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The scientific article proposes a method for calculating the bending strength of steel-reinforced concrete (SRC) composite span
truss structures. This method allows calculating the flexural strength of the calculated sections of steel-reinforced concrete truss
structures, taking into account their stress-strain state at the time of maximum load-bearing capacity or failure. The analysis of
experimental and theoretical values of flexural SRC truss beam strength showed their adequate convergence, which allows the
application of the calculation method in practice design SRC span truss structures and members.
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MiuHicTh Ha 3THH NPOTIHHUX CTAJIe3aJ1i300e TOHHUX
(pepMOBHX KOMIIO3UTHUX KOHCTPYKIii
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HaBezieHo 3aranbHy METOIMKY PO3PaxyHKY MIIHOCTI Ha 3THMH MPOTIHHHUX CTalle3ali300eTOHHUX (DEepPMOBHX KOHCTPYKIIH.
Jlana MeToarka 103BOJISIE HA OCHOBI €KCTPEMAJIBHOTO KPUTEPist JOCATHEHHs AedopMalliii 30HH CTUCKaHHS OCTOHY BEIUYUHU
€u y KpaiHiil BepXHiil rpaHi nonumi nepepizy pepMoBHX KOMIIO3UTHUX KOHCTPYKIIH, IPH SIKOMY MIIHICTh Ha 3ruH (Mrd) Oyne
MaKCHMaJIbHOK, BUKOHATH PO3IOJLT BUIIAKIB HAIIPYKEHO-1e(OPMOBAHOrO CTaHy B PO3PaxXyHKOBHX iX Iepepi3ax 3aJexHO
BiJl MIITHOCTHHX BJIACTUBOCTEH KOMIIOHEHTIB Ta IX 00 €My (IOl OETOHHOI IOJIMI Ta MPOLCHTY 11 apMyBaHHS, IIONI €KBi-
BQJICHTHOT'O CTAJILHOTO €JIEMEHTa). B MOMEHT IOCSTHEHHS BEJIMYMHU TPaHUYHOI IeopMallii eu BifOyBaTHCS MIaCTHYHA CTAIis
py#nyBauns 6erony nosuii (Composite-PSD), npu sikiii MIIHOCTHI XapaKTepUCTUKH KOMIIOHEHTIB cTajie3aniz00eTOHHNX (e-
PMOBHX KOHCTPYKIIili Oy1yTh BAKOPUCTOBYBATHCS B MOBHOMY 00cs13i (BUIaL0K a). B TOil ske uac, IpH HeNnpomnopIiiHOMYy KOHC-
TPYKTHBHOMY BHpILICHHI Iepepi3y cTane3anizo0eToHHOT pepMOBOi KOHCTPYKIIiT, KOJIH Iepepi3 Ui MIL[HOCTHI XapaKTePUCTUKU
OJIHOTO i3 KOMITIOHEHTIB NPUHHSITI YU 3a[POEKTOBAHI 3 BU3HAYCHHUM 3aI11acoM, PYHHYBaHHS B PO3paXyHKOBHUX Iepepizax KOHC-
TPYKIil MOXe BinOyBaTHcs Ha npyxHO-MiactiuHii cranii (Composite-SC) (Bumanok c¢). Mexero Mix Npy»KHO-IIACTHIHOIO 1
IUIACTHYHOIO CTAMisSIMH € BUIAA0K b, konu nedopmarii B kpaifHiX TpaHsAX PO3TATHEHOI i CTUCHEHOI AUITHOK Iepepizy Jocsra-
I0Th OJITHOYACHO T'PAaHIYHUX 3HaueHb. B poOOTi BUKIIaJeH] aHANITHYIHI 3aJI€XKHOCTI IS ITOCIIITOBHOTO PO3paxyHKy MIIHOCTI Ha
3THH Iepepi3iB cTane3aTi300eTOHHUX (epMOBUX KOHCTPYKIIAX 3 ypaxyBaHHSM iX HaNpPYKEHO-Ie(OPMOBAHOTO CTaHY B MO-
MEHT MaKCHMaJIbHOI Hecy4oi 34aTHOCTI abo pyiHyBaHHs. [IpoBeneHuit MopiBHAHHMUIT aHAII3 eKCIEPUMEHTAIBHUX Ta TEOpe-
TUYHHX 3HAYCHb MIIHOCTI Ha 3TUH 21-0i KOMIO3UTHOT PpepMOBOi OGaNKOBOT KOHCTPYKIIiT, SIKI MM KOPCTKUIM 3B’S130K MK
CBOTMH KOMITOHEHTaMH. 3iCTaBJICHHS EKCIICPMMEHTAIbHUX 1 TEOPETHYHMX 3HAYCHb MII[HOCTI Ha 3TMH CTale3ali300eTOHHUX
(epMOoBHX OasIOK MOKa3ao iX afeKBaTHY 301KHICTB, 1110 I03BOJISE 3aCTOCOBYBATH METOJ] PO3PAaXyHKY Ha IPAKTHULII IPH Mpoe-
KTYBaHHI CTaj1e3a1i300eTOHHUX MPOTiHHUX KOMITO3UTHHX (hepPMOBHX KOHCTPYKIIi#i i1 €IEMEHTIB.

