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Abstract. Subject. Analysis of applicability and effectiveness of various complexity level models in design of rein-
forcement of stretch elements by gluing on their surface high-strength fiber reinforced polymers (HSFRP).

Research objectives. Determine the necessary level of complexity of the calculation model based on the comparison of
calculation results obtained on models of various complexity within the elastic behavior of the reinforced element and anal-
ysis of features of its elastoplastic behavior in case of its overload.

Materials and methods. Few relatively simple variants of HSFRP-reinforcement structures with application of four Fi-
nite Element Method (FEM) simulation models of varying complexity and an analytic approach. Plane and spatial Finite
Element (FE) models with PC LIRA (SCAD) and FEMAP (NASTRAN) apply in considered series of numerical experi-
ments. Comparative analysis of results of elastic FEM calculation based on various FE models with the results obtained
using analytical expressions. A number of diagrams and tables represent the results of calculations. Nonlinear FEM analysis
reveals some features of the reinforced elements response under extreme loads.

Results. The effect of various factors on the bonded joint behavior observed, the equations and formulae for the analy-
sis and design are applied, the analytical approach based numerical results well correspond with those obtained using FEM.
A number of nonlinear FEM calculations discover some features of elastic-plastic response of joints.

Conclusions. All the considered here FE models within the limits of elastic design are quite compatible mutually and
with an approximate analytical approach as well. The least time- and effort-expensive for the stage of preliminary assess-
ment of the various parameters effect on the glued joint behavior in the elastic design of the stretched elements reinforce-
ment is an analytical approach allowing instantaneously obtain the resulting main components of stresses and forces
in the components of joint to scroll through parameter values. FEM simulation for elastic calculation is expedient for verifi-
cation of results. The simplified plain FEM simulation seems to be quite reliable here. In inelastic state of the reinforced
element material yet, the features of its stress-strain distribution not observable in the elastic stage of its loading and requi-
ring special attention and refined FEM simulation may dominate.

Keywords: bonded connection, adhesive layer, shear strength, shear modulus, analytical solution, FEM

General

HSFRP-reinforcement of steel elements (by
high-strength fiber reinforced polymeric materials)
using the adhesive and combined joints can radically
simplify and accelerate the technology of reinforce-
ment operation for steel structures in many cases
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without interrupting the process of their normal ser-
vice.

The implementation of HSFRP-reinforcement
with adhesive joints involves the reinforced element
surface preparation for gluing. Allowing for the real
dimensions of building structures, an important pa-
rameter is the area of gluing contact surfaces value
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that may the dimensions of glue layer dictate. In case
of rod elements reinforcement, the rational length of
the bonding area may be dominant parameter, since
the shear stress distribution in the adhesive layer may
be extremely uneven along its length. This is espe-
cially true for adhesive joints when reinforcing
stretched elements. Surface preparation, as the fo-
reign experience of strengthening steel elements of
bridge structures shows, is the most labor-intensive
taking a lot of time operation of the reinforcement
process.

Carbon high-strength fibers, having a tensile
strength many times exceeding the ultimate tensile
strength, have a modulus of elasticity close to the
elastic modulus of the metal of the reinforced ele-
ments. However, the total cross-section of high-
strength fibers in the reinforcement elements is very
insignificant in comparison with the cross-sectional
dimensions of the reinforced elements of building
structures, and therefore such reinforcement elements
can be significantly included in the work of the rein-
forced element only under pre-tension, which in case
of glue joints is highly problematic. Yet, with signi-
ficant plastic deformations, the polymer elements
can be actively involved in the work of the main ele-
ment, redistributing a significant part of the acting
force, while remaining in the elastic state, thus pre-
venting the transition of local damage of elements in
the global destruction of the structure.

Allowing for the noted problems, one of its solu-
tion factors is the development of a technique for
analyzing the polymer reinforcement structure response
at the stages of preliminary assignment of parameter
values and evaluation of the so obtained layout solu-
tion (search through the permissible parameter val-
ues for the joint components) and at the stage of tak-
ing the final constructive solution. At the first stage,
it is reasonable to use the least labor-intensive and
time saving FEM and analytical elastic models.
The second stage realization may need more accurate
calculation methods based on nonlinear models.

Publications review

Along with traditional methods of reinforcing
elements of steel structures using welded and bolted
joints, the use of high-strength fiber-reinforced poly-
mer materials (for example, carbon fiber reinforced
polymers (CFRP)) can be quite effective, providing,
with an insignificant increase in the weight of the
structure, that there is no weakening of cross sec-
tions, additional stress concentrators or additional
potential areas of corrosion, as well as a less labor
intensive reinforcement process than traditional ones.

PACYETbI HA YCTOMYMBOCTb

In [1] the authors consider the application of
carbon polymers in building structures. The [2] and
[3] present the recently obtained results of experi-
mental studies of the behavior of adhesive joints in
the strengthening of damaged steel elements working
in tension. The work [4] considered principal aspects
of ensuring the structure reliability level control by
incorporating reserve (intercepting) elements that do
not take on the loads in normal service conditions
but become active in emergencies and start working
as bearing in the overall structure at load level when
some elements lose their bearing capacity. Polymer
materials, due to their unique properties, are ideal for
such applications in stretch zones.

