proposed with the design of conjugation of a reinforced concrete face and
a seepage-control wall.

AHHOTauuA. PaccmaTpmBaloTcs pesynbTathl pacyéta HanpskEHHO-AedOpMUPOBAHUS COCTOSIHUSA
BbICOKON KaMEHHOW MMOTUHbI BbiCOTOM 87 M, pacnofioKEHHOW Ha Croe HeCKanbHOro OCHOBaHUS U
nmeroLen KOMOUHNPOBaHHLIA NPOTUBOMUILTPALMOHHBIN 3NTIEMEHT. B HWXXHEN YacTn NNOTUHLI, a Takke B
€€ OCHOBaHWM METOAOM «CTeHa B FpyHTE» YCTpoeHa NpoTUBOMUIbLTPALMOHHANA 3aBeca, a B BepxHen
yacTm — KenesobeTOHHbIN 3KpaH. ComnpsbkeHWe CTeHbl W 3KpaHa OCYLLEeCTBNSeTcs 4depes
Xene3obeTOoHHy0 ranepeto. PacyéTbl nokasanu, 4to oba npoTMBOUITLTPALNOHHBIX 3NIEMEHTA UMEKOT
GnaronpusaTHoe HanpsPKEHHO-4ePOPMUPOBAHHOE COCTOSIHUE — B HWUX HE BO3HUKaET pacTArnBaroLLmx
HanpshkeHun. B paccMOTpeHHON MNOTUHE Xene3obeToHHbIM 3KpaH paboTaeT B Oonee GnaronpusTHLIX
YCIOBMSIX, YEM B KITACCUYECKON NITOTUHE C Xerne300eTOHHbIM 3KpaHOM. OTO NO3BOMSIET PEKOMEHA0BATL
OaHHbIA TUN NNOTUHBI ANsl BHEAPEHUS B MPAKTUKY MAPOTEXHUYECKOro CTPOUTENBLCTBA.

Introduction. Task formulation

The necessity to enhance safety of embankment dams makes search for their new structural
solutions, including new structural designs of their seepage-control elements.

Among the not-natural (rock or soil) seepage-control elements of the embankment dam body the
reinforced concrete face is considered to be the most promising today. The height of constructed rockfill
dams with reinforced concrete faces already exceeded 230 m. However, at some of these dams
emergency situations occurred, where cracks appeared in the face [1-8]. One of the causes for crack
formation is tensile stresses in the face. Tension may occur due to bending deformation [3], as well as
due to longitudinal tensile deformation [9].

Among seepage-control measures in the earth foundation under earthfill dams the most popular
were cut-off walls [1-14]. Design studies show [15], that the stress-strain state of such walls may be

Cannos M.II. Ananu3 pa®OTOCIIOCOOHOCTH KaMEHHOW IUIOTHHBI ¢ KOMOHMHAIMEH NpOTHBO(MIBTPAIIIOHHBIX
9JIEMEHTOB — KEJIe300€TOHHOTO PKpaHa M TIIMHOIEMEHTOOCTOHHON CTeHBbI // VIH)KeHepHO-CTPONTEIbHBIN KypHAJL.
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favorable, if they are made of clay-cement. Under the dam dead weight the foundation soil settles and
presses the seepage-control wall, which prevents development of tensile stresses. Recently cut-off walls
began to be applied not only in foundations of earthfill dams but as seepage-control elements of the dam
body [16, 17].

In case the construction of a rockfill dam is planned on a thick layer of the earth, it is reasonable to
consider the dam alternative, where in the dam body the seepage-control element is presented by a
reinforced concrete face and in the structure foundation is like a cut-off wall. This is an eartfill dam with a
combined seepage-control element.

This article deals with the analysis of workability of such a dam based on the stress-strain state
(SSS) analysis.

Description of the structure under study

There was considered a 87 m high rockfill dam located on a 22.5 m thick layer of the gravel-pebble
soil (Fig. 1). The dam body is made of rock mass. The adopted seepage-control element in the earth
foundation is a clay-cement wall constructed by the bored pipe wall method. Besides, this wall is a
seepage-control element of the upstream cofferdam being part of the dam body. The total depth of the
wall is 51 m. In the upper part of the dam the seepage-control element is presented by a 0.5 m thick
reinforced concrete face.

Figurel. Design of the earthfill dam under study
I, Il — rockfill dam construction stages, O — earth foundation layer, C —rock foundation,
1 —reinforced concrete face, 2 — cut-off wall, 3 —reinforced concrete gallery, 4 —under-face zone,
5 —filling low-permeable soil, 6 — gravel-sand core in the upstream cofferdam body

There is a gallery arranged at the interface of the reinforced concrete face and the wall. The gallery
is located above the top part of the wall, however, the wall does not abut the gallery to provide free
settlements of the gallery.

Studies of the dam SSS were conducted by numerical modeling using the finite element method.

Quadrilateral finite elements were used to describe the continuous medium behavior. Contact
elements of zero thickness were used to model the contact behavior of earth structures between each
other. The numerical model consisted of 721 finite elements (out of which 66 are contact elements), and
746 corner nodes. All the finite elements had a cubic function of displacement approximation. The total
number of degrees of freedom in the numerical model was 7222.

Analyses were conducted with the NDS-Ncomputer program developed by Sainov M.P. at the
Chair of Hydraulic Engineering of Moscow State Civil Engineering University [18]. This permitted
considering non-linearity of soil behavior, as well as non-linearity of interaction of earth structures with
each other and with soil mass. The modified soil model proposed by Rasskazov L.N. was used to
consider non-linear deformation of soils [19, 20]. Coulomb model was used to assess shear strength of
contacts. The face reinforced concrete and the cut-off wall material in the analysis were assumed to be
elastic. Deformation modulus of reinforced concrete was assumed equal to 29000 MPa (Poisson’s ratio
v = 0.18). Deformation modulus of clay-cement was assumed equal to 100 MPa (Poisson’s ratio v = 0.2).
The clay-cement had such a Deformation modulus that its composition should include 120...140 kg of
bentonite and 120...160 kg of cement [15].

Analyses were conducted allowing for the staged dam construction. At the first stage the upstream
cofferdam and the dam foundation should be constructed. Then a seepage-control wall is constructed in
the gravel-sand core of the cofferdam and then a gallery above it. The first-stage CFRD is constructed

Sainov M.P. Analysis of normal operation of a rockfill dam with combination of seepage-control elements:
reinforced concrete face and a clay-cement-concrete wall. Magazine of Civil Engineering. 2016. No. 4. Pp. 3-9.
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under protection of the cofferdam (to V 69 m). Afterwards the reservoir is filled to V 65 m. Then the
second-stage dam is constructed and the reservoir is filled to V 80 m.

Technological features of constructing seepage-control structures were also taken into account.
The arrangement of the cut-off wall was modeled by replacing one material (gravel-sand soil) in the
structure model with another (clay-cement). However, it was taken into account that the wall clay-cement
takes up the dead weight in the non-hardened state. Its Poisson’s ratio is taken equal to 0.45, and the
deformation modulus is 20 MPa. Clay-cement took up other loads after gaining strength. A reinforced
concrete face was constructed fully for the whole height of the dam stage after the completion of its filling.

Totally 52 steps of the analysis were considered and each step was characterized by modeling
parts of the structure or occurring a new load.

Analysis results

Figures 2—8 show the results of the earthfill dam SSS analysis with a cut-off wall and a reinforced
concrete face for two moments of time. The first one is before the second-stage reservoir filling, the
second after the completion of construction and the reservoir filling to V 80 m. In the figures the red
curves correspond to the first moment of time, the green ones — to the second.

The analyses showed that main displacements and settlements occurred in the reinforced concrete
face and the wall after the reservoir filling. The character of settlement distribution of the reinforced
concrete face and that of the wall is different. Nearly the uniform distribution pattern during construction
stages is peculiar for the reinforced concrete face. For example, horizontal displacements of the second-
stage dam face are in the range of 22.2 + 23.9 cm (Fig. 2), and settlements — 12.2...15.6 cm (Fig. 3).

Figure 4 shows the face displacements in the direction to normal. The shape of the curve (Fig. 4)
evidences that the face bending deformations are not large. Bending occurs only in the zone of abutment
to the concrete gallery and that of the first-stage dam crest. In the first case the bend occurs toward the
downstream side, in the second — towards the upstream side.

Figure 5 shows the face longitudinal displacements, i.e. the displacements are directed along the
slope. After the reservoir filling these displacements are directed from the face foot to the dam crest.
They reach 15 cm. The occurrence of such displacements is caused by the fact that the face horizontal
displacements have a larger value than their settlements. As in the lower part of the face the longitudinal
displacements are somewhat larger than in the upper part, the face is subject to a pressing longitudinal
force.

The wall displacement distribution pattern is determined by locking its lower end by the rock
foundation. The wall foot displacements and settlements are actually equal to 0. Maximum wall
displacements and settlements are observed in their top part. At the moment of the end of reservair filling
the top maximum displacement amounted to 21.5 cm (Fig. 2). The shape of the displacement curve is
close to linear, which evidences about low development of bending deformations.

Maximum displacements of the wall top amounted to 41.2 cm (Fig. 3). A large value of settlements
is explained by the fact that they are caused by the wall dead weight when clay-cement is in a semi-liquid
state. Settlements of the top under the impact of other loads accounted for only 15.5 cm, i.e. nearly
similar to the concrete gallery settlements (16 cm).

FSL 80

Figure 2. Horizontal displacements (cm) of dam seepage-control elements
Red color indicates displacements before the reservoir filling.
Green color indicates displacements at the reservoir filling to V.80 m
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Figure 4. Reinforced concrete face displacements (cm)
in the direction perpendicular to the slope

FSL 80

USL 65

Figure 5. Reinforced concrete face displacements (cm)
in the direction along the slope

It is interesting that displacements in the zone of the reinforced concrete face interface with the
gallery: displacements in the perimeter joint. At the reservoir filling the perimeter joint opens for 0.4 mm.
The value of shear displacements in the joint is considerably larger — 2.9 mm. Such deformations are not
dangerous for the joint tightness; they may be perceived by water stops.

Figures 6—7 shows the distribution of stresses in the reinforced concrete face. Stresses in the
direction across the slope are formed by water hydrostatic pressure; they are not large. Stresses in the
direction along the slope are determined by a character of deformation distribution of the face and rock fill
under it. Before the reservair filling the zones of tensile longitudinal stresses are formed due to bending in
the face. At the upstream face they reach 2.08 MPa (Fig. 6), at the downstream face they are 2.98 MPa
(Fig. 7). These stresses may be taken up by reinforcement.

After the reservoir filling the compressive longitudinal deformations compensate tensile stresses in
the face, therefore the face SSS becomes more favorable. The upstream face is compressed by
longitudinal stresses actually for the whole length (Fig. 6). Compressive stresses reach 7.14 MPa. Not
large tensile longitudinal stresses are connected with face local bending deformations. On the
downstream face there are only compressive longitudinal stresses (Fig. 7); they do not exceed 4.3 MPa.
However, in the zone where the face abuts the concrete gallery there formed the zone of compressive
stress concentration equaling up to 12.8 MPa.

Sainov M.P. Analysis of normal operation of a rockfill dam with combination of seepage-control elements:
reinforced concrete face and a clay-cement-concrete wall. Magazine of Civil Engineering. 2016. No. 4. Pp. 3-9.

doi: 10.5862/MCE.64.1
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FSL 80
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Figure 6. Stresses (MPa) on the upstream face of the reinforced concrete face
in the direction along the face

FSL 80
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Figure 7. Stresses (MPa) on the downstream face of the reinforced concrete face
in the direction along the face

The seepage-control wall has favorable SSS: it is compressed from all sides. The maximum level
of compression is observed in a vertical direction by stresses o, (Fig. 8). This is explained by the fact that
the soil surrounding the wall settles under the weight of the earthfill dam and also compresses the wall.
Stresses o, are distributed heightwise uniformly. Compression deformations prevail over bending
deformations, therefore, stresses vary slightly within the thickness of the wall. The maximum value of
compressive stresses o, in the wall amounts to 1.1 MPa. It is less than the clay-cement uniaxial
compression strength, and it is equal to 1.27 MPa at E = 100 MPa [15, 21].

Opening the wall contact with the rock foundation occurs for the length of 20 cm, which comprises
only 1/6 of the wall thickness.

0.38-0.92
Figure 8. Stresses o, (MPa) on the faces of the  Figure 9. Scheme of conjugation for seepage-
seepage-control wall control elements 1 —reinforced concrete face,

2 —wall, 3 —gallery, 4 —under-face zone,
5 —sand core, 6 — foreshaft,
7 —filling the perimeter joint, 8 — air cavity
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Thus, in the considered dam design both seepage-control elements are in a favorable stress state:
they are compressed, but the compression level is not large. Compressive strengths may be disturbed
only in the interface zone of the reinforced concrete face and the gallery, where stresses are
concentrated up to 12.8 MPa. There is a danger of cleavage of the thin face corner, which can lead to the
seal failure of the perimeter joint.

To prevent the concentration of compressive stresses in the reinforced concrete face, the interface
of the reinforced concrete face with the concrete gallery may be provided in the form of soft hinged
connection (Fig. 9).

Conclusion

1. On the whole, the design of the high earthfill dam with two combined seepage-control elements
(a reinforced concrete face and a clay-cement cut-off wall) is favorable and safe. In dam displacements
under the impact of hydrostatic pressure the seepage-control elements have free displacements not
subjected to strong bending deformations. The connecting gallery plays the role of a hinge. On the one
hand, it preserves connection of seepage-control elements; on the other hand, it compensates possible
bending deformations.

In the considered structural design both seepage-control elements are in a favorable stress state:
they are compressed actually in all the sections. The connection points of the seepage-control elements
with the connecting gallery work reliably: displacements in the joints are not large; their tightness may be
usually provided by the used seals.

2. The only disadvantage of the considered design is the concentration of compressive stresses
on the downstream surface of the reinforced concrete face in the interface zone with the gallery. To cope
with this disadvantage, it is proposed to make a soft connection between the face and the gallery filling
the perimeter joint with a soft polymer material.
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Thermophysical field testing of residential buildings made of
autoclaved aerated concrete blocks

HaTypHble Tennodgunanyeckne ncnblTaHNA Xunbix 3gaHnUn 13
ra3o0eTOHHbLIX B6TI0KOB

S.V. Korniyenko, Karnd. mexH. Hayk, doyeHm C.B. KopHueHKo,
Volgograd State University of Architecture and Bonzoepadckuti eocydapcmeeHHbIU
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Peter the Great St. Petersburg Polytechnic cmpoumesnibHo20 uHcmumyma H.U. BamuH,
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"Cmpoumenbcmeo yHUKanbHbIX 30aHull u
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CaHkm-llemepbypackull nonumexHu4ecKul
yHusepcumem [Nempa Bernukoeo, CaHkm-
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Key words: buildings; construction; energy KnroueBble cnoBa: 30aHus; KOHCTPYKUMS;
efficiency; civil engineering; autoclaved aerated 3HepreTudeckas 3(pEeKTUBHOCTb; CTPOUTENBLCTBO
concrete; thermophysical field testing; heat 30aHWIN N COOPYXXEHWIN; aBTOKNaBHbIV ra3obeToH;
monitoring; thermogram HaTypHble Tennoduanyeckme UcnblTaHus;

TENNOBU3NOHHBIN KOHTPOI1b; TEpMOrpamMmma

AHHoTaumAa. OOBLEKTOM UcCregoBaHUS SIBNSAETCA rpynna OAHOTUMHBLIX MHOTOKBAPTUPHBIX JKUIbIX
3[0aHUN, pacnornoXeHHbIX Ha TeppuTopun Bonrorpagckon obnactu (Poccus, 48°c.w.). OueHka
COOTBETCTBMS YPOBHsSI TEMMOBOW 3awuTbl 3gaHui TpeboBaHusam CI150.13330.2012 BbINofnHeHa Ha
OCHOBE HaTypHbIX TEMNOMU3NYECKMX UCTbITAHUIA C MPUMEHEHUEM 3KOMOrMYeckn 6e3onacHbIX METOLOB
HepaspyLuaroLero KoHTpons. Mo pesynbTatam HaTypHbIX TENNOMUINYECKUX UCTbITAHWUIA XUMbIX 34aHUNA
13 ra3o0eTOHHbIX GrIOKOB YCTAHOBIEHO creaytollee. MNpoekTupoBaHne ABYXCITONHBIX HAPYXHbBIX CTEH B
BMAE KMAOKN aBTOKIABHbIX ra300€TOHHbIX BMIOKOB C HApPYXKHOW OBMMLOBKOM KMPMWUYHOW KNagkon HeceT
TENMOTEXHUYECKNE PUCKW, CBSA3aHHble C YBENMUYEHUWEM HepaBHOIMPMEKTUBHOCTM TennosalluThbl
0obonoykn 3gaHuin, obyCnoBNEHHbIM CYLLECTBEHHBIM BIIMSHMEM HA TEMMO3aLWMTY 34aHUA KpaeBbIX 30H.
[MpOEKTHbIN YypPOBEHb TEMMOM3ONSALMM YKa3aHHbIX KOHCTPYKLUUA HE COOTBETCTBYEeT 6asoBOMY YPOBHIO
Tennosawutel Ans GonblUMHCTBa pernoHoB Poccunckon ®enepaumn. [BYXCNOWHbIE HAPYXHbIE CTEHbI
0e3 [OOMNONHUTENbHOM TEMMOU30NALUMM MPaKTUYECKM He MMET pe3epBa MO TENMOBOM 3awuTte U
aHeprocbepexeHnto. CHMXKeHNE (hakTUYECKOrO YPOBHS TEMMOM3ONSALMN OTPaXKAAOWNX KOHCTPYKUMIA NO
CPaBHEHMIO C MNPOEKTHbIM OOYCIOBMEHO KaK HECaAHKUMOHWPOBAHHBLIMKU OTCTYMNMIEHUAMM OT MPOEKTa,
JONylWeHHbIMX  NoApPSAYMKOM B XOO4e CTPOUTENbCTBA, TaKk U HEKavyeCTBEHHbIM  BbIMNOMHEHWEM
CTPOUTENBHO-MOHTa)XHbIX PaboT. C LEeNnblo CHMKEHUS TEMMOTEXHUYECKUX PUCKOB NPU NPOEKTUPOBaHUMU
paccmaTpvBaeMbIX 30aHUMW criegyeT, Mpexae BCero, COBEPLUEHCTBOBATb KOHCTPYKTUBHOE pelleHue
KpaeBbix 30H 06onoyku. [dpyrMM MeponpusaTMeM AN MOBbILWEHUS YPOBHS Tenno3awiuTbl 34aHun
SABNSETCA NPUMEHEHME OONONMHUTENBHOW TENNOU30NSALMM NO BCEN NNOCKOCTN CTEHbI.

