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Abstract. In order to analyze the integral forced performance of external prestressing and carbon
fiber reinforced beam, the analytical solution of the carbon fiber-concrete composite beams under
the vertical concentrated load and external prestressing was derived in this article based on the
classical theory of elasticity and contact. The deflection curve equation and the transverse
distributing influence lines of simply supported beam after the joint reinforcement were obtained
based on the eccentric compression method, and the results of simply supported beams with or
without joint reinforcement were compared. The results show that the integral forced performance
of external prestressing and carbon fiber reinforced beam was effectively improved, and the new
calculation method of transverse distribution factors has a practical value.

Keywords: bridge engineering, simply supported beam, external prestressing and carbon fiber
reinforced beam, transverse distribution coefficient, shear slip.

1. Introduction

Due to the limitation of technology level and the increase of traffic load, and a certain degree
of damage generated in a part of bridges, the bearing capacity is reduced, and a large number of
dangerous old bridges emerge takes place [1]. Therefore, in order to protect people’s lives and
property safety, a proper reinforcement for these damaged bridges structure to improve their
bearing capacity becomes the primary task in bridge maintenance in our country at present. Joint
reinforcement is a new method of reinforcement put forward on the basis of traditional
strengthening methods such as externally prestressing reinforcement, carbon fiber reinforcement
and stick steel reinforcement [2-4]. Joint reinforcement has higher reliability, security, and thus
becomes the subject of active research of bridge repair and reinforcement [5].

Wen-Ping Xu [6] has had an experimental research of stick steel-external prestressing
reinforcement, structural characteristics such as ultimate bearing capacity and crack width of
concrete T beam were compared with those with the stick steel reinforcement, external
prestressing and stick steel-external prestressing respectively. Test results were as follows: the
strengthening effect of joint reinforcement is “1 + 1 > 2”; Wei Lu [7] has studied carbon fiber
cloth-external prestressing reinforcement. Mechanics regularity of joint reinforcement beam was
got by the research of T beam reinforced with carbon fiber, external prestressing and carbon
fiber- external prestressing respectively. The results were as follows: When beam reinforced with
carbon fiber- external prestressing is under the force, the utilization rate of carbon fiber is higher
than the utilization rate of external prestressing tendons, the carbon fiber cloth makes a greater
contribution in the early stage, and the external prestressing tendons will be studied more later.
Their researches show that the joint reinforcement has a certain engineering application value. It
is of great significance to study the joint reinforcement. And some studies on the forced
performance of strengthened beams have been done.

Bolduc [8] has studied the influence of fatigue loading, prior cracking and patch materials on
flexural performance of reinforced concrete members retrofitted with externally bonded CFRP
plates. And many available test data are obtained through retrofitting and testing of a 18.3 m (60 ft)
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pre-stressed box girder retrofitted with CFRP composite plates with mechanical anchors. Choi [9]
conducted an experiment of effective stresses of concrete beams strengthened using
carbon-fiber-reinforced polymer and external prestressing tendons. The effective stress of the RC
beams was estimated by analyzing the experimental reinforcing effect and the resulting behavior
of each specimen. It was found that the strengthening effect of CFRP was affected by the initial
damage in the RC beams. On the other hand, in external post-tensioning, application of strain
induced by an initial effective stress in the RC beams. As a result, the effective stress of these RC
beams was reduced, and their performance was improved. Han [10] has highlighted that the
external prestressing method was limited for strengthening by that it is hard to make the external
anchorage with big load carrying capacity, and the fiber strengthening method was also limited
by the volume of reinforcement. Therefore, a new strengthening method of PSC girder using
external prestressing and glass fiber was proposed. For this study, Han accomplished field tests
which assess the load carrying capacity before and after strengthening using external prestressing
and glass fiber reinforcement, also various values were measured when external tendons were
pre-stressed. As a result, the ultimate load carrying capacity of the bridges, which were reinforced
with external tendons and glass fiber, was higher than the original designed internal force of the
bridges. Their experiments deeply studied the forced performance of external prestressing and
carbon fiber reinforced beam and laid the foundation for a theoretical analysis.