Steel reinforcement elements increase the weight
of structures, are prone to corrosion, and lead to
the forming of additional zones of stress concentra-
tion in the base metal resulting from welding or dril-
ling [5]. Welding may involve additional problems
of quality control of welded joints, welding in hard-
to-reach places, welding residual stresses, cracking
in welded zones subject to heating, and a significant
decrease in fatigue strength [6].

Welding in an explosive atmosphere is possible
only with long breaks in normal operation of the fa-
cility and strict safety measures, which significantly
increases the cost of repairs [7].

Polymers have high strength and wear re-
sistance, as well as resistance to aggressive environ-
ment. The weight of polymer reinforcement system
is several times lower than that of steel of similar
reinforcement [8]. At the same time, the resistance of
a high-strength fiber to stretching can be many times
higher than that of steel, and the modulus of elastici-
ty may be close to or even much higher than that of
steel [9]. In [10-18], various aspects of use of poly-
mers in the repair and strengthening of building
structures for improving fatigue strength, stability
with the use of adhesive and mechanical connections
are considered.

Materials and methods

The use of adhesive joints in bearing structures,
for all its attractiveness due to a number of features,
causes plausible doubts in designers, as a little-
studied field.

For the confident use of glued joints, the condi-
tion is the reflection in the normative documents of
the requirements for the physical and mechanical
properties of the materials used and rules and recom-
mendations for design of glue joints. The perfor-
mance of the bearing glue joints that the application
of existing and/or development of new adhesive
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compositions must provide should be regulated as
well.

The analysis of various parameters and proper-
ties of the adhesive layer effect on the adhesive joint
response and the structure reinforcement effect on
structure resistance forecast is possible on the basis
of a comparison of the results of numerical and phy-
sical experiments with approximate calculations on
the basis of analytic relations allowing at relatively
little time and effort to consider any required number
of different combinations of joint parameters, espe-
cially when planning an experiment.

For numerical realization and comparison of
the results, let consider a steel strip 10 mm width and
6 mm thick. For a strip of greater width, say 100 mm,
nothing fundamentally changes, except for some un-
even stress distribution over its width. The thickness
of the element increase leads to increase in the length
of the gluing according to increase of the element
limit load. The assumed reinforcement length of
100 mm is convenient for FE modeling and may be
quite realistic for local compensation for “point”
damage. The reinforcement length increase, as will
be discussed below, increases the shear stress in
the adhesive layer and the longitudinal force in
the CFRP. Nevertheless, one can adequately project
the presented numerical results onto the symmetric

NN

L.

FE model 1 FE model 2

Figure 1. 2D (1 and 2)

Due to the double symmetry of the joint, its up-
per left quarter with corresponding boundary condi-
tions is considered. At the free end of the steel strip,
an axial force of 10 kN is applied. Allowing for
the adhesive layer analysis features, it is simulated in
1 and 2 models by flat elements (in the screen plane),
and in 3 and 4 models by 3-dimensional solid type
FE (1x1x1 mm).

Fragments with glue layer 1 mm depth. Top line
on the model 1 — CFRP, bottom — steel with applied
10 kN tension force on the free end (10 mm long),
the bold dark nodes have no in plane horizontal con-
straints. The opposite ends (50 mm from the end of
the glue layer) of steel and polymer are both fixed.

Here the choice of FE type for modeling is ob-
vious in figures 3 and 4. Also the figure 4 represents
the bonded joint structure (1 mm node step).

Model 5 — analytic.
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reinforcement of any cross section shape element
under axial tension.

The main attention concentrates, first, to a com-
parative analysis of the calculation results based on FE
models of different complexity level and, respectively,
time and resource expensive, as well as using analytical
expressions. The effect of the length of the reinforce-
ment section and the thickness of the adhesive layer is
also considered. The second issue is the reinforcement
assembly response to the tension force, much higher
than the plastic cross-section tension resistance in
the reinforcement region, with the steel transition to
the elastoplastic stage of the material response.

Five (four FE and analytic) models of the CFRP
reinforcement joint:

1. the steel strip and reinforcement tape are both
modeled by rod elements with a section of 10x3 and
10x1 mm, respectively (figure 1, model 1);

2. the steel strip and CFRP reinforcing tape are
modeled by flat shell elements 10 mm thick oriented
in the plane of the screen (figure 1, model 2);

3. the steel strip and CFRP reinforcing tapes are
modeled by flat shell elements 10 mm thick, oriented
along the normal to the screen plane (figure 1, model 3);

4. steel and CFRP tape are modeled by 3-dimen-
sional solid type FE (1x1x1 mm);

5. analytical expressions.