KurouoBi cioBa: craint3asnizo300eToH, IPOTiH, CKIaAeHNH, epMOBi KOHCTPYKIil, MIIIHICTh Ha 3THH
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Introduction

Span steel-reinforced concrete (SRC) truss structures
of various combined cross-sections are widely used to-
day in the construction of bridges and buildings and
structures coverings. Structural solutions of SRC truss
structures allow arranging airs transport and pedestrian
crossings with runs up to L=15...40 m and more to
L=60 m.

The analysis of constructive decisions of modern
truss bridges is carried out in the works of such scien-
tists as: Nussbauera A., Schumachera A. and
Hirta Manfreda A. [1, 2]; Daunera H.-G., Oribasi A.
and Wery D. [3, 4].

In the work [5], the authors Zhijuan Tian, Yongjian
Liu, Lei Jiang, Weiqing Zhu, and Yinping Ma collected
32 typical design cases of composite truss bridges and
also summed up the historical results of developments.

The structural solutions analysis of span bridges, are
carried out by scientists Mohammad Hossein Taghiza-
deha and Alaeddin Behravesh in the work [6], showed
the economic and structural efficiency of truss struc-
tures in comparison with traditional beam structures of
bridges.

As a result of many years of monitoring the technical
condition of bridges in Ukraine, the article authors
Bodnar L., Koval P., Stepanov S., Panibratets L. [7]
found that in 2019, 35% of bridges had got technical
condition 5 (inoperable) and 48% - technical condition
4 (limited serviceability) and required repairing or re-
placement. Therefore, the main task at the moment is
developing and implementing in the construction prac-
tice new effective structural solutions of girder truss
structures, which are also used in bridge construction.

Review of the research sources and publications

Scientists Martinez-Munoz D., Marti J. V. and
Yepes V., as a result of studying more than 150 scien-
tific works, conducted in work [8] the analysis of a con-
dition and directions of the researches devoted to de-
sign and operation structures of steel-reinforced con-
crete bridges. The distribution of publications by re-
search areas were [8]: design and behaviour - 66%; op-
timization - 13%; life cycle assessment - 8%; mainte-
nance and repair - 6%; construction process - 5%;
multi-criteria decision-making - 2%.

Experimental-theoretical study of the strength and de-
formability of span steel-reinforced concrete truss
structures are devoted to the work of scientists: Reis A.
and Pedro J.J.O. [9]; BujnakJ., Michalek P.,
Baran W. [10]; Luiz Alberto Araujo de Seixas Lea and
Eduardo de Miranda Batista [11]; Luo L., Zhang X.
[12]; Kuch T.P. [13]; Shkoliar F.S. [14]; Braz J. [15];
Videira O. [16]; Azmi M.H. [17]; Yiyan Chen, Jucan
Dong, Zhaojie Tong, Ruijuan Jiang, Ying Yue [18];
Zhijuan Tian, Yongjian Liu, Lei Jiang, Weiqing Zhu,
Yinping Ma [5]; Zhang D., Zhao Q., Li F. & Huang Y.
[19, 20].