The research results of the joint reinforcement methods mentioned above provided an
important reference for a further research, nevertheless these studies were mainly concentrated on
the experimental research and gave a little reliable spatial analysis and design theory of the bridge
superstructure after reinforcement. Based on the above study background, the joint reinforcement
theory of external prestressing and carbon fiber reinforcement was studied in this paper, the
analytical solutions of beam after being reinforced with external prestressing and carbon fiber
were derived, the transverse distribution coefficient of girder after joint reinforcement was solved,
and the influence of pre-stressed steel and carbon fiber on the overall mechanical performance of
the main girder was obtained, the design theory of this paper can be effectively used to calculate
the displacement and stress state of the main girder of the bridge strengthened with the external
pre-stress method. It can provide a theoretical basis for the engineering application.

2. Basic assumptions

According to the actual deformation and stress state of reinforced beam, the basic assumptions
used in this article are as follows [11, 12]: (1) Concrete beam accords with flat section assumption;
(2) Carbon fiber cloth bears axial force only; (3) There is slip strain difference at the interface of
carbon fiber cloth and concrete beam, and the shear stress transferred at interface is proportional
to the displacement difference of carbon fiber cloth and concrete beam; (4) External pre-stressed
tendons have common deformation with a composite beam at the anchor point, and the stress and
strain of prestressed tendons has a linear relationship; (5) The stiffness of crossbeam at the
min-span is infinite, and the deformation of mid-span section is a straight line under load; (6) The
load assigned to each beam is proportional to the deflection; (7) The torsional effect of the main
girder is ignored.

3. Basic equation of composite beam after carbon fiber affixing
3.1. Displacement function of composite beam

Because the deformation of concrete and carbon fiber is incoordinated [13], there are three
basic unknown functions of the beam displacement after reinforcement, namely: u.(x), uf(x),

w(x). Where u.(x), ug(x) are the axial displacements of concrete beam and carbon fiber cloth at
sectionx, respectively. w(x) is the vertical displacement of composite beam. The vertical lift
effect of composite beam was not considered, so w(x) = w.(x) = wg(x).
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According to Fig. 1, the displacement function expressions of composite beam after pasting
carbon fiber are given as:

uc(x) = uco(x) + Zcbg(x);
w(x) = we(x) = we(x), (1)
ur(x) = up(x),

where u,(x) is the axial displacement of concrete beam at the centroid section;
0(x) = w'(x) is the deflection angle at section x; z, is the distance from the centroid section of
concrete beam to interface at the beam bottom, z., is negative under the section centroid,
otherwise it is positive.

Auy is the sliding displacement difference between the concrete beam and carbon fiber cloth,
according to Eq. (1):

Bty (x) = up(x) = 2w’ ™ — g (%), @

Ato(x) UAx)
e
Uen(x)
Fig. 1. Cross-sectional displacement of composite beam

3.2. Geometric equations of composite beam

1) By the elastic mechanics, the relationships between the displacement and strain of each part
are as follows:

ec(x) =u'(x),
gf(x) = u’f(x):
6(x) = w'(x),

k(x) = w'"(x),

3)

where: £.(x), &(x) are strain of concrete and carbon fiber, respectively; k(x) is the curvature at
section x.

2) The relationship between the displacement difference and stress at interface of carbon fiber
cloth and concrete beam can be got from Ref. [14]:

Grc(x) = kpcDugp(x), @)
where q¢.(x) is the laminar shear force of interface; k¢, is the shear stiffness of interface.
3.3. Physical equations of composite beam

The relationship between the internal force of each part and the strain can be got from [15]:
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Nc(x) = Aco.(x) = EcAcec(x),
Nf(x) = AfO'f(x) = EfAfo(x), (5)
Mc(x) = Eclck(x),

where E, Ef are elastic modulus of concrete and carbon fiber respectively; A., Ay are cross
sectional areas of concrete beam and carbon fiber cloth respectively; I, is the inertia moment of
concrete beam.

3.4. Balance equations

Based on the relationship between the force and the distribution force in the literature [16],
differentiating Eq. (5), then put Eq. (3) into the formula after being differentiated, is:

dN, "
qrc(x) = Tx E A" (%),

ch(x) = % = _EfAfu”f(x)- (6)
-
M. M+dM.
Ne Ne+dNe
VetdVe
Ny e T e N,

Fig. 2. Force diagram of micro-unit at interface

4. Deflection equations of simply supported beam reinforced with external prestressing and
carbon fiber cloth

4.1. Displacement formulas of composite beam reinforced with external prestressing

Composite beam reinforced with external prestressing can be considered as the internal
statically indeterminate problem [17, 18] as shown in Fig. 3.