Abstract. The object of investigation is one-type neighbouring blocks of flats located in Volgograd
region (Russia, N 48°). Thermophysical field testing using eco-friendly nondestructive test methods was
carried out to estimate whether the level of heat protection in buildings meets requirements of the
Russian construction norms SP 50.13330.2012. According to the results of thermophysical field tests of
residential buildings made of autoclaved aerated concrete blocks, the following was found out. Design of
double-layer exterior walls in the form of AAC blocks with front brick masonry bears thermotechnical risks
due to an increase in non-uniform heat protection of buildings’ covers caused by a significant impact on
heat protection of buildings’ edge zones. The designed level of heat insulation does not conform to the
basic level of heat protection for the majority of regions in the Russian Federation. Two-layer exterior
walls without supplementary insulation practically do not have heat protection and energy saving
reserves. The reduction of the actual insulation in envelopes, compared to the designed one, can be

Korniyenko S.V., Vatin N.I., Gorshkov A.S. Thermophysical field testing of residential buildings made of
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explained by both unapproved deviations from the design project made by a subcontractor during
construction and low-quality construction and assembly work. It is strongly suggested to improve the
structural solution of edge zones in envelopes to reduce thermotechnical risks when designing buildings.
Supplementary insulation along the surfaces of the walls can be considered as another activity to
increase heat protection.

Introduction

Nowadays, autoclaved aerated concrete is widely used in residential construction throughout the
Russian Federation. According to statistic data available in reference books, the share of autoclaved
aerated concrete blocks used on the Russian construction market can be compared with insulating fire
bricks [1]. Autoclaved aerated concrete is primarily applied as a structural and insulating material. The
widespread use of autoclaved aerated concrete elements is due to high consumer properties of AAC
blocks [2-6]:

raw materials availability;

low fire hazard and high fire-resistance;

high-fidelity products;

masonry manufacturability and high work performance;
low-cost product.

Strength properties and service performance of autoclaved aerated concrete are thoroughly
studied [7-21]. Research findings for mechanical properties of autoclaved aerated concrete are given in
the articles [7-10]. Methods to improve thermotechnical properties of AAC-products are described in the
articles [10-15]. Humidity conditions of AAC exterior walls and the impact on insulating properties of
envelope constructions have been studied in the articles [16—18]. Thermotechnical defects of exterior
walls made of autoclaved aerated concrete are assessed in the articles [19, 20]. Mathematical models
and methods to estimate heat performance of envelopes with thermotechnical inhomogeneous sections
(edge zones) are considered in the articles [21-24]. Results of measuring moisture production caused by
various sources are described in the article [25].

However, there are not enough findings about thermophysical field testing of buildings made of
autoclaved aerated concrete in the references considered. Thermophysical field testing of buildings
requires costly equipment, has high labour intensity and implies a relevant qualification of workers. There
is an urgent need for thermophysical field testing to be conducted in residential buildings made of
autoclaved aerated concrete due to unavailability of experimental data on temperature distribution inside
and outside thermally insulated building enclosures, resistance to heat transfer of envelopes, structure of
heat loss through envelopes in the cold season.

An object to be tested is one-type neighbouring blocks of flats located in Volgograd region (Russia,
N 48°). Average monthly outside air temperature in January is equal to —6.9 °C, in July is 23.9 °C. The
humid area is 3 (dry). Each three-story double-section building under consideration has a basement and
an attic (Figure 1). Buildings were constructed in 2011. There were stabilized humidity conditions while
conducting thermotechnical tests.

Figure 1. General view of neighbouring buildings

Kopnuenxo C.B., Batun H.W., T'opmkos A.C. Harypable Terodu3nieckie NCTIBITaHNS SKUIIBIX 31aHUN 13
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The standard type of building construction B1.020.1-7 (*ARKOS-1") designed in the republic of
Belarus was taken as a design solution for constructing the buildings mentioned herein. Geometric
characteristics of buildings are given in Table 1.

Table 1. Geometric characteristics of buildings

Performance feature Subscript, . Value
measurement unit
Total area of envelopes including: Asum, M 2729
exterior walls Ay, m* 1077
windows, balcony doors As, m* 256
attic slab Ac, m° 698
slabs over basement Ap, m* 698
Heated volume Vi, m® 6073
Building compactness ke, 1/m 0.449
Coefficient of glazing for facades ke 0.192

The major structural feature of the project is that functions of load-bearing structures and
envelopes are separated.

The load-bearing base of the system “ARKOS-1" is a braced-frame precast framework with flat
slab plates formed by hollow-core units. The hollow-core units in each slab are joined with solid-cast
reinforced girders hidden inside the slabs and supported by precast columns. In order to reduce the heat
loss in the cold season, the girders have perforation holes filled with polystyrene-foam heat-insulating
inserts and arranged along external contours. Heat-insulating covering of buildings consists of different
types of envelopes. Walls are constructed in the form of masonry made of autoclaved aerated concrete
blocks with internal plaster and external facing of brick masonry (Figure 1). The walls are floor-by-floor
supported by slab plates. Brick masonry is connected to autoclaved aerated concrete blocks using
flexible ties. Double-pane windows and balcony doors are made of PVC profiles. Attic slabs and slabs
over the basement are thermally insulated.

Buildings are operated under conditions of the moderately continental climate of Russia. The
estimated value of heating degree days HDD 20/8 = 3925 K days/year.

There is a centralized heat supply. The source of the centralized heat supply is a boiler-house
which has parameters of a heat carrier for heating 95-70 °C. All buildings are naturally ventilated. Air
intake is secured through the regulated window casement in living rooms and kitchens; air recovery is
carried out through the exhaust ventilation in kitchens and sanitary facilities. In order to reduce energy
costs in buildings, individual heat supply stations are placed in basements. Engineering systems of
buildings are equipped with metering devices for heat energy, cold and hot water, electric power and gas.

While conducting thermotechnical testing, the service life of buildings amounts to 5 years.

Adding a group of buildings into the object under research makes it possible to increase validity of
the research data and apply results for a wider group of buildings with a similar architectural and
structural design.

Methods

The following characteristics to estimate heat protection levels in buildings are taken in Russian
construction regulations: specific resistance to heat transfer of envelopes, specific heat-protection
characteristic of a building, and internal surface temperature of envelopes.

Specific resistance to heat transfer of envelopes is a physical value which features — an area-
averaged heat-flow density through a fragment of the heat-protective building covering under steady-
state conditions of heat transfer, which is equal to the ratio of the difference between temperatures of
opposing sides of the fragment to the area-averaged heat-flow density through the fragment.

A specific heat-protection characteristic of the building is a physical value which is equal to the
heat loss of a volume unit per time unit provided there is temperature drop of 1 K through the heat-
protective building cover.
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Thermophysical field testing using eco-friendly nondestructive test methods was carried out to
estimate whether the level of heat protection in buildings meets requirements of the Russian construction
norms SP 50.13330.2012. The following NDT methods were used:

¢ heat monitoring to estimate quality of heat insulation in buildings;
e determination of an actual level of heat protection in buildings;
e estimating a level of heat protection in buildings.

Heat monitoring to estimate quality of heat insulation in buildings

Heat monitoring to asses heat insulation quality in buildings under consideration was carried out
with the aim to find out temperature anomalies and defects of heat-protective buildings’ covers under
natural conditions.

The method of heat monitoring to asses heat insulation quality in buildings is based on distance
measuring of temperature fields on envelope surfaces using an IR imager. The method is used to
visualize temperature anomalies and find out defects in the form of areas with higher than usual heat loss
due to heat insulation, and identify sections on internal surfaces of envelopes while in service which
temperature may go down below dew point as well.

Heat monitoring of the object was carried out in the cold season starting from 14.01.2015 till
10.02.2015 with technical assistance provided by “Promstroyexpertiza” OOO (Ltd) according to
GOST P 54852-2011. All the buildings were heated while heat monitoring. The regime of heat transfer
through envelopes was close to stationary. Heat monitoring was held in the daytime while there was no
wind, atmospheric precipitation, fog and smokiness. While monitoring external surfaces of buildings’
covers were not exposed to direct and reflected solar radiation. Thermovision measurements were taken
using an IR imager branded as FLIR SC660 (fab. No. 404003616) with meteorological parameters which
meet standard requirements.

While heat monitoring the following activities were carried out:

e inspection of the object under control using IR imager to identify general characteristics of the
object and find out sections, which are subject to further thermal mapping;

o overall thermal mapping of external surfaces of envelopes to find out temperature anomalies;

o detailed thermal mapping of identified sections on internal surfaces of envelopes to specify
temperature anomalies.

186 calibrated thermal images, including 154 ones on external surfaces, were obtained while heat
monitoring, which is enough to get statistically valid results.

Determination of an actual level of heat protection in buildings

Thermophysical measurements under natural conditions were carried out to determine an actual
level of heat protection in buildings.

The major heat protection of an envelope is an ability to resist to passing heat flow, which is
guantified in Russia as resistance to heat transfer R,, m%-KMW, and in Europe — heat transfer coefficient
U (Uo = 1/Ry).

Estimating the specific resistance to heat transfer of building components according to
requirements of the Russian construction norms it is necessary to consider all edge zones. Therefore in
this case measurements need to be performed on numerous envelope fragments, as it is made in the
article.

The method to determine resistance to heat transfer under natural conditions is based on
measuring outside and inside air temperature, temperature of envelope surfaces, and passing heat flow
density as well (under conditions close to stationary heat transfer), with respect to which an unknown
value can be calculated.

Resistance to heat transfer of envelopes’ fragments was specified in the cold season according to
the Russian standard GOST P 54853-2011 with the parameters given herein. The gist of the method is
that meters for temperature and heat flow density are placed on the surfaces and in the area of adjacent
air environment of an envelope under test, which fix values of these characteristics during specified time.
Resistance to heat transfer of an envelope can be determined as the ratio of the difference between
averaged outside and inside air temperatures while testing to an averaged heat flow density passing
through an envelope. Measurements are taken using multi-channel meters to measure heat flow density
and temperatures of the brand ITP—MG 4.03-10 “Potok” (fab. No. 1177) with meteorological parameters
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which correspond to the Russian standards. Measurements in the buildings mentioned were carried out
in living areas where there was an access for experts at reference points. Reference points were located
on certain sections of envelopes found out while heat monitoring including edge zones. Measurements
were taken during two weeks with a registration interval of 5 minutes.

Resistance to heat transfer at a point of heat-protective covers of the buildings was determined by
an averaging method according to the Russian standard GOST P 54853—-2011 under the formula:

n

int ext
Z(t,- —tj )

_ i
R, =— : (1)
2.4;
j=1
where n — number of measurements; tj"“, tjext — inside and outside air temperatures correspondingly in

case of j-measurement; g;— heat flow density in case of j-measurement.

As it is stated in the regulations of GOST P 54853-2011, when computing the results after each
measurement taken the data obtained asymptotically come close to an actual value of thermotechnical
characteristics. An asymptotic value is close to an actual one provided the following requirements are
met:

a) temperature, heat capacity and humidity of the fragment under research while measuring;
b) a heat meter is not directly exposed to solar radiation;
c) heat transfer of the fragment under test is constant.

Accuracy when measuring thermotechnical characteristics depends on the following factors:

a) calibration accuracy of a heat meter and temperature sensors (about 5 %);

b) accuracy of the data recording system (in case of an automated data recording system is close
to zero);

¢) random deviations caused by slight differences in heat contact between sensors and surface
(about 5 % of an average value);

d) deviations when using heat meters caused by modifications of isotherms due to availability of a
heat meter (2...3 %);

e) deviations caused by fluctuations of temperatures and heat flow in time (about +10 % of the
value measured);

f) other sources of deviations (if the data are not available — about 5 %).

The values of deviations for this type of measurement devices and regime parameters when
conducting tests are given in the brackets.

If the requirements stated above are met then the total deviation can be defined as the one
between quadratic and arithmetic sums, i.e. between

Al:\/52 +024524+324102+52 =136 % andA,=5+0+5+3+10+5=28 %

Actually, the double-layer exterior walls in the form of AAC blocks with front brick masonry are air-
permeable. Penetration of the indoor damp air into the wall is dangerous in terms of moisture transfer
with air and decrease in heat-protection properties. Humidity of the internal air in rooms of the residential
operated buildings was within admissible values. During thermophysical testing the moisture in the
exterior walls was stabilized. The actual parameters of moisture conditions in rooms conform to required
parameters according to the Russian standard (GOST 30494-2011). Inside the face of AAC blocks was
plastered; the front brick masonry was flushing. Therefore it is expected that the process of filtering damp
air through the exterior wall can be neglected.

Estimating level of heat protection in buildings

Estimation of level of heat protection in buildings can be carried out in a more accurate way
provided reduced resistance to heat transfer of envelopes is taken according to computing results of two-
and three-dimensional temperature fields [22].
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The specified resistance to heat transfer of building component at stationary heat transfer in the
most general view is to be defined under the formula:

Rred — (tint _text )A
° fada @)
Q

where ti,; — estimated inside air temperature in the building; tex — estimated outside air temperature in the
cold season of the year; A — area of the envelope along the inner contour; Q — fragment of the envelope;
g — heat flow density in a point of envelope.

red

Exact calculation of R, on the formula (2) is possible only for the elementary designs. At
engineering assessment the specified resistance to heat transfer of envelopes is to be defined under the
formula [23]:

R red (tint B text )A
° m ®)
Qbas + ZQiad

i=1

where Qpas IS @ main heat flow through the envelope under design conditions; m is a number of edge
zones of the envelope; Q2 is a supplementary heat flow through i-edge zone defined under the
temperature field.

Estimating a heat regime of envelopes was carried out with mathematic modeling of the process
using programming and computing software “Energy efficiency and heat protection of buildings
(ENTEZA)” [22]. Programming and computing software “ENTEZA” makes it possible to estimate the
impact of edge zones on heat protection properties of envelopes and outline ways to improve elements of
buildings’ covers according to computing the temperature fields.

Results and Discussion

Thermograms, obtained via thermovision, make it possible to explicitly identify temperature
anomalies and define defects in edge zones of buildings’ envelopes (Figures 2-5).

Sector Tain | Tox | To
ARO1 0.1 27 1.2
ARD2 0.1 40 23

Figure 2. Thermogram of the part of the building’s facade
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Sector | Tain | Tawe | Top

°C AROT | 34 | 00 |45

A 786

ARD2 | 12 | 42 |26

Sector | Twin | Toax | Top
ARDI 10. 150 [ 128

ARD2 159 | 17.2 | 167

Figure 4. Thermogram of the coupling joint between the walls and
the column in the floor area

Sector | Tamn | Tow | To
AROL 28| 451|236
ARD2 159 | 246|207

Figure 5. Thermogram of the coupling joint between the walls
and the column in the ceiling area

Such an analysis of the thermotechnical defects was made by Kornienko S.V. in his work [20].

Temperature anomalies and defects in the edge zones of envelopes can cause a decrease in
temperature on internal surfaces of envelopes (radiant temperature), deterioration of microclimate
parameters in the rooms, decline in thermotechnical uniformity of exterior walls, growth of heat loss
through covers in the cold season.