FE model 3

and 3D (3 and 4) FE models

The equilibrium conditions of the adhesion layer
element of glued joint lead to the differential equa-
tion in the form (1)

v -p%t=0, (1)
2=6ay (1 1
p" = ta by (A,,A,, + ASAS)' )

where 1 — shear stress in the adhesive layer; G, - ad-
hesive shear modulus, R, — shear strength; ¢, _ adhe-
sive layer thickness; b, — width of the adhesive layer
and CFRP tape; d — length of the adhesive layer on
one side of the joint; E, — elasticity modulus of
the tension element material; A; — cross-section area of
tension element; E, — elasticity modulus of the CFRP
material; 4, — cross-section area of CFRP material.
The solution of this equation follows

t(x) = P(B115h(3x) + Bz1Ch(Bx)): 3)
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g __ Ga 1
n B "ty AsAs’
_ £ 1 _1—ch([3d)
B2 = b, sh(Bd) +B1y sh(Bd) )

The tension force in the CFRP reinforcement
tape at the gluing length may be defined from

N, ) =
= P22 ((Byych(Br) — 1) + Baash(8)). (5)

The x coordinate is measured from the left end
of the gluing length on the left side of connection.

From the condition of limiting shear stresses in
the adhesive, it is easy to obtain a constraint on
the applied force P.

t©(x) = P - [By;5h(Bx) + By1ch(Bx)] < R,. (6)
Results

Joint fragment model parameters:
e strip 60 mm long, steel (in nonlinear design
later will be C255 from GOST RF), cross section

Load case 1 Load case 1
Diagram N Diagram N
8.92

Units of measurement - £H
04 3.7

10 995
1. Tension force in the beam FEs modeling
steel plate. Tension normal stress:
8700/ (10 x 3) =290 MPa

Units of measurement - xH

13 13
M
0.

2. Tension force in the beam FEs of CFRP
plate. Tension normal stress:
1300/ (10 x 1) = 130 MPa

10x3 mm. The yield stress tension resistance for
steel 1s 10x3x250 = 7500 N = 0.730 ton;

e the top (and bottom) CFRP tape 50 mm long
is of 10x1 mm cross-section (£, = 200 GPa, R,, =
= 2000 MPa). Then 2000 MPa x 10 mm?=20000 N ~2 t
is the ultimate tension force for one tape;

e the adhesive layer length on one side of the joint
is 20 mm, the total cross-section is 10x1 mm?
(the shear module G, is taken 200 MPa (Poisson
factor 0.20), the shear strength R, supposed about
15 MPa or so;

e the tensile force applied to the steel strip is
7500 N.

The adhesive layer depth is 1 mm allowing for
the conventionality of this quantity. With an increase
in thickness of the glue layer, the guarantee of its
strength is supposed to reduce due to an enhanced
probability of internal defects occurrence. At the
same time, its total compliance to shear strain, allo-
wing reducing shear stresses in glue layer with leng-
thening it.

Figures 2-8 present some FE modeling results
using PC LIRA, showing adequate mutual affinity.

3. Glue layer shear stress diagram,
MPa (diminish 8.79 to 4.55)

Figure 2. Tension and shear results in FE model 1 (figure 1)

The effect of reinforcement may be estimated as 13% ((10 — 8.7) / 10). The diagrams are shortened by cut-

ting off their long right hand regions.

2. Tension stress in CFRP. Tension:
128.9/(10 x 1)=1289 N = 1.29 kN

1. Tension stress in steel. Tension:
290.3 x (10 x 3) =8709 N =8.71 kN

Glue layer shear stress diagram, MPa
(8.53t0 4.44)

Figure. 3. FE results for model 2 (figures 1-2)

The effect of reinforcement may be estimated as 13% ((10 — 8.7) / 10). The diagrams are shortened by cut-
ting off their long right hand parts with constant force values.

333.7 - 129
TR T T T e e 290 pur
| il
] il
- \“. il
444

1. Tension stress (333 + 290) in the steel strip.
Tension force: 290.3 x (10 x 3) = 8709 N =8.71 kN

2. Tension stress in the plate FEs of CFRP.
Tension force: 129 /(10 x 1) = 1290 N = 1.29 kN

Figure 4. FE results using model 3 (figures 1-3)

PACYETbI HA YCTOMYMBOCTb
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Both diagrams have the right hand region cut off.

3.67 431 495 559
Load case 1

Stress mosaic plot for Txy

Units of measurement - MITa

6.78
6.78

632/ 611, 3% 3T/ 551/ 533/ 515/ 498/ 486/ 368
.6
632 | 611 | 59 SEO 551 ( 533 ‘ 515 ‘ 498 | 486 | 368

Figure 5. Glue layer shear stress contour plot for solid FE, MPa:
FE group along the glue layer in the middle of its width, values in the left second and third FEs are about 8.6

Model 4 (figures 1-3) type application in LIRA for the same sample and 3D FE dimensions gives very close
results to those above and they are not presented here to save the paper space.
All presented above data result from using the PC LIRA-SAPR 13. Very close results supplies the using

FEMAP with NASTRAN PC for the same 3D model.

3853 3342 1445
2808 2758 133
206 4 82.96
1319 g2

57.45 21.05

7o 354

8.