I l |

| § lc2 |
neutral axis

- OO e a - —

7@% affixing carbon fabric 77;77

Fig. 3. Simply supported beam after joint reinforcement

Axial force balance equation of composite beam, when external force is zero, is:
x1 + Ng(x) + Ne(x) = 0. 7
Force method equation can be got:

611x1 + 61p = 0, (8)
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where 8, is the relative displacement of prestressing tendons’ left and right sides at the location
of min-span when x; = 1, it is the constant displacement; 8, is the relative displacement of
prestressing tendons’ left and right sides at the location of min-span under external load, it is the
load displacement.

4.2. Solution of constant displacement
According to equilibrium conditions of the internal and external bending moments:

My(x) = Mc(x) — Np(x)zep. )
According to Eq. (2) and Eq. (4):

qrc(x) = kfc[uc(x) — ZgpW' (x) — uf(x)]- (10)
Substituting Egs. (3) and (6) into Eq. (7):

x1 + E.Au' (%) = —EpApu’ s (x). an
Substituting Egs. (3) and (5) into Eq. (9):

0, 0<x<l,,
M, (x) = Ed W' (x) — EfApu' s (0)2p = { X18ps leg S X S Loy + ey, (12)
0, ln+l,<x<L
According to Eqs. (6), (10) and (11):

E.A.EfAs
EcAchb kfc

EfAf E A, X1

" = () = () =
w U X U X .
EcAchb 4 EcAchb 4 EcAchb

W (x) — (13)

Substituting Eq. (13) into Eq. (12):

Y, 0<x<1,,
au"p(x) = u'p(x) ={v2, la Sx <l +le, (14)
VY3, leg+lp <x<1,

where:
E.I.E-A E I.EfA E.I
=ccff, =ccff+ CC+EfAchb:
Zcbkfc EcAchb Zcp
_ Edcx, _ + E.l.xq _ Edx
n= EcAchb, 2= xlep EcAchb’ £ EcAchb-

Solve the differential equations:

_ 41
(cleRix + cpeRa¥ — 3 0<x<l,,

_ Y
wr(x) = czefr* + c e Ra¥ — Ez’ log <x <l +1y, (15)

_ V3
csefr* + cgeRax — B I+, <x<|,
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where R, = /B/a; cq, €y, C3, C4, Cs, Cg are undetermined coefficients.

| la p lb |

lel le2 I3
| Z |

Fig. 4. Force diagram of simply supported beam

Substituting Eq. (15) into Eq. (13) when 0 < x <[4

E-A
we = LT (c;R2ef1* 4 ¢, R2e~R1¥)
Zcp fc

E:A 1 X

r2f )( Ryx ~Ryx Vl) 1
N+ —|qe"" + e —— ) ——.
(EcAchb Zch ! 2 ﬁ EcAchb

When lCl <x< lCl + lCZ:

Ef Ay

w'®) = (c3R?eR1* 4 c,R}e~R1¥)

Zch fc

E:A 1 X
(gt ot e )

ccZep ) .8 cfAcZcp

Whenl . + 1, <x <L

E-A
w'@ = (csR?eR1* 4 ¢ R2e~FuX)

Zcp fc
E-A 1 X
ff Rix —Ryx _ V3 1
—7+—>(ce1 +cee "t ——)—7.
(ECAchb Zcp 5 e ﬁ EcAchb
Integral Eq. (16) when 0 < x < I 4:
E-A
w'® = L7 (c;R e®1* — ¢, R e FaX)
Zch fc
E-A 1 c c X
raf )( 1 px €2 _pe N ) 1
-t e ——x )| ————x + .
(EcAchb Zch Rl RI :8 EcAchb 7
When lCl <x< lCl + lCZ:
E-A
w'® = L7 (c3R,eR* — ¢ R e R1¥)
Zch fc
E:A 1 c c X
fof 3 Rix 4 _R.x V2 1
- —+—>(—e1 ——e " ——x)——x+c.
(EcAchb Zch Rl Rl :8 EcAchb 8

Whenl . + 1, <x <L

ISSN PRINT 1392-8716, ISSN ONLINE 2538-8460, KAUNAS, LITHUANIA

(16a)

(16b)

(16¢)

(17a)

(17b)

1971



2903. RESEARCH ON TRANSVERSE DISTRIBUTION COEFFICIENT OF EXTERNAL PRESTRESSING AND CARBON FIBER REINFORCED BEAM.,
CHUNLING ZHONG, XIAOHUI CONG, YUNLONG ZHANG, JING WANG