Thermovision monitoring results can be featured as valuable information required to correctly
estimate the level of heat protection in buildings. They make it possible to choose right edge zones of
envelopes to conduct thermotechnical computing.
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Measurement results of resistance to heat transfer at different points of heat-protection covers in

buildings are shown in Figures 6 and 7.
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Figure 6. Measurement results of resistance to heat transfer
at the point of exterior wall (building 1, flat 2)
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Figure 7. Measurement results of resistance to heat transfer

in the central part of the double-glazed window (building 1, flat 4)
Measurement results of resistance to heat transfer of envelopes in the group of buildings

monitored are given in Table 2.
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Table 2. Actual values of resistance to heat transfer of envelopes

. Actual resistance to heat transfer, mZK/W
Building Flat number . double-glazed . lab
number exterior wall ouble-glaze attic slab s'ab over
window basement
1 1.85+0.29 0.40£0.02 — 2.64+0.40
1 2 2.89+0.40 0.64+0.19 — 3.34+0.62
3 2.12+0.38 — — 1.87+0.55
4 2.01+0.53 0.40£0.02 2.17+0.55 —
5 0.95+0.11 0.37+0.01 — —
5 6 1.06+0.13 0.31+0.06 — —
7 2.30+0.27 0.34+0.02 0.76+0.15 —
8 2.00+0.35 — 1.45+0.22 —
3 9 1.59+0.24 — 0.63+0.07 —

An element-by-element estimation of heat protection in buildings was made on the basis of the
measurements (Table 3).

Table 3. Element-by-element estimation of heat protection in buildings according to
measurement results

Resistance to heat transfer, m2.K/W
Envelopes —

Minimum allowed actual (measured)
exterior walls 1.75 0.95...2.89
windows 0.42 0.31...0.64
attic slab 2.94 0.63...2.17
slab over basement 2.94 1.87...3.34

As it is shown in Table 3, values of resistance to heat transfer measured at different points of
envelopes fluctuate in a wide range, and it indicates high non-uniform heat protection performance of
covers. Thermoprotective properties in the edge zones of envelopes dramatically decrease. Minimum
allowed element-by-element requirements (as provided by Russian construction norms SP
50.13330.2012, p. 5.1, a) which are not ensured.

Specific heat loss through the building cover (Figure 8) was computed with measured values of
resistance to heat transfer of envelopes (Table 2) and geometric characteristics of the building (Table 1).

624

502

160

Figure 8. Structure of heat loss through the building cover, W/K: 1 — exterior walls;
2 —windows, balcony doors; 3 — attic slabs; 4 — slab over basement

Korniyenko S.V., Vatin N.I., Gorshkov A.S. Thermophysical field testing of residential buildings made of

autoclaved aerated concrete blocks. Magazine of Civil Engineering. 2016. No. 4. Pp. 10-25. doi: 10.5862/MCE.64.2
18



NuxeHepHO-CTPOUTENbHBII sKypHaJ, Ned, 2016

As it is shown in Figure 8, the bigger part of heat loss (64 %) is monitored through the building’s
facades, and it can be explained by a crucial impact of edge zones in exterior walls, and by low heat
protective properties of windows as well. A significant part of heat losses goes through the attic slab
(27 %), and can be specified due to a comparatively low level of heat insulation of this structure.

The estimated value of an actual specific heat-protective feature of the building is equal to
0.307 W/(m>K), which is higher than the rated value of 0.257 W/(m®K). Consequently, a multiple
requirement (according to the Russian construction norm SP 50.13330.2012, p. 5.1, b) was not met.

Thre inspection of envelopes under sanitary and hygienic requirement (SP 50.13330.2012, p. 5.1,
c) revealed that the structures do not meet this requirement. In many cases the temperature on the
internal surface of envelopes in the edge zones is lower than a dew point of inside air in the cold season,
and it results in humidity condensation and mold formation [20]. Coupling joints between columns and the
inter-floor slab and between window and wall opening are the most vulnerable ones (Figures 9, 10).

& E
Figure 9. Humidity condensation and mold formation on the internal surface
of the coupling joint between the column and the inter-floor slab

Figure 10. Humidity condensation and mold formation on the internal surface
of the coupling joint between window and the wall opening
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Consequently, according to the field measurements, the following was specified: an actual level of
heat protection in the buildings does not meet the requirements provided by the Russian construction
norm SP 50.13330.2012.

The authors of the article estimated the level of heat protection using design data to find out the
reasons for the emergence of temperature anomalies and thermotechnical defects in the covers of
buildings.

As a case a detailed estimation of the thermal regime of exterior walls was conducted.

The fact that there are multiple edge zones, identified due to thermovision monitoring
(Figures 2-5), is the major feature of exterior walls made of autoclaved aerated concrete. Neglecting
edge zones when designing envelopes may cause significant deviations in the case of defining
thermotechnical features.

Mathematical modeling of the thermal regime of the structure in the cold season was carried out
under the following boundary conditions:

e estimated inside air temperature in the building t;=20C (Russian standard
GOST 30494-2011);

¢ estimated outside air temperature te, = —22 C (Russian construction norm SP 50.13330.2012);

e estimated heat transfer coefficient at the internal surface of the envelope o = 8.7 W/(m?K)
(Russian construction norm SP 50.13330.2012);

e estimated heat transfer coefficient at the external surface of the envelope ase = 23 W/(m?*K)
(Russian construction norm SP 50.13330.2012).

The following types of edge zones were considered while carrying out estimations:

coupling joint between exterior walls and inter-floor slabs;
coupling joint between windows and wall openings;

exterior angle in the case of exterior walls;

reentering angle in the case of exterior walls;

coupling joint between columns and walls;

coupling joint between exterior walls and slabs over basements;
coupling joint between exterior walls and attic slabs.

Due to a negligible impact that flexible ties may produce relatively to the temperature field of the
exterior walls according to the results of thermovision monitoring, flexible ties were not considered in the
estimation.

The structural diagram of the wall under design is given in Figure 11.

Figure 11. Cross-section of the wall: 1 — plaster; 2 — aerated concrete blocks;
3 —manufacturing clearance; 4 — front brick masonry; 5 — glue line

Thermotechnical characteristics of construction materials given in Table 4 were used in the
estimation.
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Table 4. Estimated thermotechnical characteristics of materials (SP 50.13330.2012)

Layer . Material density Thermal conductivity A,
number Material of a layer o0, kg/m® Wi(m-K)
1 Compound mortar-based plaster 1700 0.7
2 AAC block masonry using adhesive 450 0.16
. . 0.067 (equivalent) with
3 Closed air cavity T thickness of air cavity of 0.01 m
4 Front brick masonry 1400 0.52

Calculation results of the thermal regime f or wall structures are given in Table 5.

Table 5. Estimation results of the thermal regime of exterior walls

Subscript,
Indicator measurement Value
unit
Major specific heat flow Qbas, W/K 442
Supplementary specific heat flow through edge zones including: Qad, W/K 132
coupling joints between exterior walls and inter-floor slabs Q" WIK 48.1
coupling joints between windows and wall openings Q" WIK 35.6
exterior angles Q5™ WIK 4.08
reentrant angles Q4 WIK -3.95
coupling joints between columns and walls Q5™ WIK 251
coupling joints between exterior walls and slabs over basements Q6™ WIK 21
coupling joints between exterior walls and attic slabs Q% WIK 24.2
Total heat flow Qsum, W/IK 574

The structure of the specific heat loss through exterior walls (Figure 12) was defined using the data

taken from Table 5.
I
A
i

Figure 12. Structure of the specific heat loss through exterior walls: 1 —major heat loss;
2 —supplementary heat loss through coupling joints between exterior walls and inter-floor slabs;
3 —supplementary heat loss through coupling joints between windows and wall openings;
4 — supplementary heat loss through coupling joints between exterior walls and slabs over the
basement; 5 — supplementary heat loss through coupling joints between exterior walls and attic
slabs; 6 — other

The analysis of the obtained results shows that 23 % of the heat loss emerges through edge
zones. The bigger part of the heat loss was found through coupling joints between the exterior walls and
the inter-floor slabs (8 %) due to perforated holes in slabs. Along with the heat loss through coupling
joints between windows and wall openings (6 %) they amount to a bigger part of the supplementary heat
loss (14 %). Lower heat loss through coupling joints between the exterior walls and the slab over the
basement (4 %), and the attic slab (4 %) can be explained by a shorter length of these joints.
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The estimated reduced resistance to heat transfer in exterior walls R, = 1.88 m*K/W, which is
close to a minimum allowed value (R,™ =1.75 m®*K/W). Approximation of R,** to R,™" causes
thermotechnical risks when designing envelopes. The value of thermotechnical uniformity of the exterior
walls is low enough (r = 0.774) and can be explained by a significant impact of edge zones.

Results of heat protection for buildings’ covers are given below.

The designed level of heat protection of envelopes meets element-by-element requirements
SP 50.13330.2012 (Table 6).

Table 6. Element-by-element estimation of heat protection for buildings’ covers with design
data

Rated resistance to heat transfer, m2K/W . .
— Estimated resistance
Envelope Minimum allowed Basic level of heat to heat transfer,
level of heat rotection m2K/W
protection P
Exterior walls 1.75 2.77 1.88
Windows 0,.42 0.44 0.50
Slab attic 2.94 3.67 3.84
Slab over basement 2.94 3.67 3.08

The estimated specific heat protective characteristic of buildings obtained using the design data is
equal to 0.228 W/(m*K), which is less than the rated value of 0.257 W/(m*K), hereby the design solution
of buildings meets multiple requirements for heat protection according to the Russian norm
SP 50.13330.2012.

The temperature on the internal surfaces of envelopes at the points with heat-conducting
inclusions is higher than a dew point of the inside air in the case of the estimated outside air temperature,
hereby the design solution of envelopes meets the sanitary and hygienic requirement of the Russian
construction norm SP 50.13330.2012.

Thus, it was specified that an actual level of heat protection in buildings is lower than a designed
one according to field thermophysical tests of residential buildings made of AAC blocks and checking
thermotechnical calculation. It can be explained by both multiple unapproved deviations from the design
project made by a subcontractor during construction, low-quality performance and assembly works. The
building design project itself bears certain thermotechnical risks due to neglecting the impact of edge
zones produced on thermal protective properties of envelopes.

To ensure the designed level of heat protection in an object, it is required to eliminate non-
compliance of actual works performed with the design requirements. The study suggests that there
should be a strong focus on how to improve construction solutions for edge zones of envelopes [20].
Applying supplementary exterior insulation along the whole surface of the wall according to the
preliminary estimates can level off the temperature field (Figure 13). Meanwhile both the supplementary
heat loss in edge zones and major heat loss of the walls reduce (Figure 14).
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Figure 13. Temperature field of coupling joint between the exterior wall and the column
(A —without the application of supplementary insulation,B — with the application of
supplementary insulation): 1 — plaster; 2 — aerated concrete blocks; 3 — manufacturing clearance;
4 —front brick masonry; 5 — column;
6 — supplementary insulation
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Figure 14. Thermal transmission coefficient of the exterior walls (A —without the application of
supplementary insulation, B — with the application of supplementary insulation): 1 —without
considering edge zones; 2 —considering only edge zones

It is recommended to replace one chamber-glass units with more energy efficient translucent
envelopes. It is also necessary to improve the level of heat protection in the area of basement and attic
slab. The activities mentioned above are to improve heat protective properties in buildings and able to be
implemented only under a design project of buildings redevelopment.

Conclusion

According to the results of field thermophysical tests of residential buildings made of autoclaved
aerated concrete blocks, the following was found out:

1. Design of double-layer exterior walls in the form of AAC blocks with front brick masonry bears
thermotechnical risks due to an increase in non-uniform heat protection of buildings’ covers caused by a
significant impact on heat protection of buildings’ edge zones. Meanwhile there is a significant growth of
the impact on two- and three-dimension elements of the internal surface structure, and there is a decline
in the thermotechnical uniformity of envelopes. Estimation of three-dimension temperature fields and
development of new construction solutions is required to consider the impact of edge zones.

2. The designed level of heat insulation does not correspond to the basic level of heat protection
for the majority of regions in the Russian Federation. Two-layer exterior walls without supplementary
insulation practically do not have heat protection and energy saving reserves.

3. The reduction of an actual level of insulation in envelopes, compared to the designed one, can
be explained by both unapproved deviations from the design project made by a subcontractor during
construction, low-quality performance and assembly works.

4. 1t is strongly suggested to improve a structural solution of edge zones of envelopes to reduce
thermotechnical risks when designing buildings. Supplementary insulation along the whole surfaces of
the walls can be considered as another activity to increase the level of heat protection. As preliminary
estimates show, while leveling off temperature fields, not only supplementary heat loss in edge zones but
a major heat loss of walls can be reduced as well.

The materials for the article were reported and approved at X International Congress «Energy
efficiency. XXI century. Engineering methods to reduce energy consumption in buildings», workshop
«Construction thermophysics and energy efficient design of envelopes».
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Fire design of arch-type timber roof

[MpoeKTUpOBaHNE OFHECTOMKNX apOYHbIX AEePEBSAHHbIX MOKPbITUIA

T. Saknite, CmydeHnm T. CakHume,
D. Serdjuks, 0-p mexH. Hayk, npogheccop [.0. Cepdrok,
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J1. MakpacmuHbw,
N.I. Vatin, Puxckut mexHuyeckul yHusepcumem, Puea,
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surface method; fire resistance NAacTUHbI; MeTOL NOBEPXHOCTU OTKITMKA;
OrHECTONKOCTb

Abstract. Lattice timber structures, which are made of elements connected by punched steel
plates, are widely used for residential and industrial buildings. The main types of the structures are
trusses, frames, and arches, which enables covering spans up to 30 m and more. The behavior of
structures on fire plays an important role in the design process of the structures. The cylindrical roof with
a 30 m span and the main load-bearing structures of lattice arches with elements connected by punched
metal plates was considered as an object of investigation. The rational geometrical parameters of a
lattice timber arch with punched steel plated joints were evaluated. Fire resistance and a possibility to
increase it for an arch-type timber roof was also considered. It was obtained that using a protective layer
is a preferable method of a fire resistance increase for the lattice timber arch due to arch joints; the
material consumption was also increased by 1.65 times. It was shown that the rational values of the
height of the arch, depth of the arch cross-section, and distance between the nodes on the top chord are
equal to 7.85, 1.10, and 0.95 m respectively.

AHHOTauuA. PelletyaTble AepeBSHHbIE KOHCTPYKLUMM C Y3MaMu, BbINOMHEHHbLIMU C MPUMEHEHUEM
3ybyaTtblX CTamnbHbIX MMACTUH, LUMPOKO WCMOMb3YTCA B MPOMbBILIIEHHOM W FPaX4aHCKOM
cTpouTtenbctBe. ®depmbl, pambl U apKM SABMSIOTCA OCHOBHBIMW TUMaMW [OaHHbIX KOHCTPYKLMIA
Nno3BoNALWNX NepekpbiBaTth npornetbl 4o 30 M n 6onee. OueHKa OrHECTOMKOCTM KOHCTPYKLUUA MMeeT
Oonblloe 3HayYeHve npu npoekTupoBaHuu. Liunvnapuyeckoe nokpeite nponetom 30 M C rNaBHbIMU
HecyLMMN 3nemMeHTamu B BuAe pelleTyaTblX OepeBsiHHbIX apoK C y3namu, BbINOMHEHHbIMU C
NpMMeEHeHWeM 3y0yaTbiX CTamnbHbIX MNIACTUH, PacCMOTPEHO B KayecTBe OObeKkTa uWccnenoBaHus.
PauunoHanbHble C TOYKUM 3pEeHUs pacxofa KOHCTPYKTUBHbLIX MaTepuanoB reoMmetpuyeckne napameTphbl
UUIMHOPUYECKOrO MOKPbITUS  onpederneHbl Npu MNOMOLLUM YUCNIEHHOrO akcnepumeHTa. [lpy aTtom
nponseefeHa oLeHKa OrHECTOMKOCTU OCHOBHbIX KOHCTPYKTUBHBbIX 3IIEMEHTOB, @ TaK K& BO3MOXHOCTU ee
noebiweHus. [lokasaHo, 4YTO Haubonee 3SMEEKTUBHBIM CMOCOOOM MOBbLILEHUS OrHECTOMKOCTU
pelleTyaTblX AEpeBSIHHbIX apoK  SBMNSETCA  UCMONb30OBaHWe  3alMTHbIX  MOKpbITUA.  Pacxon
KOHCTPYKTMBHbIX MaTepranoB npu 3ToMm Bo3pacTtaeT B 1.65 pas. [MokasaHo, 4TO paumoHarbHble C TOYKU
3peHusa pacxofa MaTepuanoB BeNUMYUHBI BbICOTbl apku, BbICOTbI CEYEHWUs apkM W AMNWHHBI NaHenu
BepxHero nosica pasHbl 7.85, 1.10 1 0.95 M, cCOOTBETCTBEHHO.

Introduction

Lattice timber structures can be divided into the groups depending on the types of fasteners which
are used for joints. Nails, split rings, tooth steel plates, and punched steel plates are the main types of
fasteners, which are used for joints of the lattice timber structures. The lattice timber structures, which are
made of elements connected by punched steel plates (Fig. 1), are widely used for residential and

Saknite T., Serdjuks D., Goremikins V., Pakrastins L., Vatin N.I. Fire design of arch-type timber roof. Magazine of
Civil Engineering. 2016. No. 4. Pp. 26-39. doi: 10.5862/MCE.64.3
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industrial buildings in Latvia and abroad. The main types of the structures are trusses, frames, and
arches, which enables covering the spans up to 30 m and more [1, 2].

a_,..__. e % e T T,
Figure 1. Lattice frame with elements connected by punched steel plates

The lattice timber arches, which are made of elements connected by punched steel plates (Fig. 2),
cause an increased interest due to relatively low consumption of materials in comparison with similar
lattice timber structures due to rational distribution of internal forces.

