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Simulation analysis of prestressed tensioning
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The accuracy simulation of the prestressed tensioning effect is the foundation of prestressed
bridge design, construction and reinforcement. Direct constraint method was used in the ap-
plication of prestressed tensioning whole process simulation analysis on the background of pre-
stressed testing experiment. Its aim was to achieve the real simulation of interaction between
prestressed tendon and concrete in the tensioning whole process. Three-dimensional solid ele-
ments were adopted to simulate pre-stressed reinforcement unit and concrete unit. Bilinear
Coulomb friction was adopted as the friction form between prestressed tendon and concrete. Di-
rect constraint method that has the characteristics of good stability and fast convergence speed
was used to calculate the effective stress of prestressed tendon at each tension stage. The loss
of one-way stress was also calculated. The effective prestressed values by simulation on direct
constraints method can be well with the measured values and the theoretical values on Code for
Design of Highway Reinforced Concrete and Prestressed Concrete Bridges and Culverts. The
method has theoretical basis on accurately simulating the actual stress in different stages of the
prestressed tendon. It can be helpful for bridge design and reinforcement.
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MeromoM mpsiMOro orpaHHUYEHHsI IPOBEIEHO MOIEJIMPOBAHUE IIPOIlecca IIPeIBAPUTEILHOTO
HATAKEHNA Ha OCHOBAHUU dKCIIEPUMEHTOB II0 TeCTUPOBAHUIO IIPEIBAPUTEILHOI0 HAIIPAKEHHBIX
crucreM. B KauecTBe MOJIeIBHOTO 00BEKTA PACCMOTPEHO B3ANMOJIEUCTBIE MEMKIY IIPEeIBaAPUTEIHHO
HAIIPKEHOM apMaTypoii u 6eroroM. JJIss mMuTaImy apMUPYIOIUX OJIOKOB 1 0JIOKOB OeTOoHA OBLI
aJaITHPOBAH TPEXMEPHBIA MeTO/I YIIPYIoro TBEPIOro Teja. B KavecTBe Mojesiu, OIMUCHIBAIOIIEH
CHJIBI TPEHWS, BO3HUKAWIINE MEKIy IIPeIBAPUTESIFHO HAIMPIKEHHON apMaTypoil u 0eToHOM,
paccMaTpUBaeTCsS MOAE/Ib KyJIOHOBCKOTO TpeHus. Ji1s1 BerumciieHnst aPeKTUBHBIX HATPAKEHTH
apMUPYOIIE MATPUIBI HA PAa3HBIX JTAlaX HATSKEHHWsS OBbLI HCIIOJIb30BAH METOH IIPAMOIO
OrpaHWYeHus, 00JIAJAIONINN XOPOIIed CTAOMJIBHOCTBI0O ¥ BBICOKOM CKOPOCTHIO CXOJIMMOCTH.
Ilokasamo, uro 3HaUeHNA 9 PEKTUBHBIX IIPeTHAIIPIKEHIN, II0JIyYeHHbIe IIyTeM MOIeINPOBAHIS
METOJIOM IIPSMOTr0 OI'PAHUYEHUS, HAXOAATCA B KAUECTBEHHOM COIVIACHUH C 9KCIIEPUMEHTAIbHBIMEA
M TEOPEeTUUECKUMHU 3HAUCHUSIMU.

MopaenoBaHHA HATATY B ONEPENHBO HANPYy:KeHux cucremax. Kaiminy Jlo.