E:A
w'® = fkf (csR,eR* — ¢ R e R1¥)

ZepKfce 17
E:A 1 c c X (17¢)
— (#4__) (_56R1x __6€—R1x _ﬁx) — —1x + ¢o.
EcAchb Zch Rl Rl :8 EcAchb
Integral Eq. (17) when 0 < x < l4:
w(x) = ! (cieRr* + cye~FaX)
ZepKyc (183)
E-A 1 c c, X
fof 1 Rix Ryx _ Y1 o 1 2
—(——+— oy W =2 ) - ————x2 + ;x + ¢qp.
(ECACzcb zcb) (R2 ¢ Rze 28% ) 2B, Az X0

Whenl,; < x <l + 1

E-A E-A 1 c Cy
_ ff Ryx 4 —Ryx _<#+_> 23 gRix 4 Z% g—Rix _ Y2 ,
W(x) Zcbkfc (C3e €€ ) EcAchb Zch R% ¢ RZ ¢ Zﬁ * (18b)

X1

2
——Xx“ + Ccgx + Cq1-
2EcAchb 8 .

Whenl.q + 1, <x <L

ErA 1\ /c c
f Rix —Ryx f 5 Rqix 6 _R.x V3 5
w(x) = (cse™* +cqe 1)—(—+—>(—e1 +—e™ ——x)
Zch fc s ¥ EcAchb Zch R% R% 2.8 (180)
R S
2EcAchb ° 2

Integral Eq. (15):

C C
R_ll Rix _R—zl —Rix —%x +c3, 0<x< lcl'
C Cy _ Y.
uf(x) = R_3€R1x - R_4€ fax — sz + 0 lagSx <l tle, (19)
1 1

¢ c
ks ehix — & ‘Rlx—%x+615, g+l sx <L

According to Egs. (10), (17) and (19) when 0 < x < l;:

EfAr 1 A EfA X
fOf Efdr 1 a5 Y1 1
u.(x) = ECACR—leRlxc + EA R, —e e, +zp0s + 03 3 x — EA X. (20a)
Whenl; < x <l + 1y
E:Ar 1 E:Ar 1 E:A X
we() = — LY L prax, 4 LL = g Riie, 4 g pcg + 0y + L2 - Ly (20b)

E.A.R, > VE.A.R, EA B E.A.

Whenl. +1, <x <L

E:Ar 1 E:Ar 1 ErA X
fof fof - fy3 1
—efi¥c + —e ey + zpco +0p5 + EA [3 TEA X. (20c)

ul) =~ R, E.A, R,

According to the displacement continuous equations of composite beam and balance relation
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of axial force, boundary conditions can be got as follows:

w(0)=0, o) =0, wlle1) = wlle1r), @leq + 1), = Wy + Le2)g, uf(O) =0,
u(0) =0, ur(leqy) = ur(eir), up(ler + le2) = up(leq +1e2)r, u'f(0) =0,

u,f(l) =0, u’f(lclL) = u’f(lclR)t u,f(lcl + ch)L = u’f(lcl + ch)R:

Welleg + 1)y = u"p(eq + le2dry U pUear) = u”¢Uear), w'le1n) = g'ler),

'(ler + le2)p = @0'(leq + Lo

Substituting Eqgs. (15), (18), (19) and (20) into boundary conditions:

€1
c, B
C= C =y (21)
C15
A=
k k 0 0 0 0 0 0 0 10 000 0
0 0 0 0 eflk el 0 0 l 00 100 O
efuler e Rilerf —eRilerf —e Rilerfe 0 0 lo —lg 0 1-1 000 0
0 0 eRiller+le) o e~ Rilleat+lc) —efillatle)  —e~Rillatled)e 0 (I, + 1) —(eq+1,) 0 1 =10 0 0
1 1
— - 0 0 0 0 0 0 0 00 010 O
Ry Ry
eRiler e-Riler eRiler e~Rilet
R TR R R 0 0 0 0 0 00 01-10
eR1ller+lcz) e~Fillei+lcz) eR1ller+lca) e~Riller+lcz)
0 0 - - 0 0 0 00 001 -1
Ry Ry Ry Ry
Esds Esds 0 0 0 0 0 0 00 010 0
ECACR‘I ECACR‘I Zes
1 1 0 0 0 0 0 0 0 00 00O O
0 0 0 0 efu! e Rt 0 0 0 00 00O O
efuler e Rila —eRiler —e~Riler 0 0 0 0 0 00 00O O
0 0 eRillertlca) e~ Rillertlcz) —eRiller+lc2) —e~Rillatler) 0 0 00 00O O
Ryefillertled) R e~Rillertles) _R eRillatles) R g=Riller+lea) 0 0 0 0 0 00 00O O
efileiR, —e RileigRy —efileigR, e RulerkR, 0 0 1 -1 0 00 00O O
0 0 gRa(luch)kR ,E*Rj(lm‘rl:z)kR ,eRl(lchz)kR E*Rj(lm‘rl:z)kR 0 1 -1 00 00O O
X1 V2 V3 V2 N
B= [0 - lm+—2 Yoy m -2y (———)1 Fl)?m 0 =22, +21
ZEA Zes 28 c1 28 cl 28 28 (Uer cz) B c1 B c1
Vi V3 V2.1 V3 Y2 V2 N Vs —
(lcl+lcz)+ g+l 0 BB By h 0 Btm-Rtam (B2 +1om],
BB B B B B B B
where:

Zcbkfc R%

EcAchb Zcp

EfA 1/ EA 1 E;A 1
k= L2 < AL ),m: ke A
EcAchb Zch

The constant displacement §;; can be got by the relative displacement of prestressing tendons’
left and right sides at the location of min-span:

X1l
811 = te(ler) = ucller + lea) + Bc(lea)ep = Bclles + leadey + 31 2)
pap
Substituting Eqs. (17) and (20) into Eq. (22):
E:Ar 1 E:Ar 1 E:A X
fof of - f e 1
11 =~ EA RleRll”Q E.A R_le Ralerc, + zeycr + €13 + A, ﬁ T EA =l
E-Ar 1 EA 1
fof fof -
_mR_leRl(l”HCZ)% E.A R1 e Rllatlede, — 70,06 — cpy + E, A — U +1c2) (23)
E-A EfAf
for Y2 Ryl —Ryl X1
-2 + R iter — ¢ R ey — —— ]
EA, B (ler +1c2) Cbkfc (C 1€ Gy € ) EA,z, c1
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EfAy

Zcbkfc

— (Ef—Af + i) (&eRﬂm — ze—Rﬂcl — ﬁ lcl)
EcAchb Zch Rl Rl :8
X1 EfAs 1 )
EcAchb

EcAchb )
X C_3€R1(lc1+lcz) _ C_4€—R1(lc1+lc2) — % (I + lcz))l X e, +

+c; — (C3R13R1(lc1+lcz) — C4R13—R1(lc1+lc2))

+

(ler+ 1) —cg+ (

Xqlez

EPAP.

Ry Ry

4.3. Solution of load displacement

The analytical solution of the deflection of composite beam under vertical loads is derived in
literature [19]. Based on the situation in this paper, the deflection equation of beam under external
force P can be got when x < [;:

z.pEfAr (C c P
w(x) = Px3 + 22T (ﬁeRl" 4L e Rux YS—x3> + Cy0x + €21 (24a)

b
6E.I.1 EJl. \R? R? 68

Whenl, <x <I:

l Ix? x3 z,EfAr (C c P P
wl) = —2p(=— -2 )+ ch=fOf %eRlx_'_L;e—Rlx_y‘l’_xZ_ye’_xS
EIlL \ 2 6 E., \R? R? 2p 65 (24b)
+Cyox + Cy3,
where:
E .l .E:A E.I.E:A Zpl
R, = V,B/(ZCZ = %ff' B=E. +CEC—Aff+Z§bEfAf' Vs = Cll7 b' Ya = Zepla
fc cfc
__Zale o WP eMboetb o yP
ve [ 18T T T OB1LR, eRil —e Rl 18T 16 T 9p] R Rl
_ " ]/4P _ _bl - bz + b3 - b4lb + bslb -0
T e e
Cp = — """, 3= by — by — byl + bsl,
where:
2
b, = %1, p ZepEfAg Cl_;ieRll+CL;3e—Rll_£l2_El3>’
3E.I, EJl, \R? R? 28 6p
Iy ZchfAf C16 C17 YsP
b, = Pl + =Ll 2Derilap —LpRila 22| 3 )
27 6E Ll ¢ TRl \RC R ® 6p ¢
lg lla2 la3 ZchfAf C18 C19 YaP YeP
b. = P -2 )+ /L —=pRila = —R1la__lz_—l 3>, 25
ST E L ( 2 6 El, \R® Rz ® 26 " 6B @ (25)
Ly 2 ZchfAf C16 C17 ysP
b, = ——PI —<_ Rilag — —Lo~Rila 2] 2>’
=gl e YL \R© R, 28 @
l 1,2 z.pEfAs (C c P P
by =——P(ll,— %)+ ==L f<£eRlla —ﬂe‘Rlla—yA‘—la—ye—laz)'
E.ll 2 E.l. \R R, B 28
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Integral Eq. (24) when x < [;:

l ZepErAr (C c ysP
@) = b py2 y Zebts f(ﬁ Ryx _ 617 pryx _ V5D 2)_,_ 26
W 260 C TTEL \R S RS x°) T Ceor (26a)

Whenl, <x <[

l x2 z.,ErAr (C c P P
w® = @ P(lx——)+ cb=f f(ﬁeRlx _ﬁe—Rlx_y‘l'_x_nyz).{_czz_ (26b)

E.ll 2 El. \R, R, B 28

According to the geometrical relation, the relative displacement &, of prestressing tendons’
left and right sides at min-span is:

61]7 = 9(lcl)ep - 9([61 + lcz)ep. (27)

Substituting Eq. (26) into Eq. (27):

L 2 ZebEfAp (€16 p o €17 _po o VsP o,
61p=[mplcl + ECIC <_eR1C1__e R1C1__ZC1 )+C20

Ry Ry 2p
lg (leg +12)? ZepEpAr (C1g C19
— PlI(l,+1.)— — (_ Rillei+ler) — 222 5 —Ri(le1tlc2) 28
Eclcl ( ( cl CZ) 2 Eclc Rl e Rl e ( )
_rb

YeP
5 (L + 1e2) — 26_B (Ier + lcz)z) - sz] X ep.

4.4. Deflection equations of joint reinforcement beam
According to Egs. (8), (23) and (28):

O1p

55 (29)

Xy =

Then the deflection equations of simply supported beam reinforced with external prestressing
and carbon fiber cloth can be got when 0 < x < [ 4:

E A E A 1 c c
w(x) = [L (c,efr* + ceRa¥) — <# + _) ( L gRix 4 R_zze—Rlx _ ;/_;xz)
1

Zcbkfc EcAchb Zch R%
1 L
_ 24 + ] X x1 + Px3 30a)
2B Az, F TG XA (
ZepEr Ay [C16 C17 _ YsP
W R_feRlx-I_R_fe Rlx—wxg + Cyox + €31

Whenl ., <x < ;:

E:A E.A 1 c c
w(x) = [ fkf (czefr* + ¢ e Ra¥) — (#4__) (R_%eRlx +R_‘%e_R1x _;’_;xz)

Zch fc EcAchb Zch
1 lb ZCbEfAf
——x? X Px3
ZEcAchbx +cgx + C11] X1+ 6E.L] x° + E.L (30b)
€16 pox €17 _pyx V5P o
| ==efr+ e 1Y ——=—x3 | + cyox + Cpq.
(R% R% 6ﬁ 20 21
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When l, < x <4 + 1y

E;A EfA 1 c c
— | Zf2f R1X —Rqix < ff ) 3 Rix 4 _px Y2 o
xX) = czefX + ¢ e™Rix) — +—)[ZeRix f 2 pRax _ 124
W) Zcbkfc( 3 * ) E Az  Zep (R% R% 2
l Ix? x3 ZpEfA
42 X a pPl=_-_ ch=fAaf
2EAz, - Tt C“] e ( 2 6 ) E.L (30¢)

(68 prix y G190 rix _ VAP V6P s
R? R? 2B 68

Whenl.q + 1, <x <L

E:A E:A 1 c c
— | =S R1x —Rqix < °f ) 5 Rix 6 _px V3 _ 2
x) = cse™ ¥ 4 ce M) — +— )| =se™F+ e ——x
W( ) Zcbkfc( ® o ) EcAchb Zch (R% R% 2.8
l Ix? x3 Z.p,EFA
I x @ p(- )4 Z2T 30d
DB Ay T Clz] e ( 2 6)  TEL (30d)
C18 C19 _ VaP YeP
‘(R—12€R1X+R—f€ Rlx_ﬁxz__ﬁg X3>+C22x+C23.