1918 102 043

73 \
o

4.402
1672
1164
-2.244
4.0 T T T T 1
2E45 2413 747 1253 17659 2254

T T T T 1

1245 053 1351 2643 3547 5245
' Conidinate Spstem O

1o N NASTRAN Case 1, Solid ¥ Mormal Stress

1. Tension stress in steel plate

T T T T T 1
-4.645 7213 19.07 3092 4279 5465

1o NANASTRAN Case 1, Solid v Momal Stress

2. Tension stress in CFRP

v Coordinate Sypstem 0
¥ Coordinate System 0 10 M NASTRAN Case 1. Solid 2 Nomal Stress

2 NX NASTRAN Caze 1, Solid V2 Shear Shess
3. Vertical tear and shear in bond layer

Figure 6. FEMAP (NASTRAN) — for the same 3D model as in LIRA (on 3 tear stress — bottom curve, shear — top)

The results (MPa) in figures correspond to solid
FE middle points. The FEMAP results are very close
to previous.

Analytic model 5 results using eqv. (1) — (6):

For above input data the formulae give the fol-
lowing values: in steel 8.696 kN (290 MPa tension
stress); in CFRP 1.304 kN (130 MPa tension stress);
in glue 9.079 MPa to 4.531 MPa shear stress.

So, very close results may be obtained through
absolutely incomparable expenses (time and effort).

These analytical expressions, though being con-
strained in application, if programmed using any avail-

able means (Excel, MathCad or any alike) allow to
obtain immediately the above results for any number
of design cases just by varying input parameters (ma-
terials, geometry, properties, applied tension load).
It facilitates analyzing the effect of various parame-
ters values and their combinations on the reinforce-
ment structure behavior and to select the most effec-
tive combination.

As a sample one may analyze the effect of rein-
forcement length (L, mm) on the shear stress (7%,
MPa) in glue and tension reduction in steel (%). All
the rest input parameters are as in previous samples.

Table 1
Glue layer length Lg and the reinforcement length effect on the glue shear stress and tension reduction (%)
Lg, mm L 50 100 200 300 500 1000 1500 2000 3000
To 9.079 11.154 12.573 13.112 13.569 13.931 14.055 14.118 14.182
20 T2 4.531 7.219 8.999 9.681 10.264 10.725 10.884 10.964 11.045
% 13.0 17.6 20.7 21.8 24.3 23.6 23.9 24.0 24.2
To 8.439 9.032 9.224 9.279 9.319 9.348 9.357 9.362 9.367
50 Ts0 0.000 1.876 2.483 2.655 2.784 2.875 2.905 2.920 2.934
% 16.7 21.6 23.2 23.6 24.0 242 233 243 24.4
To - 8.883 8.902 8.905 8.906 8.907 8.907 8.907 9.367
100 Thoo - 0.000 0.367 0.412 0.438 0.454 0.459 0.462 0.464
% - 23.2 24.2 243 24.4 24.4 24.4 24.4 24.4
418 BUCKLING ANALYSIS
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These values correspond to applied tension 10 kN.
Elastic calculation mode.

These data are the result of model 5 (analytic)
approach numerical realization tested partially on FE
models approaches and allow concluding in particu-
lar that the rational glue layer length value is around
100-150 mm if possible.

The applied load is much greater than the rein-
forced part of steel element tension resistance.

The CFRP reinforcement task here is to provide
the structure resistance even if it cannot be provided
for the steel element.

Let the strip is twice as wide outside reinforcement
length as inside. The applied load is twice higher
than needed to reach the yield stress in the reinforced
steel part. The CFRP must compensate and provide
structure resistance.

Depth: steel — 3 mm, glue — 1 mm, CFRP — 1 mm.
Length: CFRP — 200 mm (total reinforcement length
400), glue layer — 50, 60, 100, 150 mm. Materials: glue
and CFRP elastic — as before, steel — nonlinear S255
(GOST RF), stress-strain diagram — SP 16.13330.2017.
10 mm distance between left steel and polymer ends.
On the left end the steel strip is 20 mm wide and di-
minishes to 10 mm on the length 50 mm. The table 1
represents the analytic model 5 results for applied
force 7.5 kN (stress 7500 / 30 = 250 MPa).

Figure 7. FE model type 2. 3D presentation.
Left top quarter of the total structure shown

Table 2
Glue layer length Lg and the reinforcement length effect on the glue shear stress and tension reduction (%)
Lg, mm L 50 100 200 300 500 1000 1500 2000 3000
To 6.33 6.77 6.92 6.96 6.99 7.011 7.02 7.02 7.03
50 Tso 0.00 1.41 1.86 1.99 2.09 2.16 2.18 2.19 2.20
% 16.7 21.6 23.2 23.6 24.0 24.2 23.3 24.3 24.4
To - 6.66 6.68 6.69 6.68 6.63 6.68 6.68 6.68
100 Thoo — 0.00 0.28 0.31 0.33 0.34 0.34 0.35 0.35
% — 23.2 24.2 24.3 24.4 24.4 24 .4 24 .4 24.4
To - — 6.67 6.67 6.67 6.67 6.67 6.67 6.67
150 T150 — — 0.04 0.05 0.05 0.06 0.06 0.06 0.06
% — — 24.4 24 .4 24.4 24.4 24.4 24.4 24.4
These results show that here the most effective
glue layer length value is 150 mm where possible. M319 | [ "jz'i I |
In nonlinear analysis below after a number of tests, = i | | | |
the tension forces 1.6 x 7.5 = 12.24 kN applies. Divi- 277 | | | | |
ded by steel section it gives 12240 / (10 x 3) =408 MPa. #%1 | | | | |
It is much higher than yield and just a little lower than L B 013 02Es 09