Figure 2. Joints of the lattice timber structures, which are made of elements
connected by punched steel plates

Moreover, the decreased dead weight of one unit simplifies the assembling process. However, the
lattice timber structures possess a number of disadvantages: increased number of assembling units,
decreased fire resistance, and decreased span. All these disadvantages are derivative from the limited
dimensions of the member’s cross-sections. Therefore, the width of the chords and elements of the lattice
is limited to 60 mm. It can be increased up to 70 mm in outstanding cases. The choice of rational
geometrical parameters enables decreasing consumption of structural materials and increasing
effectiveness of the structure.

The behaviour of structures on fire plays an important role in the design process of structures [3].
Since the 1990s, many research projects have been focused on the fire behavior of timber structures
worldwide, in particular, light timber frame constructions [4, 5].

The cylindrical roof with the main load-bearing structures of lattice arches with the elements
connected by punched metal plates was considered as an object of investigation. The step of the lattice
arches is equal to 1.5 m (Fig. 3).

Caknure T., Cepmiok [.O., T'opembixkun B.B., INakpactuusm JI., Batua H.M. IIpoektupoBanme OrHECTOMKHX

apOYHBIX JICPEBSHHBIX MTOKPBITHH // VIH)XeHepHO-CTpOUTENbHBIH KypHa. 2016. Ne 4(64). C. 26-39.
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Figure 3. Scheme of the considered cylindrical roof: Nj —load-bearing lattice arches;
Fk — columns of the framework

The lattice arch has rational geometrical parameters in terms of materials consumption, which
were evaluated in the course of the previous investigation [6]. The height of the arch, depth of the arch
cross-section, and distance between the nodes on the top chord were equal to 7.5, 1.0, and 1.5m
respectively (Fig. 4).
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Figure. 4. Lattice arches with the nodes made of punched metal plates

All members of the arch are made of C24 strength class solid timber. The cross-section depth and
width of the top and bottom chords of the arch are equal to 180 and 70 mm respectively. All elements of
the lattice have equal dimensions of the cross-section: depth and width are equal to 100 and 70 mm
respectively. The lattice arch elements are joined with the punched steel plates Kartro. The thickness and
teeth length of the Kartro punched steel plates are equal to 1.2 and 12 mm respectively. The top and
bottom chords of lattice arches are joined with freely supported solid timber purlins, which were placed
with the step equal to 1.5m. The purlins with cross-section dimensions equal to 120 x 70 mm and
100 x 70 mm join the top and bottom chords of arches respectively. The strength class of solid timber is
C24. Profiled steel sheets are the main load-bearing elements of the roofing [6].

The considered roof is analysed for Latvian climatic conditions [7]. The current place is the city of
Riga. The characteristic values of permanent snow and wind loads were equal to 0.37, 1.25, and
0.56 kN/m? respectively.

The aim of this study is to evaluate rational geometrical parameters of the above mentioned lattice
timber arch with the punched steel plated joints. The lattice timber arch is the main load-bearing structure
of the considered arch-type timber roof. Fire resistance and the possibility to increase it for the arch-type
timber roof should also be considered.

Methods and results
Choice of a design method

The object of investigation, considered in this study, is a timber framework of cylindrical roof. It
means that mechanical resistance, or criteria R, will be considered as determinant parameters, which
reflect fire resistance of object of investigation [8, 9]. Design procedures for mechanical resistance
explained in EN 1995-1-2 include:

e reduced cross-section method;
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e reduced properties method,;
e parametric design method.

Choice of the method for fire resistance analyse was carried out on the base of results comparison,
which were obtained by the reduced cross-section method, reduced properties method and by the
published experimental results [10, 11]. The two mentioned methods were chosen due to its simplicity,
which is significant advantage in the case of big volume of calculations. The experimental results were
obtained for the glued laminated timber beams with dimensions of cross-section 190X266 mm [8]. Value
of the mean timber density changes within the limits from 300 to 464 kg/ms. The beams were exposed to
fire action from three sides. The charring rates and depths were fixed after 30, 45 and 60 minutes.

The experimental results indicate that charring rates and depths differed for the sides and bottom
surfaces. So, for the side surfaces charring depth changes from 19.70 to 22.50 mm, from 26.40 to
28.90 mm and from 42.10 to 45.90 mm for the times of fire exposure equal to 30, 45 and 60 min,
correspondingly. Charring depth changes from 20.00 to 26.90 mm, from 27.70 to 31.90 mm and from
46.00 to 49.00 mm for the times of fire exposure equal to 30, 45 and 60 min, correspondingly, for the
bottom surfaces. The charring rates changes within the limits from 0.587 to 0.757 mm/min and from
0.614 to 0.897 mm/min for the side and bottom surfaces of the beams, correspondingly. The mean value
of design notional charring rate that was obtained by the experiment was equal to 0.71 mm/min, what is
much closed to the value 0.7 mm/min, which is given in EN 1995-1-2. Notional charring depth was
determined by the following equation [10]:

dchar,n =ﬁn 't’ (1)

where B, — design notional charring rate; t — time of fire exposure.
Effective charring depth is determined by the equation:
d, =d +ky - do, 2)

char,n
where dcnarn — nNotional charring depth; ko — coefficient; do — depth of layer with assumed zero strength
and stiffness.

The value of coefficient ko was taken equal to 1.0 for non-protected surfaces for the time of fire
exposure bigger than 20 minutes. Depth of the layer with assumed zero strength and stiffness d, was
taken equal to 7 mm [10].

Area of residual cross-section of the element, which is subjected to fire from three sides, in
accordance with the reduced cross-section method, must be determined by the formula:

'A\ef:(h_def)'(b_z'def)’ 3

where d¢s — effective charring depth; h and b are depth and width of cross-section before fire exposure,
correspondingly.

Area of residual cross-section of the element in accordance with the reduced stress and stiffness
method must be determined by the formula:

&f :(h_dchar,n).(b_z'dchar,n) (4)

Area of residual cross-section of the element, which was obtained by the experimental results,
must be determined by the equation:

'Aef op (h - dchar,exp,bot ) ’ (b -2 dchar,exp,side ) ) ©)

where denarexp IS the charring depth, which was determined by the experiment.

The values of effective charring depths and areas of the residual cross-sections, which were
determined by the experiment and with the reduced cross-section and reduced strength and stiffness
methods, are given in Table 1.
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Table 1. The values of effective charring depths and areas of residual cross-sections [8].
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30 445 21.00 21.30 22.60 31892.00 36260.00 35877.16
420 19.70 20.00 37047.60
411 26.40 31.90 32218.52
45 444 31.50 28.90 29.00 25707.50 29781.50 31331.40
437 27.40 27.70 32218.16
412 43.40 46.00 22704.00
60 464 42.00 42.10 46.80 19964.00 23744.00 23191.36
408 45.40 49.00 21526.40

The differences in percentage between the values of the residual cross-section, determined by the
experiment and with the reduced cross-section and reduced strength and stiffness methods, are given in
Figure 4.
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Figure 5. The differences in percentage between the values of the residual cross-section,
determined by the experiment and with the reduced cross-section
and reduced strength and stiffness methods

The comparison of results, obtained analytically and by the experiment, indicates that the values of
the residual cross-sections, which were obtained with the reduced stress-stiffness method, differ from the
experimentally obtained values by 0.76-4.82 % [11]. Therefore, for the fire resistance analysis of the
arch-type timber roof, the reduced stress-stiffness method will be used.

Simplified rules of designing connections, which are explained in section 6 of EN 1995-1-2, will be
used for the joint analysis during the fire exposure.

Design of fire-resistant arch-type timber roof

Design of fire-resistant purlins

Let us start the design of the fire-resistant arch-type timber roof from the purlins. The purlins are
placed in the planes of top and bottom chords of the considered lattice timber arch. The purlins are
subject to dead weight, snow, and wind loads. Loading the purlins differed depending on their position in
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the roof. Therefore, determination of the most heavy loaded purlins is the first stage of the analysis.
Positions of the heaviest-loaded purlins are indicated in Figure 6 with red circles [6].

Figure 6. Nodes numbering of lattice timber arch and position of the heaviest loaded purlins

The heaviest loaded purlins are joined with the top chord of the lattice timber arch in nodes 16, 47,
39 and in node 46 with the bottom chord. Angles of the cross-sections inclinations are equal to 22 for the
purlins joined with the lattice timber arch in nodes 16 and 39 and 5 for the purlins joined with the lattice
timber arch in nodes 46 and 47, correspondingly. The total load acting at the purlin in case of fire was
determined by the equation [12]:

Gy qum :(gk,1+gk,2)'7G,A+qk,1"//1’ (6)

where g1 — characteristic value of purlins dead weight; gk, — characteristic value of dead weight of the
roofing; qx1 — characteristic value of snow load; yga — load safety factor; w; — combination factor for
variable load.

The values of load safety factor and combination factor for variable load were taked equal to 1.0
and 0.2, correspondingly [12]. Geometrical parameters of purlins cross-sections in case of fire action
were determined by the reduced strength and stiffness method (see Table 2). The purlins were
considered as subjected to fire action from four sides.

Table 2. Geometrical parameters of purlins in case of fire action

Top chord purlines Bottom chord purlines

t (min) | hg (mm) bs (mm) hs (mm) bs (mm)
5 112.00 62.00 92.00 62.00
8 107.20 57.20 87.20 57.20
10 104.00 54.00 84.00 54.00
13 99.20 49.20 79.20 49.20
15 96.00 46.00 76.00 46.00

The values of geometrical parameters of the purlins cross-sections were determined for the time of
fire exposure equal to 5, 8, 10, 13 and 15 minutes [8]. The purlins were analised at the fire action taking
in to account strength and stability conditions. The strength of the purlins as the member subjected to
compressing with the bending was checked by the equations (7) and (8) [13].

2
(O'c,o,d,ﬁ / fc,o,d,ﬁ) +0nyanil Toyas TKn Onzai! fnzen <L ()

/f

00,4 6

2
(O-C,O,d,fi / fc,o,d,fi) +k,-o I faa <L (8)

m,y.d, fi m,y.d, fi
where: o¢ 04,4 — design compressive stress along the grain in case of fire action, ony.q1— design bending
stress about the principal y-axis in case of fire action, om 45— design bending stress about the principal
z-axis in case of fire action, fn, 44 — design bending strength about the principal y-axis in case of fire
action, fn.q44 — design bending strength about the principal z-axis in case of fire action, ky, — factor,
considering redistribution of bending stress in cross-section.

The stability of the purlins as the member subjected to compressing with the bending, was checked
by the equations (9) and (10) [13].
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/f

Oco.d, fi /kc,y,fi fc,o,d,fi +0

m,y,d, fi + km ‘0,

m,y,d, fi m,z,d, fi /fm,z,d,fi Sl’ (9)

/f

Oco.4, fi /kc,z,fi fc,O,d,fi +k, 0

m,y.d, fi +0

m,y.d, fi m,z,d, fi /fm,z,d,fi Sl’ (10)

where k¢ is an instability factor along the principal y-axis under fire impact, k.. is an instability factor
along the principal z-axis under fire impact; other designations are the same as for equations (7) and (8).

The dependence of fire-resistance on the time of fire exposure for the four heaviest-loaded purlins
obtained by the strength condition is shown in Figure 7.

180%

160% | ——— 16 purline, Y axis — — — 16 purline, Z axis
—— 39 purline, Y axis ~ — — -39 purline, Z axis
140% ——— 47 purline, Y axis  — — - 47 purline, Z axis - id
-~ - -
120% =

100%

80%

60%

Utilisation level, %

40%

20%

0%

Fire exposure time, min

Figure 7. The utilisation level of purlins by strength criteria depending
on fire exposure time

The dependence of fire-resistance on the time of fire exposure for the four heaviest-loaded purlins
obtained by the stability condition is shown in Figure 8.
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Figure 8. The utilisation level of purlins by strength criteria depending
on fire exposure time

It was shown that the strength and stability conditions were not satisfied in 9.8 and 9.4 minutes of
fire exposure respectively. The area of the residual cross-section of the purlins placed in the plane of the
top chord of the lattice timber arch was equal to 82.7 and 52.6 % of its initial value in 5 and 15 min of fire
exposure respectively. It means that fire resistance of purlins is equal to R9.4, which is less than the
minimum required value R15 [8, 9].

Design of fire-resistant lattice arch members

Analyzing fire-resistance of the lattice timber arch was carried out using the program AXIS VM 11
during the impact of the most unpleasant loads combination. The scheme of fire impact at the top chord
of the lattice timber arch is shown in Figure 9.
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Figure 9. Scheme of fire impact at the top chord of the lattice timber arch

The element is exposed to fire from all four sides, as the profiled steel sheets of the roofing were
not taken into account as a protective layer. Geometrical parameters of chords cross-sections in the case
of fire exposure were determined with the reduced strength and stiffness method (see Table 3) [10].

Table 3. Geometrical parameters of purlins in the case of fire exposure

Top chord purlines
t (min) | hg (mm) bs (mm)
5 172.00 62.00
8 167.20 57.20
10 164.00 54.00
13 159.20 49.20
15 156.00 46.00

The decrease in dimensions of the member cross-sections due to fire exposure has a significant
influence on the load-bearing capacity of the timber lattice arch. The area of the residual cross-section of
the chords element in 15 min of fire exposure is equal to 57 % of the initial area of the cross-section. The
area of the residual cross-section for the elements of the lattice is equal to 49.9 % of its initial value in 15
minutes of fire exposure.

The values of geometrical parameters of the chords and cross-sections of lattice elements were
determined for the time of fire exposure equal to 5, 8, 10, 13, and 15 minutes [8]. The elements were
analysed under fire impact allowing for the strength and stability conditions [13]. The elements of the
chords are subject to compression with bending. The elements of the lattice are loaded axially. The
dependence of the sum of stress-to-strength relations on the time of fire exposure for the elements of the
lattice timber arch obtained by the strength condition is shown in Figure 10.
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Figure 10. The utilisation level of arch elements
by strength criteria depending on the fire exposure time

The dependence of the sum of stress-to-strength relations from the time of fire exposure for the
elements of the lattice timber arch obtained by the stability condition relative to y-axis is shown in
Figure 11.
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Figure 11. The utilisation level of arch elements by stability criteria relative to Y axis
depending on fire exposure time

The dependence of the sum of stress-to-strength relations from the time of fire exposure for the
elements of the lattice timber arch obtained by the stability condition relative to z-axis is shown in
Figure 12.
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Figure 12. The utilisation level of arch elements by stability criteria relative to Z axis
depending on fire exposure time

The dependence indicates that the strength condition for the top chord of the timber lattice arch is
not satisfied just in 11.1 minutes of fire exposure. The buckling of the top chord occurs in 10.5 minutes of
fire exposure relative to y-axis. The buckling of the bottom chord occurs in 7.2 minutes of fire exposure
relative to z-axis. It means that fire resistance of the lattice timber arch is equal to R7.2, which is more
than twice less, than the minimum required value R15 [8].

Design of fire-resistant lattice arch joints

Punched steel plates KARTRO with zinc coating with thickness 1.2 mm and length of teeth in
12 mm were considered as a type of fasteners for the joints of the lattice timber arch. Steel of punched
plates just after 7.5-8.5 minutes of standard fire exposure come in to a plastic stage. Fire resistance of
unprotected joint must be determined by the equation [10]:

tyi= —1/k-In (77fi7M,fi /7Mkfi)' (11)

where k — is a constant parameter, which depends on the type of joint, n is a reduction factor; yms is a
partial factor for timber under fire impact, yy is a partial factor for material properties.

Fire resistance of the lattice timber arch joints was evaluated as 8.61 minutes. So, it can be
concluded that fire resistance of the whole roof can be evaluated as R7.2, which is more than twice less
than the minimum required value R15 [8]. Fire resistance increase to the minimum required level R15 will
be considered in the next chapter of the paper.
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Discussion

Fire resistance increase of timber roof's load-bearing members

Fire resistance of purlins can be increased by the increasing of depths of its cross-sections [14]. It
was shown that the minimum required level of fire resistance R 15 can be obtained if the depth of purlins

cross-sections will be increased to 180 mm. So, considered dimensions of the purlins cross-sections are
180 x 70 mm.

The width of member cross-sections must be increased to provide the necessary fire resistance
R15 for the lattice timber arch. But this possibility is limited due to the small typical dimensions of
members: 45, 60, and 70 mm. The greater width of cross-section can be provided if several arches will
be placed together one next to the other (see Fig. 13).

Top chord, 180 x 70 mm

S~ [r =
|

I —/{._,,_

Bottom chord, 180 x 70 mm

= |

Figure 13. Increase of the width of lattice arch
by placing one arch next to the other

The cases when two and three lattice timber arches are placed together, were considered in this
study. The clearances between the arches were equal to 2.4 mm because the nodes were created with
the punched steel plates with the thickness equal to 1.2 mm. So, all the arches were considered under
fire impact from the four sides. It was shown that the necessary fire resistance R15 can only be provided
for three arches placed together. Fire resistance of two arches placed together is only limited by R14.5.

Protective covering is another way to provide the necessary level of fire resistance for the lattice
timber arch (see Fig. 14). It was shown that the necessary fire resistance R15 can be provided if the arch
is covered with plywood sheets with the thickness of 12 mm [10, 15]. The density of the considered
plywood is equal to 715 kg/m®.