Definition of unsolved aspects of the problem

Nowadays, an important issue is the development of
methods for calculating the flexural strength of span re-
inforced concrete truss structures depending on the
stress-strain state of their calculated cross-sections at
the time of failure.

Problem statement

The work aims to develop a method for calculating
the flexural strength of span steel-reinforced concrete
truss structures.

Basic material and results

Basic prerequisites for the calculation of the span
SRC truss structure.

To develop a general method for calculating the flex-
ural strength of a span steel-reinforced concrete (SRC)
composite truss structure the following prerequisites
were adopted:

— in the cross-section of the SRC truss structures, the
steel profile has rigid vertical and inclined connections
with the concrete slab;

— at the moment of failure, the cross-section of the SRC
truss structure can have three cases of the limiting
stress-strain state, at which:

case a Myirp (€cu, €a>€4u) = max — is the plastic stage;

case b: Mgy (écu, €a=6au) = max — the border between
plastic stage and elastic-plastic stage;

case ¢: Mgy (&cu, €a<€au) = max — elastic-plastic stage;
— the compressive force in the concrete N of the upper
flange in the section of the SRC truss structures is de-
termined as for reinforced concrete, taking into account
the percentage of its reinforcement, according to the
scientific proposals of D. Kochkarev [21] for the de-
pendencies of Eurocode 4 [22];

— analysis of cross-sections SRC truss structures
showed that most of their cross-sections can be gener-
alized about the vertical axis to an equivalent I-section,
see Fig.1 and Fig.2;

— depending on the position of the neutral line and the
nature of fracture determining the bending strength, the
main boundary cases of the stress-strain state of the
cross-section of truss structures are distinguished, see
Fig. 3.
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Figure 1 — Equivalent design cross-section
of an SRC truss structure along the vertical axis
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Figure 2 — Cross-sections of SRC truss structures:
a) V- a similar shape of the section;
b) I1- a similar shape of the section;
c) Equivalent a shape of the cross-section

The method foundations of calculating steel-rein-
forced concrete structures were previously laid in the
works of the authors [23, 24].

The sequence of calculation of the bending strength Nota = A f; . (3)
of the span SRC truss structures.

According to the proposed method of calculating the Checking the inequality condition (4):
bending strength, SRC truss structures determine the
value of the limiting moment Mg, and compare it with Gafl 2 Oa Hlopt ; )

the external moment M from the action of the load: where aupiop — coefficient, which is determined by the

MergM. . . method given in the works [23, 24], and by the formu-
First, we accept the parameters and cross-sectional di- las (5), (6), (7), (8):

mensions of truss structures and technical characteris-

Ner=0.85 fea Br Ty 5 2)

tics of their components: (ccu, €as Ec, Ear foar frs o, =E,/E.; %)
Ac= B}, Aa= tnbn+hutw tipbp, hw=ha—tn— tp).
Determining the dependence () by the formula 3 [2AZA.9(1+Ah)_Ag —1] ) 6
(D: Hopt = a, 20, (1+A)-A,(1+A)] ©)
auu=E; A,/ (E.A.) . 1)
a (Ee4) A= 74/ (T +ha/ 2); )

Determining values of the internal forces Ncrand Npa,
respectively, by formulas (2) and (3): A=l e Ni=ha| T, )

Next, determine the position of the neutral horizontal
axis at the height (7y), when N> Npja.
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Figure 3— Limiting states of the equivalent section of a steel-reinforced concrete
truss structure when determining the bending strength
When N¢> N,iq, the neutral horizontal axis of the el-
ement is located within the height of the upper concrete Qafl < Qa Hopt ; ©)
shelf Ty, determining the compressed concrete zone (x.)
height and bending moment (M.Rd) for .cross-section N2 Npra; (10)
SRC truss structures at stress-strain state in cases la or
1b, ¢ (Fig. 3). B )
Checking the conditions (9, 10). If conditions (9, 10) Xe=Aafy/ (085 /e Br) (n
are satisfied, then the limit stress-strain state in the sec-
tion span SRC truss structures corresponds to case la, Myry = 0.5 Ay 1 (2o — x 12) . (12)

see Fig.3.