ultimate stress. It may be a kind of overload or on
the contrary damaged steel element (cross-section reduc-
tion). Anyway some extraordinary situation is meant
and the CFRP reinforcement must save the situation.
The key factor here is obviously the strength of
glue layer translating the exhaust tension portion from
steel to polymer reinforcement. Assuming carbon fiber
total section 10 x 1 mm and ultimate stress 2000 MPa
it must bear 20000 N = 20 kN = 2 ton. Therefore,
the plasticity or even breakdown of steel in this case
doesn’t mean the total reinforcement structure collapse.

PACYETbI HA YCTOMYMBOCTb

Figure 8. Steel strain-stress diagram (SP 16.13330)

Sample in PC FEMAP (Nastran): reinforcement
(half-length) 200, glue 60x10x1, steel S250 (diagram
from SP 16.13330.2017, Application, f,= 255 MPa),
steel strip quarter cross section 10x3, corresponding
load 7500 H (7500 / 30 =250 MPa).

Longitudinal coordinate x = 0 is assumed at
the left end of CFRP (and glue layer). Left end of
steel element — x =—10 mm and the right —x =200 mm
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o1 2703
2506
2309
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191.6
1719
1522
1325
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9318
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UulputLL%ase 20 Time 1
Deformed|0204]: Total Transiation

Contour: Solid % Normal Stress

1. Reinforcement joint model.
Symmetry in 3 global axes directions.

2688

1.947

0.206

-1.534

3.275

&.ME

2213

£.757 1

T !
56.24 245
¥ Coordinate System 0

T T T T T T T
245 4761 11.97 1918 26.39 F1ET 4082 48.02

1: Case 20 Time 1., Solid Z Mormal Stress
2: Cage 20 Time 1., Solid Z¢ Shear Stress

2. Glue tear (top) & shear (bottom) stress.
Shear: —6.282 (left) and —1.232 (right), tear: 3.213

Figure 9. Model 4 (in NASTRAN) results. Load 7500 kN, results (stress) — MPa

Compare with table 2 (50-200).

2657 2618
2515
2374
2232
2031

1495,

190 Y

1808 T T T T T T T 184
-19.95 5634 14 GE.E2 8223 1ore 1323 16849 184.4

¥ Coordinate System 0

1: Caze 20 Time: 1., Solid X Nomal Stress

1. Steel tension stress 190 MPa — reduced

1
208.3

187.7 1789

185.4 173

1231
3076
58.45
2614

51732435 !

T
18681 2094
' Coordinate Spstem 0

T T T T T T T
-5.45 14.87 3919 E3152 27.84 nzz 1365 160.2

1: Case 20 Time 1., Solid % Momal Stress

2. CFRP tension stress 179 MPa — max.

Figure 10. (Cont.) Model 4 (in NASTRAN) results

Reinforcement effect: 187 x 30 = 5610 N,
1789 x 10 1789 N, total nearly 7500 N,
1789/7500 => 23.85%. Compare with table 2 (50-200).

So the model 5 (analytic), model 2 (LIRA) and
model 4 (NASTRAN) provide close enough results.

In the next series of samples, the glue layer
length Lg is 200, 150, 100, 50, 40, 30, 20 mm and
the steel strip width varies: for x = —10 to x; = 0
is taken b = 17 mm, x> = 50 to 200 mm — » =10 mm.

Sample Lg =200 mm

In effect this is just 1/4 of total symmetric reinfor-
cement structure: 420 mm steel, 400 mm CFRP,
20 mm width in the middle part and 34 mm at
the ends (10 + 50 = 60 mm).

Let consider the results for load level 255 x 30 x
x 1.6 = 7650 x 1.6 = 12 240 kN for a number of Ly
values.

All parameters are the same but glue layer is 200 mm
long. Therefore, it has no gap on the total length.