1-1

Connector, 1,2 mm

c"qo

350

Figure 14. Protective covering of lattice arch by the plywood sheets
with thickness in 12 mm.

Thickness of the plywood sheets in 12 mm was determined basing on the condition:
a; = ByKou (treq _td,fi)1 (12)

where a5 is minimum required thickness of the protective layer, 8, is a charring rate for plywood, kg is a
constant factor, t.q is a required characteristic value of fire resistance, ty5 is fire resistance of an
unprotected joint.
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The values of a charring rate for plywood, the constant factor, the required characteristic value of
fire resistance, and fire resistance of an unprotected joint were equal to 1.02 mm/min, 1.5, 15 min, and
7.5 min respectively. The minimum required thickness of the protective layer, which had been obtained
by equation (12), was equal to 11.48 mm. So, the thickness of the protective layer was taken as 12 mm.

The comparison of the effectiveness of elements cross-sections increase and the protective layer
usage for the fire resistance increase is given in Figure 15.

25
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10 @ Three layered structure
Fire protective layer o
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Purlines Arch top chord  Arch bottom  Arch diagonal Arch joints
elements  chord elements web elements

Figure 15. Comparison of the effectiveness of element cross-section increase and
the protective layer usage for the fire resistance increase

The increase in element cross-sections cause the growth of the lattice timber arches materials
consumption from 1.307 to 3.921 m® when three arches are placed together one next to the other. The
protective layer usage causes the growth of the lattice timber arches materials consumption from 1.307 to
2.163 m®. But the elements cross-section increase did not allow protecting the nodes of the edge arches,
as it is shown in Figure 15. Therefore, based on the comparison of both methods, the usage of protective
layer is considered as a preferable method of fire resistance increase for the lattice timber arch [16].

Evaluation of rational parameters of the arch-type timber roof

The response surface method was used to evaluate rational values of the main geometrical
parameters of the arch-type timber roof [17, 18]. The height of the arch (f), depth of the arch cross-
section (h), and distance between the nodes on the top chord (a) are considered as the main geometrical
parameters (Fig. 16.).
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Figure 16. The main geometrical parameters of arch-type timber roof: (f) height of the arch;
(h) depth of the arch cross-section; (a) distance between the nodes on the top chord.

Materials consumption of purlins and lattice timber arch so as maximum axial force acting in the
top chord of the arch were considered as the parameters of optimization [19]. The dependences of the
main geometrical parameters of the arch-type timber roof on the material consumption were determined
as the second order polynomial equations in case of fire action and without taking in to consideration the
fire action.

Y' =b,+bf+bh+ba+b,fh+b,fa+b,ha+b,, X,a+b,f*+b,h*+b,.a% (13)

where Y' is materials consumption (m3); f is height of the arch (m); h is depth of the arch cross-section
(m); a is a distance between the nodes on the top chord (m).

The values of the height of the arch, depth of the arch cross-section, and the distance between the
nodes on the top chord change within the limits from 5.5 to 7.5 m, from 0.5 to 1 m, and from 1 to 1.5 m
respectively. Coefficients of the second order polynomial equations are given in the table.
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Table 4. Coefficients of the second order polynomial equations

In the context of material consumption In the context of axial forces in the arch top
chord
Fire is not taken into Fire is taken into Fire is not taken into Fire is taken into
account account account account
bo 9.46184 10.9741 547.358 551.152
b, -1.50739 -1.37964 —22.7047 —23.5849
b, —5.69789 —6.27883 —411.36 —407.507
bs —1.44156 -3.74211 —123.181 —124.552
b1» 0.304 0.397667 —0.262333 —0.711667
b1z 0.07 0.231333 1.528 1.30067
b2s -1.956 —3.01333 —5.87333 —5.21467
b123 0.0 0.0 0.0 0.0
b11 0.0872222 0.0575 0.9335 1.03778
b2 3.52622 4.776 190.216 190.946
b33 1.13156 1.992 46.5093 47.4604

Values of coefficients of the second order polynomial equations were determined with the EdaOpt
computational program [20]. The obtained polynomial equations enable describing the obtained results
with the precision up to 13.18 and 14.62 % under fire impact and without taking the fire impact into

consideration.

The dependence of the height of the arch (f) and depth of the arch cross-section (h) on the
materials consumption under fire impact and without taking the fire impact into consideration is given in

Figure 17.

Figure 17. The dependences of height of the arch (f) and depth of the arch cross-section (h)

on the materials consumption in case of fire action a)
and without taking in to consideration the fire action b).

The rational from the point of view of materials consumption values of height of the arch, depth of
the arch cross-section and distance between the nodes on the top chord were determined by the system

of equations [16]:

oG

—=Db +b,h+b.a+b,ha+2b,f =0

of
oG

_h:b2+b12f +b,,a+b,,fa+2b,h=0

oG

—=b,+b,f +b,h+b,, fh+2b,a=0

oa

(14)
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The rational values of the height of the arch, depth of the arch cross-section, and the distance
between the nodes on the top chord were given in Table 5.

Table 5. Rational values of geometrical parameters of the arch-type timber roof

Variable factors In the context of In the context of axial
material consumption forces in the arch top
chord
Fire is not taken into account
Xy —f Arch axe camber (m) 6.70 11.30*
X2—h Arch cross-section height 0.80 1.10*
(m)
Xz—a Arch top chord segment 1.15 1.2
length (m)
Fire is taken into account
Xy —f Arch axe camber (m) 7.85* 10.95*
X2—h Arch cross-section height 0.6 1.10*
(m)
Xz—a Arch top chord segment 0.95*% 1.2
length (m)

* — the values are out of the initially considered limits

It can be concluded that the finally adopted rational values of the height of the arch (f), depth of the
arch cross-section (h), and distance between the nodes on the top chord (a) are equal to 7.85, 1.10 and
0.95 m respectively.

Conclusions

The paper considers the possibility of a fire resistance increase to R15 for the arch-type timber roof
by using the protective layer and increase in the elements cross-sections dimensions. Using the
protective layer is considered as a preferable method of the fire resistance increase for the lattice timber
arch because it is joined with the growth of materials consumption by 1.65 times. The increase in the
elements cross-sections dimensions causes the growth of materials consumption by 3 times.

Rational values of the height of the arch, depth of the arch cross-section, and distance between the
nodes on the top chord were evaluated for the arch-type timber roof with the response surface method.
Fire resistance of the roof was taken into account. The span of the considered arch-type timber roof was
equal to 30 m. The values of the height of the arch, depth of the arch cross-section, and distance
between the nodes on the top chord change within the limits from 5.5 to 7.5 m, from 0.5 to 1 m, and from
1to 1.5 m respectively. It was shown that the rational values of the height of the arch, depth of the arch
cross-section, and distance between the nodes on the top chord are equal to 7.85, 1.10, and 0.95m
respectively. The corresponding minimum material consumptions were equal to 1.856 and 1.273 m?in
case of fire impact and without taking it into consideration.
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The stiffness of rigid joints of beam with hollow section column
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Abstract. At present steel framework based buildings are prevalent in civil engineering. Application
of hollow section columns have proven to be efficient in low-rise buildings. In some cases frame joints of
beam to column connections are needed in this kind of building structures. This paper considers rigid
joints of I-beam to hollow section column connections allowing for an elastic pliability. The results of
pliability estimation of these joints are represented for various construction solutions. Dependences are
obtained for the relation of the support moment in a beam to its corresponding value in absolutely stiff
connection on the rigidity of the joint. The dependence diagrams of rigidity of the joint on the parameters
of its elements are obtained.

AHHOTaumAa. B HacTosiwee BpeMA LWMPOKOoe pacrnpocTpaHeHne B CTPOUTENbCTBE MoJly4arT
30aHNA Ha OCHOBE CTallbHbIX KapKacCoB. B ManoaTaxHbIX 30aHMaX Ll,enecoo6pa3Ho NMPUMEHATb KOJMOHHbI
Kopo6anoro ceyeHus. B Takmx 3gaHusax 4acto okasbiBaeTcs HeobxoaMmMbiM obecrneunTb pa60Ty Kapkaca
no paMHOVI nnn paMHO-CBﬂ3eBOl7I cxemaM. B cBsi3M ¢ 3TM BO3HMKaeT HEOOXOOAUMOCTb BbIMOSHEHMS
XECTKUX Yy3NnoB COeOUHEHUA purend C KONMOHHON. B gaHHoOM ctatbe paccMmaTpmBaroTCA XECTKUE Y3rbl
coeuHeHuA purena AByTaBpOBOro ce4eHnd C KONOHHOW n3 3aMKHYTOIro KBapaTtHoro I'IpOd)VIJ'Iﬂ C y4eToM
X nogaTnMBocTU. BbINOMNHEHa ougeHKa »XECTKOCTU COeAUHEHUs purena c KONMOHHOWN npun pasrinyHoOM
KOHCTPYKTMBHOM pelleHUn Yy3ra Uux CconpsaxeHud. nOﬂy‘-IeHbI 3aBUCMMOCTU OTHOLUEeHUA ONnopHOoro
MOMEHTa purenda K ero sefindnHe npu abComMTHO XXECTKOM 3aKkpernyieHnn OornopHoOro ce4vYeHna purend ot
XXEeCTKOCTU COeaUNHEHUA. nOCTpoeHbI Fpa(*)VIKVI 3aBUCUMOCTU XKECTKOCTU COoeaMHEHUA OT HEeKOTOPbIX
napameTpoB COeaANHUTENTbHbIX 311IEMEHTOB, UCMOJ1b3yEMbIX B CONPAXEHUN.

Introduction

Buildings based on steel frameworks are widespread in civil engineering. Steel frameworks have
some advantages in comparison to concrete buildings:

lower loads on foundation are caused by low dead load of the support framework;
high speed of mounting ;

ability to mount structures in winter without any additional measures;
environmental friendliness.

At present the output of low-rise buildings increases. Low-rise buildings are used as apartment
buildings, cabins, dormitories etc.

Today the buildings based on light thin-walled structures are widespread. Many articles are
devoted to the issue of designing such structures [1-3]

Thin-walled cold-formed profiles used in light steel thin-walled constructions (LSTC) have such
geometry parameters (low thickness less than 4 mm) that allow the loss of its local stability. The effect of
local stability loss must be taken into account when calculating LSTC structures [4-7].

The paper [8] represents the results of the experimental research that shows the necessity to
consider geometric nonlinearity in calculation of thin-walled structures.
Tusnina O.A., Danilov A.l. The stiffness of rigid joints of beam with hollow section column. Magazine of Civil
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The paper [9] studies deformability of joints depending on the constructive solution experimentally
and by finite element analysis. It determines the factors which affect the loss of local stability in joints.

Because of all the mentioned complications in calculating and design structures made from cold-
formed thin-walled profiles (LSTC) the use of hot-rolled profiles is more preferable.

Steel frameworks built from hot-rolled and bent welded profiles are more efficient than frameworks
built with the use of light thin-walled structures [10].

To provide the freedom of planning it is necessary to design the framework without braces so it is
necessary to make rigid joints of beam to column connection.

The well-known construction solutions of rigid joints between I-beam and column of I-section and
analysis guidelines are represented in papers [11-14].

Hollow sections as columns and I-beams are expedient to be applied in steel frameworks of low-
rise buildings with quite small loads. Such a solution allows decreasing the consumption of material and
simplifying mounting.

Some constructive solutions of the connection of beam with hollow section column are represented
in the paper [15]. Such construction solutions provide higher stiffness of the joint and allow it to be
applied in earthquake-prone regions.

The results of the researched work of rigid joint of beam to hollow section column connection are
represented in the papers [16-18]. Also a constructive solution increasing the joint bearing capacity has
been developed.

However, it is difficult to apply these constructive solutions in mass buildings because of a large
scope of work.

According to the European norms for the analysis of joint stress-strain state 2D and 3D component
methods are used.

The spread of the component method on the columns of hollow sections is represented in the
article [19].

The papers [20-22] are dedicated to the development of 3D component method.

In the paper [23] the work of the joint of connection I-beam to hollow section column with the use of
T-shaped elements is researched. T-shaped elements increase the thickness of the column in the points
of effort transfer on the column from beam flanges. But a conclusion is made that such a structure of joint
does not provide sufficient stiffness of the joint.

The problems of design and analysis of joints of I-beam connection with the column are also
formulated in the articles [24-31].

The rigid joints of I-beam to hollow section column connections allowing for elastic pliability are
considered in this paper.

Methods

At first the beam made of 122 on GOST 8239-89 with absolutely rigid supports loaded by uniformly
distributed load was considered (Figure 1).

Finite element analysis was made with the use of program MSC.NASTRAN. The beam was
modeled with the use of elastic quadrilateral PLATE elements. The finite elements were located on the
middle surface of the profile.

To achieve satisfactory convergence, the finite element mesh with 10 finite elements on the height
of I-beam was assigned. The size of the plate finite element was adopted based on the results of the test
analyses carried out for a similar problem [32].

The span of the beam was 6 m. Half of the beam was modeled with appropriate constraints on the
cross section on the axis of symmetry. The constraints of axial displacement (translation along global axis
X) and those of rotation around Y-axis were set on the nodes of flanges and web of the beam in the cross
section in the middle of the beam span.

The uniformly distributed load on beam =10 kN/m. The distributed load was brought to the
concentrated loads which were applied in the nodes of the flange to the web connection line.

Tycuuna O.A., JanmnoB A.U. XKecTKoCTh paMHBIX y3JI0B CONPSDKCHHS PUTeNis ¢ KOJIOHHOH KopobyaToro ceueHus //
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Static linear analysis was carried out. Geometrical and physical nonlinearity was not taken into
account.

Figure 1. Finite-element model of I-beam

The diagram of bending moments in a beam with absolutely rigid supports is represented in
Figure 2.

=30 kNm

: w, =
M, o= =30 kNim ‘ ‘ ‘ | ™ T | ‘ suptmeer™7
[ T

q°
sp thear ™ 2 =15 kNm

Figure 2. The diagram of bending moments in a beam with absolutely rigid supports

But it is impossible to make the beam-column joint absolutely rigid and fix the support cross-
section of the beam from rotation. Flexibility of the joint will be determined by deformations occurring in
connective elements, columns, beam. So the support cross-section of the beam will be rotated by some
angel ¢@.

Flexibility of the joint influences the effort distribution between the beam and the column, especially
in bending moment distribution along the beam.

Stiffness of the joint C is determined as a ratio of the bending moment acting on the support to the
rotation angel of the support cross-section of the beam:

M
C=—, (1)

®
where M — the bending moment acting on the support;

@ - rotation angel of the support cross-section of the beam.

The finite element analysis was conducted to estimate the influence of the connection stiffness on
the bending moment acting on the support. The numerical analysis of bending moment distribution in the
beam considered above was made with the different stiffness of support joint C.

Flexibility of the joint was modeled by the use of spring elements in the nodes of the beam flange
in the support cross-section (Figure 3). Elements spring with different axial stiffness K prevents free
movement of beam flanges and, thereby, prevents free rotation of its support cross-section.

Axial stiffness of elements K, related to the stiffness of connection C is as follows:

=" )
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where h — height of the beam (in this case — distance between nodes on the middle surfaces of the
flanges, Figure 1).

Figure 3. Flexible fixation of the beam on the support

Normal stresses in the cross-sections of the beam in the considered loading conditions were
determined by bending moment M,. Normal stresses in the middle surface of the beam cross-section in
the 1 and 2 points in the middle of the beam span were determined in the result of numerical analysis.
The value of the bending moment acting in the middle of the span can be determined by solving the
equation (3):

MSp
0,=0,= (3)

W

where 0; n 0, —normal stresses acting in points 1 and 2 in the middle of the beam span (Figure 4).

Z‘ 1
[ g e ]
WMy
; —"—
Oy 2

Figure 4. Cross-section of the beam with considered points
Then by using the value of moment in the middle of beam span M sp We can determine the

moment on beam support M,

|2
|\/|Sup=|v|sp—q8 (4)

For each value of stiffness the ratio of support moment M wp (O the theoretical moment on the

support with absolutely rigid fixation M sup,theor -

M sup

K=m_ (5

sup,theor

In Figure 5 the graph of the dependence of coefficient k on the stiffness of joint C. The data
represented on the graph are also represented in Table 1.
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Figure 5. The graph of dependence of coefficient k on the stiffness of joint C

Table 1. The values of coefficient k of different stiffness C

C, kNm/rad k C, kNm/rad k
264.90 0.141 6345.32 0.827
397.51 0.198 7196.56 0.848
527.78 0.248 8015.61 0.865
612.06 0.272 8804.42 0.879
781.66 0.330 9568.38 0.890
906.72 0.364 16035.40 0.948
989.34 0.379 20998.93 0.970
1150.06 0.422 24959.76 0.982
1270.63 0.448 28201.79 0.989
1388.65 0.471 30897.60 0.994
2511.90 0.625 33173.30 0.997
3551.21 0.709 35131.57 1.000
4529.17 0.762 36845.07 1.000
5457.17 0.799 38365.86 1.000

Coefficient k tends to 1 when the stiffness of connection increases. The joint is suggested for
consideration as rigid if the difference between theoretical moment and actual moment is not bigger than
10...12 % (coefficient k = 0.88).

On the graphs the minimum value of stiffness Cy,i, = 8000 kNm/rad is shown by a vertical red line.
With this stiffness the value of k = 0.88.