Then, using dependence (11), the height x. of the con-
crete compression zone is determined.

Using dependence (12) is determined the flexural
strength M,r» SRC truss structures.

where: z, — distance between the center of mass of the
steel equivalent section and the middle of the compres-
sion zone section of the reinforced concrete slab.
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If condition (9) is met and condition (10) is not met,
need to calculate distance from the top edge of the com-
pressive zone of the concrete to the neutral section line
Y3 using the equation (13). If condition (14) is satisfied
the SRC truss structure's limit state corresponds to case
2a (Fig. 3). Using dependence (15) is determined the
flexural strength M,r» SRC truss structures.

Ys=Aaf,/(0.851. Br); (13)
Yp <ha—ha'; (14)
Mpiry = Aa fy 20+ 0.85 fe By Ty zc (15)
where:
ze=Yp—T;/2. (16)

If condition (9) is fulfilled and condition (10) is not
fulfilled, then it is necessary to check condition (17). If
condition (17) is satisfied, then we have case 3a of the
limit state SRC truss structures (see Fig. 3).

The distance from the upper face of the compression
zone of concrete to the section neutral line in the second
approximation is calculated by the equation (18).
The bending strength Mz, of a section, the truss
structures are determined according to equations (19)
and (22).

h—hy<Yp<h—h,+ Ty, (17

where: Yp — the distance from the upper face of the
compression zone of the concrete shelf to the section
neutral line in the first approximation, which is
calculated by the equation (13).

Yp=(Aafy—0.85fc BrTy) | 21y b) + h—ha;  (18)
Mlebl :Aaf)‘fzal 72](“4 B/"(YBJ'_h*ha) Za2 (19)
where:

Za=05Q2h—h—T); (20)

z22=05Ys—ha+th-Tp (21)

Mpirp2 = 0.85 fe By Trze + 2 fu Br(Ya+ ha) za3,  (22)
where: z. — the same as equation (20);

zi3=05(h—-7Ys). (23)

If condition (9) is satisfied and conditions (10, 17) are
not fulfilled, then there is a case 4a of the limit state of
the SRC truss structures at the time of their failure (see
Fig. 3).

The distance from the upper face of the compressed
zone of concrete to the section neutral line in the second
approximation is determined by the equation (24).

Vo= (Aafy ~ 085 e By Ty=2 KBy TN LS+ g
+h—he+ Tj.

The bending strength Mz, for SRC truss structures
are determined by equations (25) and (27).

Mlebl = Aa]()‘i Zal — 2](4‘1 BfZa4 -

*2f(‘¢tw(YB+ha7hftf)Za55 (25)
where: z,4 — the same as the equation (20);
25=05Yp—ha+ h—Tr-ty); (26)
Mpiri2 = 0.85 fc BrTyz. + 2 fa B Trzast 27)
+2fatw(YB+ha7hfl_‘f)Za7a
where: z. — the same as the equation (20);
Zq6 — the same as equation (23);
za=05Mh-Ys—1t). (28)

If condition (9) is not satisfied and condition (29) is
fulfilled, then the SRC truss structure's limit state
corresponds to case 1b, c¢ (see Fig. 3). The height x.
compression of the concrete zone of the cross-section
is calculated by equation (30).

The bending strength Mp;, for SRC truss structures are
determined by equations (31) and (32)

Nep> 0.5 Npra s (29)
)Cc:OS Aaﬁ)/(085ﬁ3f), (30)

at & = &
MRb:O.S Aa]g) (ZaS_XC/Z) 5 (31)

at & < &
Mpry=0.5 Ay 04 (zag — X/ 2) , (32)

where:

&= (& (h—x0) 1 X0 ; (33)
6a=¢6Eq. (34)

If conditions (9, 29) are not met, it is necessary to
calculate the distance from the upper face of the
compressed zone of the concrete shelf to section line
neutral Ysg, using the equation (35).