3067 058 427 8 ‘ — 5705 — 5.308 4&
2825 2731 a \ e
0B
762 1184 45 /
2539
5 : ! 9.437H /!
2437 AEE T T T T T 1 204 s 484 628 nez 1516 165 2204 945 2703 £3.52 100 1365 173 2034
775 14.46 4668 78.89 1.1 1432 1755 2078 ' Coordinate System 0 * Coordinate Spstem 0

' Coordinate System 0 1: Case 20 Time 1., Solid % Mormal Shess

T Case 20 Time 1., Solid X Nomal Stress

2

1: Case 20 Time 1., Solid Z Normal Shess
2: Case 20 Time 1., Solid 2« Shear Stress

3

Figure. 11. Stress distribution in the joint components (Lg = 200, x2 = 50):
1 —steel (o, = 284.5); 2 — CFRP (o, = 370.5); 3 — glue (tear o, = 4.638, shear 1y, = 8.767 + 0.4);
o, — tension stress in steel (reduced); o — tension stress in CFRP (same section); o,. — glue vertical tear stress (top)

Sample Lg =150 mm

08,7 30 ‘ 427 ‘ 725 530846

2532 \ 0.0144
271 0

" 078

276
118 45 /

259 ‘ ]

— 36 3 -3.437 1876
2437 == 204 14 484 628 172 1516 16 2204 345 2703 6352 100 1365 173 2094
775 1448 8BE 7883 11 14 ] ¥ Coordinate System 0 ¥ Coordinale System 0

3 1765 20;
‘Y Coordinate System 1: Case 20 Time 1., Solid X Normal Stess

1: Case 20 Time 1., Solid X Nomal Stress

1: Case 20 Time 1., Solid Z Normal Stess
2 Case 20 Time 1., Solid 24 Shear Stress

3

Figure 12. Stress distribution in the joint components (Lg = 200, x> = 50):
1 —steel (o, =283.6); 2 — CERP (0, = 372.5); 3 — glue (tear o, = 4.638, shear 1y, = 8.767 + 0.0)
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Sample Lg =100 mm

067 056 ‘ 127 ‘ T 5 308454
232 271 0 \ 45
0758 |
278 1154 45 /
9 - 7 | ]
— T -9.437 4
2437 x 204 . 484 628 nre 1918 186 2204 945 270 6352 100, 1365 173 2094
775 M46 4888 7eE 111 1433 ¥ Coordinate System 0 ¥ Coardinate System 0

1: Case 20 Time 1., Solid % Nomal Stress

8
¥ Coordinate Syster 0

1: Case 20 Time 1., Solid X Normal Stress

2

1: Case 20 Time: 1., Solid 2 Nomal Shess
2 Casge 20 Time 1., Solid Z< Shear Stress

Figure 13. Stress distribution in the joint components (Lg = 100, x> = 50):
1 —steel (o, =284.2); 2 — CFRP (5, = 371.3); 3 — glue (tear o, = 4.64, shear 1y, = 8.77 + 0.46)
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Figure 14. Stress distribution in the joint components (Lg = 75, x2 = 50):
1 —steel (o, =285.4); 2 — CFRP (0, = 367.7); 3 — glue (tear o, = 4.66, shear 1y, = 8.803 + 0.71)
Sample Ly =50 mm
305 067 e 5 94
| | | | e \ \
29 7 2BE1 0431 4—— ‘
276. 1254 4 £33
%14 T ‘
1519 T3HE T T T T T T 1 -10.02: 1
5 : ‘545 252 5303 M 56 M6 172 omad S 1152 2 2848 B9
W ke sy mes qme qms 1975 ¥ Coorinate: System 0 ¥ Coordinate System 0
¥ Coardinate System 0 1: Case 20 Time 1., Sclid X Nomal Shiess 1: Case 20 Time 1., Sclid Z Nomal Stress
1: Case 20 Time 1., Solid % Mormal Stress 2; Case 20Time 1., Solid 2 Shear Stess
1 2 3
Figire 15. Stress distribution in the joint components (Lg = 50, x2 = 50):
1 —steel (o, =290); 2 — CFRP (0, = 356.6); 3 — glue (tear 6. = 4.943, shear t,,, = 9.308 + 5.757)
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Figure 16. Stress distribution in the joint components (Lg = 40, x2 = 50):
1 —steel (o, =292); 2 — CFRP (o, = 348.5); 3 — glue (tear oy, = 5.445, shear 1,,, = 10.19 + 7.987)
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Figure 17. Stress distribution in the joint components (Lg = 30, x2 = 50):
1 — steel (o, =296); 2 — CFRP (0, = 338); 3 — glue (tear oy, = 6.558, shear 14, = 12.12 + 10.74)
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Figure 18. Stress distribution in the joint components (Lg = 20, x2 = 50):
1 — steel (o, =300); 2 — CERP (0, = 324); 3 — glue (tear oy, = 8.964, shear 1,,, = 16.27 + 15.62)

In figures 13—16 (1) there are splashes (o, = 305 MPa) at the point x, = 50 where the steel width b, becomes
equal 10 mm. It results from the discontinuity of second order derivative of edge of steel strip curve just
at the points x; = 0 and x, = 50 mm. However, the splash is much less than ultimate stress of steel.