Metomom mipsiMoro o6MeskeHHs ITPOBEIEHO MO IeTI0BAHHS IIPOIIECY ITOIEePETHBOTO HATATHEHH S
HAa ITICTaBl eKCIIePUMEHTIB I10 TECTYBAHHIO ITOIePETHH0 HATIPY KeHUX cucteM. B sskocTi MogerbHOro
00’€KTy PO3IJISHYTO B3AaE€MOJII0 MK IIepeqHAIIPysKeHOI apMmaryporo 1 O0eromom. Jlis imirarrii
0JIOKIB, 1110 aPMYIOTH Ta OJIOKIB 0eTOHY OYB aaITOBAHUY TPUBUMIPHUN METO/I IIPYKHOT0 TBEPIOTO
Twa. B ssKOCTI MoOJmeJTi, siKa OIHMCYy€e CHJIM TEePTs, 1[0 BUHUKAKTH MIMK HOIEPeIHbO HAIPYKEHOK
apMaTypor 1 0eTOHOM, PO3TJISIIAETHCSI MOJIEJIb KYJIOHOBCHKOTO TepTsi. J[y1st o6unceHHs epeRTUBHUX
HANpPysKeHb MATPHII, 10 apMye, Ha PI3HUX eTarax HATATY OYyB BUKOPHCTAHWN METOJ IIPSMOTO
00MesKeHHsI, 0 BOJIOAIE I'apHOI CTAOLILHICTIO T4 BMCOKOIO IIBHAKICTIO 36iskHOocTi. Ilokasamo,
o 3HAYeHHs e(eKTHBHUX [epeIHAIpPYsKeHb OTPUMAHUX IIJISXOM MOJETIOBAHHS METOI0M
IPAMOTO 00MEIKEeHHsI, 3HAXOAAThCS B SKICHIA 3T/l 3 eKCIIePUMEHTAJIbHUMU Ta TeOPEeTUYHUMU
3HAYEHHSIMU.
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1. Introduction

Accurate simulation of prestressed tension
effects is the basis for the rational design of
prestressed concrete bridge. Old bridge rein-
forcement, fill-tensioned of prestress or supple-
ment of external prestress and other special
circumstances require more detailed and effec-
tive structural tension simulation. But the ac-
curate numerical analysis is very difficult. It is
often used as a boundary or an initial condition
applied to the calculation model, such as the
common methods of the equivalent load meth-
od, the cooling method and the initial strain
method [1-4]. Because of the common node or
coupling between prestressed tendon unit and
concrete unit, the above methods cannot simu-
late the interaction between prestressed tendon
and concrete. It also cannot accurately analyze
the stress development of tendon in tension
and loading stages.

The application of contact friction analy-
sis 1s the basis for the more accurate analysis.
However, the problems of convergence and nu-
merical stability on the friction model need to
be solved. The finite element analysis software
MSC.MARC is one of the common analysis
programs in nonlinear problems. It provides
a variety of contact friction models. But it has
not been applied for engineering analysis on
tensioning prestressed tendon with high stress
and large displacement. In this paper, based
on the application of MSC.MARC analysis soft-
ware and the 3-D solid element simulation of
prestressed reinforcement unit and concrete
unit, the friction model was established. The
simulation analysis of slip contact in the whole
tension stage was carried out by two engineer-
ing projects.

2. Coulomb bilinear models on contact
analysis

Prestressed tendon unit and concrete unit
adopted the solid unit. They were defined as the
deformable contact by CONTACT and specified
for TOUCHING contact form by CONTACT
TABLE in MSC.MARC software. The friction
form between concrete and prestressed ten-
don was defined as Coulomb bilinear friction.
Coulomb bilinear friction model assumes that
viscous friction and sliding friction are respec-
tively corresponding to the reversible (elastic)
and irreversible (plastic) relative displacement.
It uses a sliding surface representation @, as
shown in Figure. 1 [5-6].

o= - uf, (1)

Where: f, means shear stress. f, means nor-
mal reaction force. u means the friction coeffi-
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Fig. 1. Bilinear friction model

Fig. 2. Contact constraint

cient of prestressed tendon and pipeline wall.
The viscous limit distance 6 adopts the default
value in the model, which is 0.0025 times of the
average unit scale of deformable contact bod-
ies.

Au, < 6,9 <0, Viscous friction

Au, > 6,9 >0, Sliding friction

Contact analysis function in MSC.MARC
provides a contact algorithm on direct control,
as shown in Fig. 2.