If condition (6) is satisfied, then there is a stress-strain
state of the cross-section of the SRC truss structures in
accordance with cases 2b, ¢ (see Fig. 3).

The bending strength Mz, section the truss structure
is determined according to equations (36) and (37).

Y5=0.544f;/(0.85/.B); (35)
at &, = &

Mgy =0.5 Ao fy za9+ 0.85 /2 By Tz ; (36)
at &, < &u

Mgy =0.5 Ay 04 za0+ 0.85 f; By Ty 2, (37)

where: z. — the same as the equation (16);
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&= (&u(h—Yp)/ Yp); (38)

o, — the same as the equation (34);

If condition (9, 29) is not fulfilled, you need to check
condition (18). If condition (18) is satisfied, then there
is a limit stress-strain state SRC truss structures
according to case 3b (see Fig. 3).

The value of the distance Yz should be calculated by
equation (35)

The distance from the upper face of the compressed
zone of the concrete to the neutral line of intersection
in the second approximation is calculated by equation
(39).

Yo = (0.5 Aaf,— 0.85 £ By )/ (0w) + h—ha,  (39)
where:

ga2:8cutf/YB; (40

O = &2 Ea . (41)

Flexural strength Mgz, for SRC truss structures are
determined according to equations (42, 45) and (47).
at Eal = Eau

Mpp1 = 0.5 A fy zaro — 02 by (Ya + ha— h) za11,  (42)
where:
zZao=h—ha/3-T;/2; 43)
za1=Ye/3-T;/2-2(ha—h)/3; 44)
Mri2=0.85 fe B Tyze + 0wz by (Y + ha— h) za12,, (45)
where: z. — the same as equation (35);
Za12:(h+ha7YB)/3; (46)
at &al < Eau
Mgy =0.5 Aq 0a1 zato— 62 by (Ya+ h — ha) zan, (47)

where: &, — the same as equation (38);
ox2 — the same as equation (34).

If conditions (1, 29, 35) are not met, then there is a
limit stress-strain state SRC truss structures, which
corresponds to case 4 b, ¢ (see Fig. 3).

The distance from the upper face of the compressed
zone of concrete to section line neutral in the second
approximation is determined according to the equation
(48).

Yp=(0.5A4af,—0.85 f. By Ty—

—onbrty)/ (Custw) Th—ha + 17, (43)

where:
5a2:€cu(YB+h—ha)/YB; (49)
O =éxEs; (50)

ga3zgcu(YB+h{I—h_tf)/YB; (51)

o3 — the same as the equation (50);

Flexural strength Mg, for SRC truss structures are
determined according to equations (52, 56) and (60).
at &1 = &

Mgrp1 = 0.5 Ao fy Za13 — Oz tr by zara —

52
_O-a3tw(YB+ha_h_tf)Z{115, ( )
where:
za3=Q2h+Yp)/3-T/2; (53)
Za14:hfha+tf/3*T/’/2 5 (54
Zas=Q (h—hy) + Yp) /13 +t,—Ts/ 2, (55)
Mgry2 = 0.85 fe By Trze + 0wz brty Zars + (56)
+ Ou3 tw (YB+ha*h 7)?/)21417 5
where: z. — the same as the equation (53);
zae=ha—(h+t,—Yp)/3; (57)
za7=2ha/3—tr; (58)
zas=Q (h—h)+Yp)/3+t,-T;/2; (59)
at Eal < Eau
Mgyt = 0.5 Au Ca1 Za13 — Ou2 brtrza1a — (60)

— Oa3 ZLW(YB'Fha*h7’?/)21415 5

where: g1 — the same as the equation (38);
oa1 — the same as equation (34).