Below are a few sample results for the case. The splash is again at the point of the jump point of second de-
rivative of the steel plate width x, = 100 mm. For cases where Ly < x, there are no splashes on tension diagrams.
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Figure 19. Stress distribution in the joint components (Lg =200, x> =100):
1 — steel (o, = 285); 2 — CFRP (0, = 369.2); 3 — glue (tear oy, = 3.453, shear 1y, = 6.662 + 0.421)

The splash moved to x = x; = 100 mm, where now the starts b = 10 mm.
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Figure 20. Stress distribution in the joint components (Lg =150, x> =100):
1 — steel (o, =285); 2 — CFRP (0, = 370.4); 3 — glue (tear oy, = 3.453, shear 14, = 6.662 + 0.235)

Next case is Lg = x> = 100 mm.
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Figure 21. Stress distribution in the joint components (Lg = 100, x2 = 100):
1 —steel (o, =289); 2 — CFRP (o, =357); 3 — glue (tear 6. = 3.487, shear 1y, = 6.723 + 1.47)

The splash now disappeared and it won’t appear again while L, < x; takes place.
At the load levels lower than plastic resistance of 10x3 cross section this effect does not work. For parame-
ters of figure 34 (glue 150, x> = 100) and load 7500 the result is in figure 36 with no splashes.
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Figure 22. Stress distribution in the joint components (Lg = 100, x> = 100) at 7500 kN tension load:
1 —steel (o, =193); 2 — CFRP (5, = 176)

Thus, the results showed that elastic-plastic re-
sponse of joint may be quite unlike the elastic one
and it needs a special attention in design.

Conclusions

1. The high strength polymer glued reinforcement
joint response and its efficiency determine such para-
meters as the glue shear modulus, strength and thick-
ness of the adhesive layer and its length, reinforce-
ment region length etc.

2. The FEM modeling in specialized PC with
relatively acceptable accuracy is a time- and effort-
consuming procedure. Therefore, at least at the pre-
paratory stage, one should keep in mind the expedi-
ency of simplified models application to ride through
the variety of the joint parameter combinations to
select their initial values.

3. The analytic approach facilitates the process
of varying the reinforcement joint parameters yet
providing acceptable accuracy of results for further
design.

4. The most rational approach seems to select
the effective values of geometry and the material
parameters of the reinforcement joint using analytic
expressions, followed by a possible numerical FEM
and, if necessary, an experimental verification.

5. The most effective application of the reinfor-
cement structures under consideration can be in case
of the danger of a material of the reinforced elements
transition into an inelastic state.

6. The design of reinforcement taking into account
the physical nonlinearity of the material of the rein-
forced elements can lead to specific results not typi-
cal for linear design.

7. Specific qualities of high-strength polymeric
materials and glue joints determine the prospects for
the development of effective reinforcement design
variants for multi-purpose application in building
structures.

© Aleksandr I. Danilov, Ivan A. Kalugin, 2018
This work is licensed under a Creative Commons
v Attribution 4.0 International License
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HAYYHAS CTATBA

AHaJIMTHYECKOE U KOHEYHO-3JIEMEHTHOE MO/Ie TUPOBaHMe
NPHU pacyeTe U MPOCKTUPOBAHNH YCHJICHUH PACTAHYTHIX 3JIEMEHTOB
(pudpoapMupPOBAHHBIMHU MOJTUMEPAMH HA OCHOBE BHICOKONPOYHOI0 BOJIOKHA
¢ IPUMEHEHNEM KJeeBbIX COeUHeHUIl
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* ABTOp, OTBETCTBEHHBIH 32 MEPEITUCKY

(nocmynuna 6 peoaxyuio: 10 cenrsiops 2018 r.; npunama x nyoruxayuu: 12 oxtsops 2018 r.)

IIpenmer wuccaenoBanusi. AHajIM3 NPUMEHUMOCTH M 3(P(QEKTUBHOCTH NPUMEHEHHUS MOJENel pa3IM4yHOrO YpPOBHS
CJIOKHOCTHU IJIA pacde€Ta U NPOCKTUPOBAHUA YCUIICHUA PACTATUBACMBIX 3JIECMCHTOB ITYTEM HAKJICUBAHUA Ha UX MMOBEPXHOCTU
MOJUMEPOB HA OCHOBE BBICOKOIIPOYHBIX BOJIOKOH.

Heas uccaenoBanusi. OnpeneseHne HEOOXOAMMOTO YPOBHS CIOKHOCTH pacdeTHON MOJAENHN IyTeM CpaBHEHHS I10JTy-
YEHHBIX Ha MOJEISIX Pa3IMIHON CIIOKHOCTH YHCIICHHBIX PE3yJIbTaTOB B PaMKax YIPYToro MOBEICHHUS MAaTEPHAJIOB U aHAJIN3
0COOEHHOCTEH yIPYToINIaCTUIECKOH PabOTHI B CITydae IMOBBIIICHHONW HATPY3KH.