The stiffness of the connection depends on its constructive solution. To estimate the stiffness of
the joint of the beam with the columns of hollow sections numerical analysis of joints referring to different
constructive solutions was made.

The joint of the beam (122, GOST 8239-89) with the column (bent-welded tube 120x6,
GOST 30245-2003) connection was considered.

The span of the beam was 6 m. The uniformly distributed load along the beam was 10 kN/m.
Three types of joints were considered:

1 - rigid joint with direct adjacently overlays on belts bolt to the column wall (Figure 6);

2 —rigid joint with the transfer to the column shearing force through angels attached to it (Figure 7);

3 — hinge joint on pad (Figure 8)

A finite element model of the considered sites was compiled using MSC.NASTRAN software
package.
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Half of the beam (3 m) was modeled with the corresponding constraints on the cross section on the
symmetry axis. The load was applied in the nodes of the beam wall.

The influence of column deformations on the stiffness of the joint is not considered and simulated
in the analysis model of the 0.8 m long column, with fixed ends of all movements.

The patches were connected with the column through rigid elements with the union movement
relevant nodes overlapping the beam /column nodes (Figure 9).

D1Z20x6 r

a)

0120x6 [

-
I
L)

O0120x6

to
| both sides

i

Figure 8. Hinged joint: a — constructive solution; b — finite-element model

a)
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STRUCTURES

Figure 9. Connection of the nodes on the patch with a beam and angels

Results

The resulting numerical calculation of the stiffness values of the compound C, the angle of rotation
of the support section crossbar ¢s,,, bending moments on the support and in the span Mgy, and Mg,
respectively, and the coefficient k are given in Table 2.

Table 2 also shows the theoretical solutions for the beam absolutely rigidly fixed on the rotation
supporting sections and the beam supported in a simple way.

Table 2. The values of the coefficient k with different values of stiffness C

Rotational
Stiffness of angle of Support M Span
Type of Joint joint support moment sup moment
analysis Cross- M
C,kNm/rad | gection Poup, Msup, KNm sup theor Msp, KNm
rad
Hinged 419.3 0.0146 6.12 0.204 38.88
Rigid
Numerical 1 9 4116.5 0.00544 22.39 0.746 22.61
analysis typde
Rici
9! 9602.89 0.00279 26.79 0.893 18.21
2 type
Hinged - 0.0171 - 0 45.00
Theory —
Rigid - 0 30.00 1.000 15.00

The angle of rotation of the support section with the patches on the hinge joint linings on the wall
(Figure 8) is about 85 % of the theoretical one with absolutely free rotation.

In this constructive decision the joint has certain stiffness and provides a reference point,
amounting to about 0.2 by the complete theoretical pinching. The decrease in the time span compared to
the theoretical one with simple support girder is about 13.6 %.

Thus, the joint, which is traditionally perceived as a hinge, can be considered as compliant, in a
similar way as it was done in [33] in relation to the connection node of the I-beam with a column on rails
and angles.

The stiffness of the type 1 rigid joint (Figure 6) is small (less than 8000 kNm/rad) and not
sufficiently hard to ensure assembly work (acting on the support point is 22.39 kNm compared to the
theoretical 30 kNm, and the ratio k is less than 0.88 equaling to about 0.75), so the use of such units in
the rack is not recommended.

The stiffness of the type 2 rigid joint (Figure 7) above proves that such nodes may be regarded as
rigid. However, the magnitude of rigidity is close to the minimum, amounting to about 9600 kNm/rad, and
the coefficient k = 0.893.

To assess the influence on the stiffness of the geometric parameters of the node connection
elements the node was identified based on the stiffness of the following parameters:

— for the assembly of direct overlap adjacent to the column wall (joint of type 1) — the thickness of
the casing wall, the thickness of lining the shelves and the height of the wall lining;

— for the assembly with transfer of forces through the angle (joint of type 2) — the thickness of the
tower wall thickness over the height of the pads and the wall.
Tusnina O.A., Danilov A.l. The stiffness of rigid joints of beam with hollow section column. Magazine of Civil
Engineering. 2016. No. 4. Pp. 40-51. doi: 10.5862/MCE.64.4
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The results are shown graphically in Figures 10 and 11, and in a form of a table — Table 3, 4, 5.

The graphs and tables show that by increasing the thickness of the column by 5.5 mm to 8 mm,
the rigidity of the type 1 joint increased by 56 %, the type 2 joint — by 18 %.

Increasing the stiffness of the type 1 joint by 56% however does not allow for sufficient assembly
stiffness and an 8 mm thick unit cannot be considered as hard enough even if a column is used.

When the lining thickness increases from 6 mm to 14 mm the stiffness of the type 1 unit goes up
by 17 %, while if the thickness of the angle increases from 5 mm to 9 mm the stiffness of the type 2 node
enlarges by 20 %.

They are also plotted given the coefficient k from the parameters (Figure 12).
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Figure 10. Graphs of stiffness dependence(l type) on
a —thickness of column wall; b —thickness of patch on flanges
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Figure 12. Graphs of coefficient k (1 type) dependence on: a — thickness of column wall;
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Table 3. The value of coefficient k with the different stiffness of joint C

Joint Thickness of column C, kNm/rad Psup, rad Msup, KNm k
tcol, MM

55 3575.4 0.00599 21.41 0.714
6 4116.5 0.00544 22.39 0.746

1 type 6.5 4687.4 0.00495 23.20 0.773
7 5248.1 0.00455 23.87 0.796
7.5 5807.3 0.00421 24.44 0.815
8 6344.6 0.00393 24,93 0.831
5.5 9278.6 0.00287 26.62 0.888
6 9672.2 0.00277 26.79 0.893
6.5 10050.1 0.00268 26.93 0.898

2 type 7 10408.1 0.00260 27.06 0.902
7.5 10784.4 0.00252 27.17 0.906
8 11134.9 0.00245 27.28 0.909

Table 4. The value of coefficient k with different stiffness of joint C

Thickness of
Joint patch/angle tpatchiang, C, kNm/rad Psup, rad Msup, KNm k
mm
6 3670.8 0.00589 21.62 0.721
8 3945.1 0.00560 22.09 0.736
1 type 10 4116.5 0.00544 22.39 0.746
12 4264.2 0.00530 22.60 0.753
14 4366.8 0.00521 22.75 0.758
5 9052.0 0.00293 26.52 0.884
6 9602.9 0.00279 26.79 0.893
2 type 7 10226.1 0.00264 26.99 0.900
8 10651.3 0.00255 27.16 0.905
9 11096.2 0.00246 27.29 0.910

Table 5. The value of coefficient k with different stiffness of joint C

Height of the patch on
Joint the wall C, kNm/rad @Psup, rad Msup, KNmM k
Npatch, MM
80 3937.3 0.00571 22.48 0.749
100 3999.3 0.00560 22.39 0.747
1 type 120 4049.3 0.00553 22.39 0.746
150 4101.5 0.00546 22.39 0.746
170 4116.5 0.00544 22.39 0.746
80 9646.7 0.00277 26.72 0.891
100 9583.3 0.00279 26.73 0.891
2 type 120 9588.8 0.00279 26.75 0.892
150 9667.0 0.00277 26.77 0.893
170 9602.9 0.00279 26.79 0.893

As it can be seen from Figure 12 and Tables 3-5 the k factor increases mostly if the column
thickness changed from 5.5 to 8 mm in the type 1 node — 15 %, in type 2 node the change is insignificant
and is about 2.4 %.

If the thickness of the lining on the shelves grows from 6 to 14 mm (joint of type 1) the increase in k
is 5 %, while the thickness of parts increases from 5 to 9 mm (type 2 joint — almost 3 %).

Tusnina O.A., Danilov A.l. The stiffness of rigid joints of beam with hollow section column. Magazine of Civil
Engineering. 2016. No. 4. Pp. 40-51. doi: 10.5862/MCE.64.4
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Change in the height of pads on the walls does not affect the coefficient k, bringing it to a value of
about 0.4 %.

Thus, it can be concluded that change of these parameters, and that of connecting elements
attached to the joint do not increase significantly the rigidity of the assembly.

In order to implement the constructive solution it is required to obtain a hard knot.

Conclusions

1. Joints of beam connection to the column conventionally used as a hinge, in some cases can be
considered as elastically yielding since they provide reduction in the time span by 13.6 %, due to the
occurrence of time on the anvil.

2. The joints of the beam with column connection on a patch, directly adjacent to the wall of the
column cannot be considered as rigid (the proportion of the current support at the moment is less than
the theoretical 0.83) and cannot be recommended for the use in the frame.

3. Joints with angles for transmission of forces in the belts crossbar on the column can be
considered as rigid. However, it should be considered that the rigidity of such a compound is close to the
minimum allowed for rigid nodes and the reference point is about 0.9 from its theoretical value in an
absolutely rigid connection.

4. The need to develop a simple model for implementation of design solutions, providing a fairly
rigid bolt connection with the column box section, or the development of guidelines for calculation and
design of framework given the compliance of units depending on the constructive solution.
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Analysis of the buckling of spatial truss with cross lattice

AHanuna npormnba pepmbl NPOCTPAHCTBEHHOIO MNOKPbLITUS
C KpecToobpasHon peLLETKOMN

M.N. Kirsanov, A-p ¢pus.-mam. Hayk, npogheccop
National Research University "Moscow Power M.H. KupcaHos,
Engineering Institute”, Moscow, Russia HauuoHanbHbIl uccnedosamernscKuli

yHuUsepcumem "Mockosckuli sHepeemuyecKkudl
uHcmumym?", Mockea, Poccusi

Key words: deformation; method of induction; KnroueBble cnoBa: gedopmManmm; metoq
spatial truss; coating; cross lattice WHAOYKUMKW; NPOCTPAHCTBEHHAA hepMa; NOKpbITUE;
KpecToobpasHas pelleTka

Abstract. The construction of a beam type spatial truss is proposed. The truss consists of three
plane trusses with a cross lattice. The supports of the structure are modeled at the four corner points.
The simple analytical dependence of the structure deflection on its size, load and a number of panels has
been found for the case of an even number of panels. In the case of an odd number of panels the system
is kinematically changeable, which is evident from the zero determinant of the system of equilibrium
equations. The system of Maple computer algebra and the method of induction, previously proposed and
developed by the author when solving the problems of planar and spatial trusses has been used. A
nonmonotonic dependence of the deflection on the number of panels and the expected increase in
stiffness at the increased truss height and unexpected decrease in stiffness at an increased base width
have been found. The forces in some members of the truss change the sign depending on the parity of
the number of panels in half of a span. Asymptotes of the solution are detected. The features of the
solution allow optimizing the size of the structure.

AHHoTauma. [lpegnaraeTtcs KOHCTPYKUMSI MPOCTPaHCTBEHHOW depMbl  Gano4yHoro  Tuna,
cocTosiLle U3 Tpex MNrockux epMm ¢ KpecToobpasHoi pelleTkon. MopgenvpyeTcs onupaHue
KOHCTPYKLUMU Ha 4eTbipe YrroBble TOouku. [na crnyyas 4YeTHOro uucra naHenei HaingeHa npocTas
aHanuTU4ecKkasi 3aBUCMMOCTb Npornmba KOHCTPYKLMKM OT ee pasMepoB, Harpysku U yucna nadenei. MNpu
HEYETHOM YMCIIE CUCTEMA KMHEMATUYECKM U3MEHSIEMA, YTO SBCTBYET U3 paBeHCTBa HyMo onpeaenuTens
CUCTEMbI YpaBHEHWIN paBHOBecHs. Vcnonb3oBaHa cucTeMa KoMmnbloTepHol matematuki Maple n metoz
VHOYKUMW, paHee NpeanoXeHHbIi U pa3BUTbIA aBTOPOM B psiie 3adad O CTePXKHEBbIX MIIOCKUX W
NpPOCTPaHCTBEHHbIX hepmax. OGHapyXeH HEMOHOTOHHbLIN XapakTep 3aBMCUMOCTW Mporvba oT uucna
naHenei, OXuwaaeMoe yBellMYeHUe XECTKOCTW MpU YBEMUYEHUU BbICOThI (hepMbl U HEOYEBUOHOE €€
CHVDKEHMWE NpY YBEMNWMYEHUMN LUMPUHBI OCHOBaHWUS. YCUIS B HEKOTOPbIX CTEPXKHAX (DEPMbI MEHSIIOT 3HAK B
3aBMCHMOCTY OT YETHOCTM YMcna naHesnen B NonoBuHe nponeta. HaigeHbl acuMnToTMYeckMe CBOMCTBA
pelleHns. BeisiBNeHHble 0COGEHHOCTU pPeLLEHNS MO3BONSIOT ONTUMU3UPOBaTb pasMepbl KOHCTPYKLMM.

Introduction

In real projects the designs are rarely used as statically determinate systems, as in a statically
determinate model of a truss there are rods and a pivot, swivel rods, that probably exist only in theoretical
concepts. The model of the rod connections in the truss is sufficiently accurate but significantly simplified.
However, the calculation of statically determinate planar and spatial structures has not lost its relevance
yet. Firstly, the method of forces can be used for disclosure redundancies, and secondly, it can be
successfully used as a test for many approximate methods, including finite element method. In addition,
analytical solutions allow us to identify some characteristic features of the system, for example, the cases
of the kinematic degeneracy, as it will be shown, in particular, in the present work. The problem of finding
a new statically determinate beam structures is studied in [1, 2], some specific schemes of spatial trusses
and approaches to their calculation (mainly numerical) are considered in [3-6]. Up-to-date problems of
optimization of spatial trusses are discussed in [7-10]. The monograph [11] is devoted to theoretical and
experimental study of regular spatial rod systems and the methods of their optimization. Spatial lattice
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structures, composed of a flat truss are studied in [12]. The examples of analytical and numerically-
analytical solutions of the problems of elasticity feature in the Maple computer algebra system [13] are
given in [14, 15], and the flat ones are given in [16-20].

In the present work, the aim is to obtain a mathematical model of one statically determinate truss
and identify its features. To achieve this purpose an algorithm for finding the forces in the bars of the
truss in a symbolic form will be built, and a General formula for the deflection of the structure under the
action of various loads will be derived. One of the main difficulties in solving this problem is to generalize
the formulas to arbitrary number of panels using the method of induction.

The design scheme

The coating consists of three plane trusses with a cross lattice, joined at their long sides (Fig. 1,
2).The side panels have an identical look. We take an even number of panels: n= 2K . At the midspan

the design contains articulated rod circuit (highlighted in the figure), composed of three rods. The truss
rests on the three pillars: spherical hinge, cylindrical, and one vertical rod support. The truss consists of

n, =9(n+1) elements, including six support rods and n, = 3(n +1) nodes. Given that in the method of

cutting nodes there can be three equilibrium equations in projections for each node, the system of
equilibrium equations is close and the construction is statically determinate.

h
Figure 1.Truss,n=4
2n+3 3n+3
2b
1 .
a a a a a a n+1

Figure 2. Lower truss belt and the number of supported nodes, n =6

To set the geometry of the truss, let us introduce the coordinate system with the longitudinal axis X,
transverse y and vertical z. We put the original structure in a spherical hinge. To find the guides of the
cosines by cutting out nodes we will need their coordinates:

T =[x.y.z]1=I[(-1a,0,0],
T . =[x.bh], T, =[%,2b,0],i=1...n+1.

i+n+1

Bearing, the spherical hinge, is modeled by three rods attached to node 1. The coordinates of the
ends of the bars fixed on the base, are found as:

M= [Xll YirZy -1], T2 = [X1a Yi—1, Zl]’ Ts = [X1 -1y, Zl]’ m=3n+3.
A cylindrical joint is modeled by two rigid rods fixed in the node number 2n + 3 (Figure 2):

Fm-¢—4 = [X2n+3’ Yoniar Zonss _1]' Tm+5 = [X2n+3 _1’ Yonia Z2n+3]'
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The vertical support rod attached to the node 3n + 3:

[ [X3n+3’ Yani31 Zansa _1]-

The order of connection of the rods and nodes is set by the conventional vectors i=1..., ng

with an arbitrary choice of direction. The chosen direction of the rod-vectors does not affect the force and
signs of forces in the rods. The grating vectors (i =1,...,n) have the following form:

G =[i,i+n+2], 0., =[i+Li+n+1],
oo =[1,1+2n+3], 0o, =[i+1i+2n+2],
G4 =l+1+n,i+2n+3], G, =[i+n+2,i+2n+2].
The longitudinal bars of the lower and upper belt are calculated as:
Giogn =L 1+1], Gy =[i+Nn+L14+n+2],T 6, =[i+2(n+1),i +2n+3].
Components of vectors of secondary circuit are calculated as:
Oony =[K+Ln+k+2], Oy, =[2n+Kk+3,n+k +2],0,,,, =[2n+k +3 k +1].
Support bars are encoded in the vectors:
Toneaej = [LM+J], j=12,3,
Tonssej =[2N+3Mm+3+ ], j=12,
Ton.o = [M, M+ 6].

Method and Solution

Algorithm of composing the system of equations by the method of cutting out nodes is based on
the calculation of the guides of the cosines of the force calculated at the given coordinate, and making

the entries in the matrix G . Equilibrium equations are reduced to the system, which we write in matrix
form

GS =T, ey

where S — the vector of forces in rods, j=P1; TP _ vector of loads, T® _ the vector of loading of
the system corresponding to a single force.