The calculated flexural strength (Mgps) in the
calculated cross-section is compared with the
magnitude of the bending moment (M) from external
forces acting on the SRC truss structure.

Bending strength in the SRC sections of the truss
structure will be ensured if the requirement (61) is met:

(61)

If the bending strength condition (61) of the SRC
truss structure sections is not met, then it is necessary
to increase the size of their steel equivalent cross-
section or take the materials of the components of the
composite structure with higher values of strength
characteristics and recalculate.

Comparative analysis of experimental data of tests
and theoretical calculations of flexural strength of SRC
of truss structures.

To compare the theoretical developments of the
authors with the data of experimental studies of the
bending strength of rafter structures, the results of
experimental studies of the following scientists were
used: Buinak J. et al. [10]; Leal L. et al. [11]; Luo L. et
al. [12]; Kuch T.P. [13]; Scientist F.S. [14]; Braz J.
[15]; Videira O.P. [16] and Azmi M.H. [17].

Mpp1 = Mgy .
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To analyze and summarize the results of comparing
the theoretical and experimental values of bending
strength of truss structures, statistical indicators were
determined: arithmetic mean (X ), standard deviation
(on-1) and coefficient of variation (v).

The results of the comparison of experimental tests
(M™") and analytical calculations of the bending
strength of SRC truss structures (M) are shown in
table 1.

The following statistics were obtained by comparing
the experimental and theoretical strength values of the

21 SRC truss beams, which had a rigid connection
between the components.

With coefficients y > 1.0 and yu > 1.0 that take into
account the properties of components with parameters
of the indeterminate model and size variations:
X =1.229; 6.1 = 0.020; v=1.65%.

With coefficients . = 1.0 and yu = 1.0 that take into
account the properties of components with parameters
of the indeterminate model and size variations:
X =1.085; 0.1 = 0.010; v=0.88%.

Table 1 — Comparison of experimental results
with theoretical values of bending moments

es test test

specimen | auwbor | Yool | )| Mo, | MO M | M
kNm 7>1,0 kNm 7=1,0
- Leal L.A.A.S. 2020 91,2 95,1 0,96 99,7 0,91
B-1 Luo L. 2019 385,6 300,6 1,28 364,6 1,06
B-2 405,9 300,6 1,35 364,6 1,11
B-3 408,7 300,6 1,36 364,6 1,12
- Bujnak J. 2018 357,8 2434 1,47 281,9 1,27
B-1.1 Shkoliar F. 2015 33,0 26,2 1,26 31,8 1,04
B-1.2 32,0 26,2 1,22 31,8 1,01
B-2.1 21,0 15,1 1,39 17,5 1,20
B-2.2 20,0 15,1 1,32 17,5 1,14
B-3.1 30,5 21,2 1,43 25,5 1,19
B-1 Kuch T. 2012 38,5 33,7 1,14 37,0 1,04
B-2-1 27,8 25,5 1,09 27,3 1,02
B-2-2-1 28,3 26,1 1,08 27,8 1,02
B-2-3 29,8 26,5 1,12 28,1 1,06
B-3-1 46,5 38,8 1,20 45,0 1,03
B-3-2-1 50,3 40,6 1,23 46,5 1,09
B-3-3 52,0 41,9 1,24 47,4 1,10
- Braz J. 2009 352,5 314,7 1,12 338,2 1,04
- Videira O.P. 2009 517,5 363,6 1,42 388,1 1,33
I Azmi M.H. 1972 703.,9 667,8 1,05 7129 0,99
VI 526,5 485 1,08 516,0 1,02
Conclusions

The scientific article proposes a method for calculat-
ing the bending strength of steel-reinforced concrete
composite span truss structures. This method allows
calculating the flexural strength of the calculated sec-
tions of steel-reinforced concrete truss structures, tak-
ing into account their stress-strain state at the time of
maximum load-bearing capacity or failure. The analy-
sis of experimental and theoretical values of flexural
strength of SRC truss beams showed their adequate
convergence, which allows the application of the calcu-
lation method in practice to design SRC span truss
structures.
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