MaTtepuanbl U MeToAbl. PaccMaTpuBaeTcs HECKOJIIBKO OTHOCHTENBHO MPOCTBIX BAPHAHTOB KOHCTPYKIIUH yCHICHHUS
BBICOKOIIPOYHBIMH BOJIOKHAMH C NMIPHIMEHEHHEM 4YeThIPEeX KOHEUHO-3JIeMEHTHBIX Mozaenel (KD-moneneit) pa3nudHoi crox-
HOCTH U aHAJIMTHYECKOTO MOAX0/Aa. B mpeacTaBneHHON cepur YHCIEHHBIX 3KCIEpUMEHTOB ¢ nmpuMeHeHneM [1K «JIPAy
(CKA) u FEMAP (NASTRAN) ucnonp3oBanucek AByMepHbIe U TpexmepHble KO-monenu. CpaBHEHHE pe3yIbTaTOB YIIPY-
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roro pacdera paznuaHbIx KO-mozeneil ¢ pe3ysnpratamMu, MOTyYEHHBIMU C MIOMOIIBIO AaHATUTHYECKUX BBIpAXEHUH. Pe3yib-
TaTBl pacyera IPeACTaBICHB B Tpaduueckoi U TabnuaHoil Gpopme. HenmHelHbIi aHanm3 oOHApYKXUBaeT HEKOTOPBIE OCO-
OCHHOCTH TIOBEJICHNS YCHIICHHBIX 3JIEMEHTOB IIPH 3alpeebHbIX Harpy3Kax.

Pe3yabTarbl. PaccMoTpeHO BinsSHHE pa3inWYHBIX (AKTOPOB HAa pabOTy KIEEBOTO COCIMHEHHS, IPUMEHEHHE ypaBHE-
HUHA 1 HOPMYIT UIs pacdeTa U MPOEKTUPOBaHUs. Pe3ynbTaTsl HA OCHOBE aHATMTUYECKOTO MOAXO0a XOPOIIO COTJIACYIOTCS C
pe3ynpTaTaMu pacdeTa MEeTOJOM KOHEUHBIX dreMeHToB (MKD). Pacuerst MKD B ¢u3udeckn HeNWHEHHOI MOCTaHOBKE 00-
Hapy>XHUBAIOT HEKOTOPbIE OCOOCHHOCTH YIPYTOIUIACTHIECKON pabOThl COSTMHEHHH.

BsiBoabl. Bee paccmoTpennsie B cratbe KO-Momenn u mpuONIMKeHHBIA aHATUTHYSCKHIHA MTOIXO B MPeeNiaX YIpyroro
pacdera maroT OMM3KHE pe3yabTaThl. Hanbonee SKOHOMUYIHBIM I10 3aTpaTaM yCHJIMH M BPEMEHHU Ha CTAAWU MPEABAPHUTEIb-
HOM OLIEHKH BIIMSIHUS PA3IMYHBIX [TApaMeTPOB Ha padOTy y3Jia B yNPYTroOHd CTaauy SBIAETCS aHATMTHUeCKHi noaxon. [Ipu-
mereHne MKD B ynpyroii craauu 1neiaecooOpasHO UId YTOUHEHHUS PE3yIbTaTOB. YTIPOIIEHHBIE INIOCKHE MOIEIH 3/1€Ch J10-
CTaTOYHO HamexHbl. OIHAKO 3a IpeeslaMH yIIPYTOCTH MaTepHaIa yCHINBAEMOTO JIEMEHTA MPOSIBISIFOTCSI HEKOTOPBIE 0CO-
6ernoctn HJIC, He HaOmomaemMple B yIIPYTOH CTaJWN €0 HArpy>KeHUs W TpeOyIoImme 0co00ro BHUMAHUS H YTOYHEHHOTO
pacueta MKD.

KiroueBble ci10Ba: KJIeeBOe COSANHEHHE, aATe3NOHHBIN CIIOH, CABUTOBask IPOYHOCTh, MOAYJIb CABHUTa, aHAITUTHIECKOE

pemenne, MK3
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Anexcanop Heanoeuu /lanunoe — xanauiat TeXHU-
YECKHX HayK, HOIEHT Kadenpbl METAIMYECKUX U Aepe-
BSIHHBIX KOHCTpYKUUH, HanioHanbHbIl HccaenoBaTeNbCKUi
MOCKOBCKUH TOCYIAapCTBEHHBIN CTPOUTEIbHBIA YHHUBEP-
curer (HIY MI'CY) (Mocksa, Poccust). Obracms Hayu-
HbIX UHMepecog:. METAJUNIOKOHCTPYKIIMH, METOIbl yCHile-
HUSI METAJUIOKOHCTPYKLIUH, yNpaBieHne Oe30IacHOCTBIO U
HaJIe)KHOCThIO METAJNIOKOHCTPYKIMH, HEJIMHEHHbIE 3a/1a4u.
Koumaxmnas ungpopmayus: e-mail — alenk904@mail.ru.
eLIBRARY SPIN-kox: 1892-6079. AuthorID: 802009.

Hean Anexcanoposuyu Kanyeun — GaxkanaBp, WHXCHEp-
koHcTpykTop, [TAO PKK «Queprus» (Kopones, Poccus).
Obnacmb Hayunvlx uHmepecos: METOABl YCHICHUS KOH-
CTPYKTHUBHEIX JJIEMEHTOB, MpUMeHeHue (pubpoapmupo-
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BaHHBIX MMOJIUMEPOB, METO] KOHEUHBIX 3eMeHToB (MKD).
Konumaxmuas ungpopmayus: e-mail — kalugin_ 93 @bk.ru.
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