Node P of contact unit E is in contact with
the surface of the target unit 7. When the both
are in contact, the degree of freedom of point P
in the A-B-C-D surface direction can be elimi-
nated. It only has tangential motion along the
A-B-C-D surface. By the method of eliminating
point P freedom, two units are made together,
as shown in Formula 2 [7-8].

el e

Where: u is the displacement increment and
f 1s the residual force vector.
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Fig. 3. Prestressed tendon layout of rectangular
section beam (mm)

Figure 4. Finite element model of prestressed
beam with rectangular section

3. Finite element model

A. Prestressed simply supported beam
with rectangular section

Geometric parameters of prestressed sim-
ply supported beam with rectangular section
are shown in Fig. 3.

Concrete strength is C50, and the elastic
modulusis 34.5GPa. Prestressed tendon chooses
the low relaxation steel strand with the elastic
modulus of 196.0GPa. The cross section size is
30mm X 30mm, and consistent with the dimen-
sion of the cross section of the original model.
Friction coefficient i between prestressed ten-
don and pipeline wall is 0.25. Friction influence
coefficient x of local deviation of per meter pipe
1s 0.0015. Prestressed tendon adopts the para-
bolic curve style. The parabolic equation can be
expressed as Equation 3.

y=f-[27x] e, 3

Where: fis strand vector high. e, is the verti-
cal distance from the axis to the end of strand.
Unit models of prestressed tendon and con-
crete was respectively established. Prestressed
elements were embedded into the concrete ele-
ment and made the nodes on the fixed end of
prestressed tendon and the near concrete nodes
coupling, as the anchor end. A rigid surface on
tension side at the tendon end was created
and bonded with prestressed tendon. It was
controlled by one node that will transfer the
tension force to prestressed tendon. Force was
exerted on the concrete of tension end and the
value was the same with that of control node,
but the direction was opposite. While concrete
nodes subjected the reaction was coupled to pre-
vent stress concentration. Prestressed tendon
and concrete was defined as two groups with
different deformation body. The friction coeffi-
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Fig. 5. Prestressed tendon layout of beam with
T-shaped section (mm)

Fig. 6. Finite element model of prestressed eam
with T-shaped section

cient between them was defined as 0.25 in Code
for Design of Highway Reinforced Concrete and
Prestressed Concrete Bridge and Culverts (JTG
D62-2004) [9]. Friction type was Coulomb bilin-
ear friction. The finite element model is shown
in Fig. 4.

B. Prestressed simply supported beam
with T shaped section

Material properties of prestressed simply
supported beam with T shaped section are same
as that of beam with rectangular section. Equiv-
alent cross section size of prestressed tendon
is 40mm X 42mm. It consists of three straight
line segments and two arc segments. The ac-
tual measuring point arrangement is shown in
Fig. 5. Each prestressed beams arranged five
measurement points. The effective one-way
stress of shaded part in two prestressed beam
were tested. Two prestressed beam are respec-
tively embedded corrugated metal pipe and cor-
rugated plastic pipe. Mold resistance coefficient
of corrugated metal pipe and corrugated plastic
pipe is measured.

Corrugated metal pipe: p=0.24 k=0.0020
Corrugated plastic pipe: p=0.16 k=0.0014 [10]
The finite element model is shown in Fig.6.

4. Analysis of the results

A. Prestressed simply supported beam
with rectangular section

Tensile force of prestressed tendon in the
model was 1200kN. Tension simulation process
was divided into 100 load steps. Tensile force
of each load step was 12kN and the total time
was 1s.

Functional materials, 24, 1, 2017
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Fig. 7. Effective stress of prestressed tendon
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Fig. 8. Effective stress of mid-span unit

When the tensile force reached 1200kN, the
effective frictional stress by MSC.MARC simu-
lation and JTG D62-2004 is shown in Fig. 7.

When prestressed tendon was stretched by
one-end, it can be seen from Fig. 7 that the ef-
fective tensile stress by MSC.MARC simulation
and JTG D62-2004 was similar. But the simu-
lation tension value is smaller than that of JTG
D62-2004.