The components of the vector of loads with numbers 3i —2 correspond to the directions of the
forces along the axis X, those with numbers 3i —1 — along the axis Yy, and with the numbers 3i — along

the axis Z, with i =1,...,n,.For the equations of equilibrium we will require the projection of the rod-
vectors on the coordinate axes and their lengths:

_ _ _ _ 2 2 2
IXvi - XQi.1 - XQi,z’ Iy,i - qu - yQi‘z’ IZri - ZqM - ZQi,z’ Ii - vai + vai + IZvi

The matrix guides of the cosines of G have the following components:

GSqi‘l—Z,i = Ix,i /Ii’ G3qiv1—1,i = Iy,i /Ii’ G3qiv1,i = Iz,i /Ii’
GSqi‘z—Z,i = _Ix,i /Ii’ GSqi,z—l,i = _Iy,i /Ii’ G3qiv2,i = _Iz,i /Ii .
The load vector, uniformly distributed on the upper zone, has a form:TS(iP) =-1,

i=n+2,...,2(n+1). By setting a value of the vertical force on the fourth corner of the truss numbered

n+1, which does not have the support, it is possible to simulate more natural and symmetrical loading
of the truss, thus avoiding the problem of statically indeterminate truss. In fact, the value
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Tg((i)ﬂ) =(n+1)/4 is the solution to this problem under the assumption of equal stiffness supports. The

remaining components of the vector'IT(P)are equal to zero. To determine forces from a single load
applied to the node n, = 3k + 2, we have the following non-zero component: T3(nll) =1 and a component

Ts((1n)+1) = —1/4 which simulates a vertical base in the corner n +1 joint of the lower belt.

The solution of the system of linear equations (1) is found in the symbolic form using Maple

algebra: S = G_l'r, where G2 =1/G is the inverse matrix. The results of the program are analytical
expressions for the forces in the rods of the truss. For the calculation of deflection we use Maxwell —
Mohr's formula:

g

S
j=1

where E is the modulus of elasticity of the rods, F — the cross-sectional area of the rods (same for the
whole structure), Ij and Sj — the length of the j-th rod and the force in it from the action of a given load,
Sj—a single vertical force applied at Midspan in the upper zone. The summation is over all the rods of
the truss, except for the reference, which is assumed rigid. Let us now introduce the designation
A = AEF / P . An induction method to get the relative deflection of the top node in the truss is used:

A Aa’+Bnb*+C.c*+Dd’+Q.q’

16h? @

where

c=+/a?+b?+h?, d=+a?+4b? ,q=~b>+h?,
A =5k* +(1+6(-1)*)k* + (4 +3(-1)*)k +1— (-1)*,
B, =8(2k +1), C, =6k*+4k +1—(-1),
D, =k(2k +1), Q, =41+ (-1)*)(k +1).

The coefficient A, is obtained in Maple algebra by the synthesis of the following sequence: 3, 122,

365, 1420, 3007, 6774, 11769, 20984,..., 329584. To get the pattern, it was necessary to calculate a
sequence of 16 trusses. To find the general term of the sequence the function rgf_findrecur from the
package genfunc was used which is followed by a recurrence equation:

A =2A+2A 5, -6A 3 +6A s —2A —2A;+ A ()

Note that this function only works with an even sequence number. The solution of equation (3) was
found by rsolve operator. The verification decision will be made on trusses with an arbitrary number of
panels with the help of the numerical solution carried out with the same program, but in a numerical
mode.

Similarly, when uploading a truss by one concentrated force at the Central node we also get the
solution for the deflection of the form (2), but with simpler coefficients:

A =k(4k? +1+4(-1)¥), B=8, C =4k, D=k, Q = 4(1+(-1)")

In addition, with such a load the length of the sequence number of the truss that detects a pattern,
is slightly shorter and equals to 12. It is well known that the time of analytical transformations is
noticeably larger than in the numerical calculation, and the number of panels increases approximately in
geometric progression with a factor of 1.5 (that is tested empirically). In some cases this decline in the
length of the sequence is crucial. Thus, if we calculate the four truss with a sequentially increased
number of panels in half the span from 1 to 4 in the analytical form, the time of transformation on the
average computer is 8.8 C, for ten trusses this time is equal to 178 C, and for sixteen trusses it takes
1024 or 17 min. This numerical example shows that the inductive method to obtain exact analytical
solutions for trusses with a large number of panels can not be replaced by direct calculation of the
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structure by means of symbolic mathematics. Up-to-date computers, with the enhanced processor, just
change the time scale of the account, but do not solve the problem of the growth time of transformation
with an increasing number of cores.

Analysis
Let us consider the dependence of the deflection of the truss on the number of panels k for a fixed
length of half the span L =2kaand a given total load P, =(2k +1)P . The deflection is attributed to

the value of the total load A = AEF / P,,m - The corresponding curves (Fig. 3, dimensions in metres)

show the expected results: with the increase of height h increases the rigidity of the structure. The
dependence of the deflection of the width of the truss b (Fig. 4) is less obvious. With the increase of the
size decreases the stiffness. Much more interesting is the fact that the deflection depends on the number
of panels. In this structure, it is non-monotonic, due to "flashing" in terms like (—1)k of the coefficients of
the solution. In addition, if you do not pay attention to the sharp drop of the curve at the beginning of the
graph corresponding to unnaturally long panels (a = 20m with a truss height h =5mo0r h=6m), we

can see almost linear increase of deflection, which indicates the presence of an inclined asymptote. By
the methods of Maple system (operator limit) it is easy to obtain the slope of the asymptotes:

7 =(39° +80b%) / (16h%) and the asymptote A=A, +yk where A, =(pq®+5L°+16b%)/(32h?).
The coefficient p depends on the parity of the number of panels: p =1 for even k and p =9 for the
odd one.

T

10004 00

Q00

GO0
200

00

500

400

300

Figure3.L =40.m, b =5m. Figure4. L =40m, h =6m.

The solution (2) under any load is easily generalized to the case where the rigidity of the rods of
the zones and grids is different. We denote the stiffness of the longitudinal bars bottom and top belt

length a by 1, lattice rods of the lower belt length by d — 2, side bars — by 3, the rods of the average
contour length by b and q - 4. To express the stiffness of the rods we use the reduced stiffness:

EF, =EFR,/ u;, j=1,...,4. Inthis case, from (2) it follows:

A= Apyd® + B u,0° + C 1,¢° + D p1,d° + Q14,9
16h?

Another interesting and unusual design feature is the sign change of the forces at the secondary
terminals of the circuit when the parity of the number of panels is changed. This follows from the
analytical solution. So, the force at the bottom rod of the middle loop is the following:

S®) = (-D*(2k +1)b/(2h), with the forces in the side bars of the loop:

m+3

S®r =8P — _(—1)*(k +1)q/ (2h). This fact should be taken into account in the calculation of cores

m+l — Ym+2 T

for strength and stability.

In conclusion, let us note one more feature of this design. For the asymmetric version of the truss
n=2k —1, when a triangular circuit cannot be placed in the plane of symmetry, it turns out that the
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determinant of the matrix of the system of equilibrium equations is equal to zero. It can be missing in
numerical analysis, which leads to erroneous solution. A similar effect was previously detected in spatial
axisymmetric structures [21] and a lattice flat truss [22].

Results and Discussion

One of the objectives of the present work is to describe the schemes of a statically determinate
truss and identify its characteristics. Earlier [18, 21] the spatial patterns of trusses with cross-shaped
grating panels were not calculated in the analytical form.The compact and precise formulas for
determining the vertical deflection of the truss under the concentrated and uniformly distributed forces
across the load balancing nodes are given. It is noted that in the case of one concentrated force, the
sequence of solutions made by the method of induction, from which we can deduce the general formula
for an arbitrary number of panels, is somewhat shorter than for a distributed load. Unlike in the solutions
[3-12] the formulae are obtained due to the different stiffness in the rods of the truss. The effect of the
parity of the number of panels in half the span on the signs of forces in the middle path is observed and
the degeneracy of the system with an odd number of panels in the span truss is found.

Conclusion

1. A mathematical model of spatial statically determinate truss schemes is obtained.

2. Formulas for the deflection of the structure for any number of panels are given.

3. A critical feature of the studied schemes, degenerated with an odd number of panels is
detected.

4. The asymptotic solutions that are not available by numerical calculations [3—12] are found.

5. The given algorithm can be applied to develop calculation formulas for statically indeterminate
structures of the regular type and for the analysis of inelastic systems.
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Analysis of local stability of the rectangular tubes
filled with concrete

AHann3 MecTHOW YyCTOMYMBOCTU TPYDOBETOHHLIX KOHCTPYKLMI
NPAMOYTONbHOIro ceyvyeHnd

R. A. Kanishchev, AcnupaHm P.A. KaHuuwees,

Technical University of Kosice, Kosice, TexHuyeckul yHugepcumem 2. Kowuue,

Slovak Republic 2. Kowuue, Cniosakus

Key words: composite structures; local buckling; KnroueBble cnoBa: KOMMO3UTHLIE KOHCTPYKUNW;
friction; finite element method; Eurocode MEeCTHasi YCTOMYUBOCTb; TPEHNE; MeTo.

KOHEYHbIX 3J1IEMEHTOB; EBpOKOﬂ,

Abstract. The use of rectangular steel tubes filled with concrete allows combining the advantages
of concrete (reinforced concrete) and steel structures with reciprocal compensation of their
disadvantages. Building code Eurocode 4 is used for the design of such structures in the European
Union, but the main disadvantage of this standard is its limitations for use of the class 4 rectangular steel
cross-sections (classification according to standard EN 1993-1-1) filled with concrete. Therefore, the
study of local stability of such structures and the impact of friction between the components of the
composite section on it is relevant. The analysis of the influence of friction between the steel shell and the
concrete core on the local buckling of composite structures was carried out using the ABAQUS
computational-graphics software. The models of behavior of axial compressed rectangular cross-section
samples with different coefficients of friction between the shell and the core were created for this. The
load on the samples was applied in two variants: a) simultaneously through the steel section and the
concrete core; b) only through the steel section. The variants with different fixing conditions of loaded
edges of the steel section were also considered. Based on this research, the basic laws of development
of local buckling deformation of the structures under study were analyzed. The influence of the conditions
of fixing the loaded edges of the steel section to local buckling deformation of the composite structure
was determined. The dependence of the friction effect between the components of steel-concrete section
on the local stability of rectangular tube was shown.

AHHOTaumA. lNpumeHeHne cTanbHbIX NPSMOYrOMbHbLIX TPyD, 3anonHeHHbIXx 6eToHOM, no3sonser
ncrnonb3oBaTb M coveTaTb MpevmyllecTBa GETOHHbIX (Kene300eTOHHbIX) M CTarnbHbIX KOHCTPYKUUA C
B3aVMHOM KOMMeHcauuen Mx HepocTaTkoB. NS NpOeKTMpOBaHWS TakMx KOHCTPYKUMI Ha Tepputopum
Esponerickoro Coto3a yxe CyllecTByeT cTpouTenbHas Hopma EBpokoa 4. HO OCHOBHbIM HeLoCTaTkoM
AaHHON HOPMbl SIBMSIETCS OrpaHuMYeHve B MCMOMb30BaHWM CTanbHbIX MPSMOYrOfbHbIX CeYeHun 4-ro
knacca (knaccudmkaums cornacHo EN 1993-1-1), 3anonHeHHbix OeToHom. CriegoBaTenbHO, Ha
CEerofHsAWHNN AeHb ABMAITCA akTyarnbHbIMW WCCNEeLOBaHWUSA NOTEPUM MECTHOW YCTOMYMBOCTU AaHHbIX
KOHCTPYKLMIA W BMVSIHWUA Ha HEE TPEHUSI MeXOY COCTaBHbIMWU 4YacTAMU KOMMO3UTHOMO cedeHunsi. AHanms
BMUSIHUA TPEHUA Mexay CcTanbHOM o60rovkon u GETOHHbIM SOPOM Ha MECTHYI YCTOMYMBOCTb
KOMMO3UTHbIX KOHCTPYKLUIA NpoBOAMNCS B pacyeTHo-rpadudeckom komnnekce ABAQUS. [Ons artoro
ObinM co3gaHbl MOAENW MOBEAEHUS LeHTParnbHO-CKaTbiX 00pasuLoB MNPSMOYroNbHOrO CevYeHust ¢
pasHbIMN 3Ha4YEeHUAMU KOIPMULMEHTOB TpeHust Mexay obonoukon M gapom. Harpyska Ha obpasupl
npuknagbiBanacb B ABYX BapuaHTax: a) OQHOBPEMEHHO Ha CTanbHyt0 obonoudky n 6eToHHoe aapo; 6)
TONMbKO Ha CTanbHyl0 060mnoyky. Takke ObiM paccMOTPEHbl BapuaHTbl C PasnUyHbIMU YCMOBUSIMU
3aKpenneHnst HarpyXeHHbIX TrpaHen CTanbHOW 4acTu ceyeHus. Ha oOcHOBaHUM nNpOBEAEHHOroO
nccnenoBaHusi GbINM NpoaHanU3MpoBaHbl OCHOBHbIE 3aKOHOMEPHOCTW NposiBrieHus gedopmauui npu
notepe MeCTHOM YCTOMYMBOCTW MWCCreayeMblX KOHCTPYKUMA. YCTaAHOBMEHO BMWSIHAE YCNOBWUIA
3aKpenneHsl Harpy>XeHHbIX rpaHe CcTanbHOMW YacTu cedvyeHuss Ha JdedopMaumv  NoKarnbHOro
BbIMYy4YMBaHUS KOMMO3UTHOW KOHCTPYKUMK. [Noka3zaHa 3aBUCMMOCTb BNUSIHUSE TPEHUS MEXAY COCTaBHbIMU
YacTaAMK cTanebeToOHHOro Ce4YeHNst Ha MECTHYIO YCTOMYMBOCTb NMPSMOYTrOfibHOM TPYObl.
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Introduction

A characteristic feature of modern building is a divergence from the legacy of constructive solutions
of buildings, engineering structures, and the search for new technology of building objects. In these
cases, the need for engineers is to design structural elements, which combine the advantages of
concrete and steel materials with a mutual compensation of their disadvantages. These structural
elements are steel-concrete structures.

Steel-concrete (composite) structures are constructions, in which the steel and concrete parts of
the cross-section have their own bending stiffness, and contact areas are interconnected by means of
friction forces. The main difference between composite and reinforced concrete structures is that flexural
rigidity of steel reinforcement of reinforced concrete structures can be neglected before complete
hardening of concrete.

Composite columns are a very important part of composite structures, and are widely used in the
erection of high-rise buildings and bridge constructions, in places with high compressive loads with
relatively small bending moments [1]. One type of composite columns are rectangular concrete-filled steel
tubes (CFSTs). As noted in [2-10], these structures have their advantages in comparison with an empty
steel pipe, but one main preference is a significant resistance to loss of local and global stability, which
greatly reduces the cross-section of the element.

Review of literature

World standards described in [11-14] exist for the design of the above mentioned structures.
However, these standards have limitations in practice, such as mechanical properties of materials or the
slenderness of steel elements of composite cross-sections etc. Authors, such as Mouli [15], Uy [16-18],
Krishan [19], in their scientific works, devoted to enhancing validity of these standards, investigated the
ultimate strength, stability and ductility characteristics of rectangular CFSTs subject to axial compression
using high performance steels and lightweight concrete aggregates. Experimental tests, conducted by
Lee [20] and Storozhenko [21] on high-strength concrete-infilled steel tube columns subject to eccentric
loads, showed the influence of width-to-thickness ratio, buckling length-sectional width ratio and
eccentricity ratio on the behavior of these structures. Patel et al. [22] proposed a multiscale humerical
model for simulating the interaction of local and global buckling behavior of eccentrically loaded high
strength rectangular CFSTs with large depth-to-thickness ratios. Yang and Han [23] presented the
research aimed at the experimental investigation of the behavior of rectangular CFSTs loaded axially on
a partially stressed cross-sectional area. The research conducted by Nethercot [24] and Bradford [25]
was devoted to the problem of the loss of the local stability effect on the strength of thin-walled tubes
filled with concrete.

Currently, the European Union uses EN 1994-1-1 (Eurocode 4) to design rectangular CFSTs [26].
The basic disadvantage of the standard is its limitations regarding the slenderness of the web of the
rectangular cross-section. The design of more efficient composite structures is conducting research on
class 4 hollow steel cross-sections, according to EN 1993-1-1 (Eurocode 3) [27], filled with concrete,
which already lie beyond the validity of Eurocode 4. Since it is impossible to use connecting elements
between the steel shell and the concrete core in such structures, the interaction or bond between the two
materials is achieved by natural connection. Consequently, the problem of the impact of changes in
friction between the two materials on the local buckling of the composite structure is a relevant topic.

Formulation of the problem

The object of this research is a welded cold-formed hollow profile of rectangular cross-section
RHS 200/100/3 (standard EN 10219 [28]), filled with concrete.

The objective of this work is to study the behavior of the compressed composite profile, which lies
beyond the validity of Eurocode 4, and to analyze the changes of the natural connection characteristics
between the steel shell and the concrete core on the local stability of the composite structure.

To achieve this objective, the following tasks were set:

1) Analytical review of scientific and technical material on local buckling of the steel-concrete
element and the interaction between steel and concrete parts of the composite cross-section.

2) Modelling of the axially compressed composite element behavior using ABAQUS computer-
graphics software.

Kanishchev R.A. Analysis of local stability of the rectangular tubes filled with concrete. Magazine of Civil
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3) Analysis of the impact in friction changes between the components of the composite section on
the local stability of rectangular CFST.

Local stability of the axially compressed rectangular tubes

According to the standard EN 1993-1-1, class 4 cross-section is the section in which the loss of
local stability occurs up to the yield stress in one or several parts of the section. The sections of this class
are calculated according to the technique, specified in standard EN 1993—-1-5 (Eurocode 3 part 1-5) [29].
This technique is based on adducing a full cross-section of the welded cold-formed hollow profile to the
effective (reduced) one. The effective cross-section is a profile in which the eliminated from calculations
parts of the webs of the rectangular cross-section are due to local buckling. The reduction of the section
allows taking into account the effect of local buckling and loss of cross-sectional shapes on the load-
bearing capacity of the compressed tube.

The basic principles of designing class 4 cross-sections were stipulated by Bryan [30], who offered
a critical analysis of the elastic stress o, for local buckling of long right-angled wall elements with simple
(hinge) supports on all the edges acting under the influence of a uniform pressure load. The term “stress”
includes various boundary conditions and distribution of forces over the element with the aid of the
coefficient of critical stress k,:
2 2
oo =Kg ﬂ-E(t] 1)

121-v?)\b

The minimum values of the coefficient of critical stress k. are stipulated in EN 1993-1-5. In the case
of internally compressed cross-sections (rectangular tube wall), this coefficient varies from k,= 4 for pure
pressure to k,= 23.9 for the combination of compression and bending. The coefficient can be used for
hollow rectangular tubes. When the tube is filled with concrete, the standard does not provide the k,
value.

In the research by prof. Timoshenko [31], devoted to the stability of right-angled walls with simple
(hinge) supports, a differential equation was presented for a slender wall with length a, and width b
(Fig. 1a), which is simply supported around its perimeter:
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where w is the deflection of slender walls, m;
P is the compression force, N.
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Figure 1. Mathematical model of a slender wall:
a) location of walls in the coordinate axes; b) components force in a unit element of the wall,
c) components of the bending moment in a unit element of the wall.

The cylindrical wall stiffness C:

Et®

T 120-42) 3

where E is the modulus of elasticity of steel, MPa;
t is the wall thickness, m;

v is the Poisson ratio.
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A particular solution to the differential equation (2) represents the balance of forces in one of the
possible buckling forms of its walls:

. Mmax . nay
w = Asin——sin—— 4
a b (4)

The given solution satisfies the boundary conditions (Fig. 1b,c): for x=0 andx=a — w=0 a
G;=0; for y=0 and y=b —->w=0 aG,=0. The following conditions are fulfilled for stress: P, =-P;
Ul = U2= P2= 0.

The compressive force P can be determined by substituting the expression (4) for equation (2):

(mz ”ZJZ

7+7

2 2

p_cg208 P (5)

where m and n are half-waves along the length and across the width of the wall.

Of all the possible buckling forms of the force balance in the cross-section of the wall, we need to
find one where the value of the force P will be minimal. This will be achieved if n=1 and the value m
according to [31] is expressed by equation (6). From the above relationship, it follows that the limit value
for the length a, at which the wall reaches its first buckling form, comprises the m half-waves.

a=hym(m+1) (6)

If we consider that P = P, and P, /t = o,,, where o, is the value of the critical compressive stress,
i.e. formula (5) adjustments for n = 1 and the cylinder wall stiffness are taken as:

o =[mb L8} _7EC (7)
¢ a mb) 12(—v?p?
According to EN 1993-1-5, expression (7) is the value of the elastic critical stress of the wall

o = koOg, and the first factor of this expression is the coefficient of the elastic critical stress k.

Interaction of steel shell and concrete core when loading composite columns in high-
rise buildings

The load in frames with hinged columns (Fig. 2a) is introduced into the columns at the top, in
frames with continuous columns (Fig. 2b) through column-beam joints at each floor level.

)
l}%

Figure 2. Load introduction:
a) hinged columns; b) continuous columns

The load at the top of a hinged column may be introduced as follows:

a) simultaneously through the steel section and the concrete core;
b) only through the steel section;
c) only through the concrete core.

The total interaction between steel and concrete elements of the composite cross-section is due to
the natural bond of the two materials which includes: adhesion, interlock due to surface unevenness, and
friction.

Adhesion or adhesive bond is considered to be elastic-brittle and it is activated mainly at the initial
loading stage. The maximum shear strength detected according to [3] is 0.1 MPa. In steel-concrete
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composite columns this component of shear transfer may be neglected, since the shear resistance is
excessive at the value of the slip smaller than 0.01 mm and concrete shrinkage diminishes the effect of
such connection.

Interlock due to surface unevenness occurs as a result of concrete leakage and its hardening in
troughs on the surface of a steel element. This method of interaction is effective only when steel and
concrete elements are connected perpendicularly to the shear flow. The interlocking of the two materials
due to their surface unevenness contributes to the initial stiffness of a column. Shear connection
disappears when relative deformation/strain of the concrete in the contact area reaches 0.035 %. Similar
to adhesion, concrete shrinkage has a negative impact on the effectiveness of this connection.

Shear transfer by friction is closely related to interlock due to surface unevenness and it depends
on the normal force in the contact area and the relevant coefficient of friction y. Friction is a resistance
force acting against separation of composite elements or their sliding against each other. This type of
interaction between physical bodies consists of two components: normal and tangential ones. The normal
component is hard contact acting perpendicularly to a steel section that allows individual movements of
steel and concrete under some specific loading conditions. However, the tangential component acts
against these movements and it depends on a number of factors such as surface structure, roughness of
the material used, temperature, and humidity.

The overview of research works shows that the coefficient of friction p varies from 0 (when a steel
surface is painted) to 0.7 (when a steel surface is unfinished/unpainted). Rabbat and Russell [32] have
tested 15 specimens and concluded that the value of this coefficient was within the range between 0.57
and 0.70. Baltay and Gjelsvik [33] have specified the mean value of the friction coefficient as 0.47.
Evirgen and Tuncan [34] have empirically detected in their experiments that the coefficient of friction was
0.55, while it weakly correlated to the compressive strength of concrete.

The design shear strength Trq is lower than the tensile strength of concrete and it depends on the
type of section. It is dependent on the friction produced between steel and concrete elements; therefore,
the values 0.29 + 0.35 MPa calculated according to [34] and 0.4 MPa, given in standard EN 1994-1-1,
are applicable only to an unfinished steel surface with no coat or paint, free from oil, grease, loose scale
or rust. The design values of shear strength can be used only if there is no separation between the
surface areas. The influence of “pressing” concrete to a steel element/creep on the design shear strength
manifests itself more in circular concrete-filled hollow sections than rectangular ones.

FEM modelling of the concrete-filled rectangular tubes

A test with 36 “short” specimens was modelled using the ABAQUS 6.13-4 software application to
analyze the impact of friction between the steel shell and concrete core on the local stability of
rectangular CFSTs. The behavior of rectangular tubes (steel part of composite cross-section) with a
section of RHS 200x100x3 (according to EN 10219) was investigated. The test specimens were divided
into 3 groups by length: a) 200 mm (4 specimens); b) 400 mm (4 specimens); ¢) 600 mm (4 specimens).
The length of the specimens in each group is selected according to expression (6) based on occurring
the estimated number of half-waves (from 1 to 3 half-waves) along the length of an element.

When modelling steel cross-sections, the material characteristics defined by EN 1993-1-1: steel
class S235, elastic modulus E = 210 000 MPa, the Poisson's ratio in the elastic state v = 0.3, were used.
The behavior of the material was modelled as an elastic-plastic with hardening, according to the norm
EN 1993-1-5. The core of the composite section was modelled as concrete class C20/25 with elastic
modulus E =30 000 MPa and the Poisson's ratio in elastic state v =0.2, according to the standard
EN 1992-1-1 (Eurocode 2) [35].
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Figure 3. Scheme of loading steel-concrete specimens:
a) on the steel tube and the concrete core;
b) on the steel tube and concrete core through the welded support plate;
c) on the steel tube; d) on the steel tube through the welded support plate
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The library of ABAQUS elements [36] was used for the modelling: the steel section was made of
«shell-type» S4R elements and the concrete core of “solid-type” C3D8 elements. The maximum mesh
size of finite elements is 10 mm. The interaction of steel and concrete materials was modelled by means
of two components: the «normal» one as compression of concrete on the steel section and the
“tangential” one as shear resistance at the steel-concrete interface. To determine the impact of friction on
the local stability of rectangular CFSTSs, the coefficients of friction p were taken 0; 0.35 and 0.7.

The loading of elements was simulated with a type of hinged columns (see Fig. 2a):
a) simultaneously on a steel tube and concrete core (Fig. 3a,b); b) only on the steel tube (Fig. 3c,d). The
fixation of loaded edges of the steel tube walls was modelled in two versions: simply supported (Fig. 3a,c)
and clamped (Fig. 3b,d). In reality it can be achieved by welding the support plates at the ends of the
column. The loading of columns was modelled as short-term, rising steadily at a constant rate, introduced
through the plate of a hydraulic press. The process of loading is stopped after a pronounced buckling
deformation. The critical compressive stresses were recorded in the places of local buckling of the
greater wall of the rectangular steel tube (Fig. 4 + Fig. 6).

Discussion of the results

As a result of modelling the behavior of the short composite columns under axial compression
using ABAQUS computational-graphics software, it can be stated that deformation of the buckling of the
steel tube (loss of local stability) for various boundary conditions of loaded edges of the steel section has
a different character.

a) u=0 b}

Figure 4. Local buckling deformations of the specimens with length L = 200 mm and loading:
a) simultaneously on the simply supported steel tube and concrete core;
b) simultaneously on the clamped steel tube and concrete core;
c) on the simply supported steel tube; d) on the clamped steel tube

b)

Figure 5. Local buckling deformations of the specimens with length L = 400 mm and loading:
a) simultaneously on the simply supported steel tube and concrete core;
b) simultaneously on the clamped steel tube and concrete core;
c) on the simply supported steel tube; d) on the clamped steel tube
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Figure 6. Local buckling deformations of the specimens with length L = 600 mm and loading:
a) simultaneously on the simply supported steel tube and concrete core;
b) simultaneously on the clamped steel tube and concrete core;
¢) on the simply supported steel tube; d) on the clamped steel tube

In the case of compression of the specimen without a welded plate, the development of
buckling deformation of the tubes is shown close to the ends of the test specimens
(Fig. 4a,c + 6a,c). In specimens with clamped end edges of the tube, these deformations tend to occur at
the middle of the specimen length (Fig. 4b,d + 6 b,d).

Table 1. Results of modelling

Coefficient | Compression of Compressior) of the Compression of Compression of stgel
of the composite composite steel part qf the part of the composite
friction cross-section cross-section through composn.e cross-section through
the welded support plate cross-section the welded support plate
" o,[MPa] |ko| 0w, [MPa] | ke o,[MPa] _ |ko|  oc.[MPa] | ke
L=200 mm
0 269.441 - 216.977 4,71 240.295 - 224.443 4,88
0.35 269.442 - 217.117 4,72 240.554 - 224.891 4,89
0.7 269.457 - 218.344 4,74 240.556 - 226.997 4,93
L=400 mm
0 268.393 - 223.393 4,85 255.037 - 230.647 5,01
0.35 268.397 - 223.891 4,86 255.312 - 230.648 5,01
0.7 268.418 - 223.81 4,86 255.574 - 230.847 5,02
L=600 mm
0 271.922 - 225.120 4,89 242.743 - 227.653 4,95
0.35 271.927 - 225.058 4,89 242.453 - 227.748 4,95
0.7 272.039 - 224.954 4,89 242.239 - 227.840 4,95

When compressing the specimens without end support plates during buckling deformation of the
walls, the magnitude of compressive stress lies beyond the elastic stage of the work material, which is
limited in this case, the yield strength is equal to 235 MPa (Tab. 1). For this reason, the coefficients of
elastic critical stresses were not calculated. In the specimens with end support plates, the magnitude of
critical compressive stress o lies in the elastic stage of steel material functioning and coefficients of the
elastic critical stress exceeds the standard value k, =4, specified in the standard EN 1993-1-5 for the
walls of hollow tubes. This indicates that filling hollow cross-sections with concrete increases their local
stability. As seen from Table 1, the values of this coefficient under compression only the steel part of the
composite section is higher than in the case of compressing the whole of cross-section. In these
specimens, the excess is negligible and has the maximum value of 3.5 %. The reason for different values
of the critical compression stress is that the concrete core is deformed in the transverse direction in the

Kanmmer P.A. AHanu3 MeECTHOH YCTOWYMBOCTH TPYOOOCTOHHBIX KOHCTPYKUMI NPSMOYroJbHOro cedeHus //
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specimens, in which a compressive load is applied to both parts of the section. It promotes early
development of the local buckling of the tube at a lower value of compressive stresses. But in terms of
bearing capacity of the considered columns, the load imposed on the whole cross-sections is more
advantageous.

From the viewpoint of the influence of friction between the components of the composite cross-
section on the local stability of a rectangular tube, it must be emphasized that the maximum difference
between the values of the compressive stress at y =0 and y= 0.7 is 1.1 % (see Tab. 1) in all cases of
fixation conditions of loaded edges of the walls, the lengths of the specimens, and methods of introducing
the loading.

Conclusion
General conclusions and results of the research are the following:

1. One of the basic types of composite sections in the form of a rectangular steel tube with a
profile of RHS 200x100x3 (EN 10219), filled with concrete, which lies beyond the validity of European
construction standard Eurocode 4, was investigated.

2. Based on modelling the specimens’ behavior under axial compression using ABAQUS
computational-graphics software, it was shown that the development of the local buckling of the steel part
of the composite cross-section occurs at a higher value of the coefficient of the elastic critical stress in
comparison with normative data EN 1993-1-5 for tubes not filled with concrete. The lack of welded
support plates in the investigated composite columns leads to plastic deformation of the local buckling of
the rectangular tube walls, which indicates the impossibility and classified as a steel cross-section class
4, according to standard EN 1993-1-1.

3. Analysis of the influence of friction between the components of the composite section on the
local stability of the steel-concrete element showed that the change of the friction coefficient has a
negligible effect on the critical stresses.

4. Based on the results of this work, it can be stated that in studying the local stability of axial
compressed composite structures with a cross-section in the form of rectangular tubes filled with
concrete, there is no necessity of «push out» test to establish the natural bond parameters, because they
have a negligible influence on the result.
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lMpoekmupoeaHue, MOHMa U 3KCrJIlyamayusi cucmem eHMUIAYUU U KOHOUYUOHUPOB8aHUsI
lMpoekmupoeaHue, MOHMa U 3KCIJIlyamayusi cucmem omorsieHusi u menyocHabxeHus
lMpoekmupoeaHue, MOHMaX u 3Kcryamayusi cucmem eodocHabxxeHusi u eodoomeedeHust
Aesmomamus3sayus npoekmHbIx pabom c ucnosib3oeaHuem AutoCAD
AnekmpocHabxeHue u 3nekmpoobopydoeaHue 06bLeKmMoes

M-04 «MpoekTupoBaHme U KOHCTPYUPOBaAHUE 34AHUN U COOPYKEHUN»

[Mporpamma BKo4aeT y4ebHble pasgens:

e OcHOebI conpomuesieHusi Mamepuasioe U MexaHUKu cmep)xHeeblx cucmem
lMpoekmupoeaHue u pacyem ocHogaHul u ¢pyHOameHmMoe8 30aHull U CoOopyXXeHul
lMpoekmupoeaHue u pac4yem xese306eMOHHbIX KOHCMPYKYUU
lMpoekmupoeaHue u pac4em Memasnu4ecKkux KOHCmMpyKyul
lMpoekmupoeaHue 30aHull u coopyxeHull ¢ ucrnonb3zoeaHuem AutoCAD
Pacyem cmpoumesnbHbIX KOHCMpPYKYul ¢ ucrnosib3oeaHuem SCAD Office

M-05 «KoHTponb KayecTBa CTpOUTENbLCTBa»

[Mporpamma Bkno4YaeT yyebHble pasgens!:
e OcHoebl cmpoumesnibHO20 dena
UHxeHepHOe o6opydoeaHue 30aHuUll U coopyeHul
TexHosi02Us1 U KOHMPOJIL Ka4ecmea cmpoumesicmea
lMpoekmupoeaHue u pacyem xesie306emoHHbIX KOHCMPYKYUU
lMpoekmupoeaHue u pac4dem Memasnu4eckux KOHCmMpyKyul
O6cnedoegaHue cmpoumersibHbIX KOHCMPYKYul 30aHull u coopy)xeHul
BbinonHeHue hyHKyUli mexHUYECKO20 3aKa34yukKa U 2eHepasibHo20 rnoodpsi0qyukKka

Mo okoH4YaHUM Kypca cnyluaTenio BbiaaeTcsi AUNNOM o npodecCUOoHanbHON NnepenoaroToBke
yCTaHOBJIEHHOro o6pasua, garowum npaBo Ha BegeHue npodeccuoHanbLHON AeaTeNnbHOCTH
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