Prestress loss value of mid-span unit
changed with the load in Fig. 8.

It can be seen from Fig. 8 that effective stress
of mid-span unit by MSC.MARC simulation
and JTG D62-2004 was similar. When the load
reached 960kN, the simulated values and theo-
retical values are 995.23MPa and 1018.056MPa
respectively. At this point, the both maximum
deviation was 2.24%. When the tension stage
was completed, the largest elongation of pre-
stressed tendon was 13.02mm.

B. Prestressed simply supported beam
with T shaped section

Tensile force of prestressed tendon in the
model was 2287 kN. Prestressed tendon was
stretched by two-end. Tension simulation pro-
cess was divided into 100 load steps. Tensile
force of each load step was 22.87kN and the to-
tal time was 1s.

1) Metal bellow

Effective stress of Prestressed tendon of
metal bellow by MSC.MARC simulation, JTG
D62-2004 and field measurement are shown in
Figure 9.
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Fig. 9. Effective stress of tendon of metal bellow
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Figure 10. Effective stress of tendon of plastic
corrugated pipe

It can be seen from Figure 9. that the effec-
tive stress of metal bellows decreases gradu-
ally. Three curves of MSC.MARC simulation,
JTG D62-2004 and field measurement are sim-
ilar basically.

The deviation of measured prestressed val-
ues and JTG D62-2004 calculated prestressed
values on No. 3 measuring point were the max-
imum, 4.26%. The deviation of No. 2 measuring
point was the minimum, 2.62%.

The deviation of measured prestressed val-
ues and MSC.MARC simulated values on No.
1 measuring point were the maximum, 3.71%.
The deviation of No. 4 measuring point was the
minimum, 0.12%. When the tension stage was
completed, the largest elongation of prestressed
tendon was 127mm.

2) Plastic corrugated pipe

Effective stress of tendon of plastic corrugated
pipe by MSC.MARC simulation, JTG D62-2004
and field measurement are shown in Fig. 10.

It can be seen from Figure 10 that the ef-
fective frictional stress of plastic corrugated
pipe decreases gradually. Three curves of MSC.
MARC simulation, JTG D62-2004 and field
measurement are similar basically.

The deviation of measured prestressed val-
ues and JTG D62-2004 calculated values on
No. 3 measuring point was the maximum,
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3.85%. The deviation of No. 4 measuring point
was the minimum, 1.86%.

The deviation of measured prestressed val-
ues and MSC.MARC simulated values on No.
1 measuring point was the maximum, 2.72%.
The deviation of No. 5 measuring point was the
minimum, 0.98%. When the tension stage was
completed, the largest elongation of prestressed
tendon was 151mm.

According to the above analysis, it can be
seen that the effective stress deviation of MSC.
MARC simulation, JTG D62-2004 and field
measurement is in 5%, which meets the engi-
neering accuracy requirement. However, the
drawback of this approach only considers the
effective stress from friction. It does not con-
sider the impact of per meter local variations of
channel on friction. In addition, using solid ele-
ment to simulate the prestressed tendon may
enlarge bending stiffness. But the both impacts
on the results are tiny, and need further study
in future.

5. Conclusions

In this paper, bilinear friction model of pre-
stressed tendon and concrete is established by
using the MSC.MARC software. It can analyze
the true stress of prestressed tendon in tension
and loading stage. Tension simulation results
show that the values of MSC.MARC simula-
tion, JTG D62-2004 and field measurement
are similar basically. The method is reasonable
with analysis of convergence speed and good
stability algorithm. It provides an effective
method of analysis for the bridge structural de-
sign, reinforcement and other engineering. For
prestressed concrete bridge, combined analy-
sis of prestressed tendon and concrete is still
in the exploratory stage. Simplified methods
widely used become slightly rough in old bridge
reinforcement analysis and other conditions,
because they need more precise conclusion.
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