5. Calculation of transverse distribution coefficients
5.1. Calculation of mid-span deflection

The mid-span deflection of simply supported composite beam can be got by Eq. (30), when
x=1/2:

l 3p
(-
2) T 48E.I.
where:
48E.1.| E-A l l E-A 1 [ I ¢ l 12
Bo = %[ ff <C3eR17 + C4e_R17) _ (# + _) (—Zele + _‘;e—Rii — Vz_)
3P Zcbkfc EcAchb Zch Rl Rl 85
I? l ly ZepEfAr48 (1o gL ¢y _p Ll ysPD
iy o ¢ T (Cre rg y G7 rg  YSPU (32)
BE Az, ez XMt Tty Rz Pt Rze 488
24E,I, 48E.I,
zp 20T Tp Gr

5.2. Calculation of transverse distribution coefficients

Get the crossbeam from the min-span as a free body and the force acting on the beam including
the external loadPand counter-force of each main girder. Because the stiffness of crossbeam at the
min-span is infinite, the effect of eccentric load is equal to the sum of centric loads P and M.

According to the literature [20]:

1) Under centric load P = 1:

I
R, = P (33)

n 1’
=1 Bo;
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2) Under M = Pe:

Peai%
R = e (34)
n g2 L
=1 By,
3) The total effect of eccentric load P = 1 to each main girder is:
I I
Boi i Boi
Nik = Ri = I. + 1. (35)
n i n g2t
=1 Boi =1 Boi

3?P=1
e e
p

Fig. 5. Force diagram of each main girder under eccentric load
6. Example of reinforcement and analysis

The analytical solution of the external prestressing and carbon fiber reinforced beam derived
in this paper was verified by the ANSYS numerical simulation, and the integral forced
performance of the strengthened bridge was studied by using the method of introduced transverse
distribution coefficient. A simply supported beam shown in figure 6 was analyzed as the example.
The standard span is 20 meters, when the flexural stiffness of main girder No. 1 was reduced by
20 % and the bending stiffness of other girders is normal, one layer of carbon fiber cloth was
pasted on main girder No. 1, and externally prestressing tendons were tensioned.

948

‘ 158 ‘
gW
18
e

Fig. 6. Cross-section of T beam (cm)

The solid65 element was used in the ANSYS verification model to simulate the main beam,
link8 element and shell41 element were used to simulate the external prestressed reinforcement
and carbon fiber, and the bond slip between concrete and carbon fiber was simulated by
establishing “contact pairs”. The model can actually reflect the stress condition of beam reinforced
by external prestressing and carbon fiber as per the model shown in Fig. 7.

The deflection values obtained by the ANSYS analysis were compared with the results
obtained by the analytical solution of deflection derived in this paper under unit force, as shown
in Fig. 8. It can be seen from the comparison that the results of numerical simulation were in a
good agreement with the results of theoretical calculation, and the maximum difference between
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mid-span deflections, which verified the correctness of the analytical solution of the deflection
derived in this paper, is 1.2 %.

Fig. 7. ANSYS theoretical verification model

0

-0. 00002
theoretically calculated results
= 0. 00004 . . .
£ N numerical simulation results
2 ~0. 00006
3
=
5
™ -0. 00008
-0. 0001

-0.00012 -

bridge length/m
Fig. 8. Comparison of deflection results under unit force

In order to analyze the improvement of bearing capacity of the whole bridge after
reinforcement, the influence lines of transverse distribution to main girders should be calculated
in the cases of no-damage, damage with reinforcement and without reinforcement respectively,
and then the changes of transverse distribution coefficients should be analyzed. The influence
lines of transverse distribution of No. 1 and No. 2 were calculated in each case, the results are
shown in Fig. 9 and Fig. 10. Then the load transverse distribution coefficients of each main girder
were calculated based on the results of influence lines of transverse distribution, as shown in
Table 1.

-0.3 0.2
-0.2 2 4 6 8 / 10
0 . )
o 01 ridge wide/m
£ 2 4 6 8 10
3 0 . w . : : 0.1
5
E] bridge wide/m
Z 0.1 N
2 0.2
S 02
8 | A e
E 0.3 1o damage 0.3 A no damage
g p
é 0.4 —— without reinforcement —=— without reinforcement
g 0.4
5 0.5 reinforced with carbon fiber reinforced with carbon fiber
0.6 reinforced with external 0.5 reinforced with external
prestressing and carbon fiber prestressing and carbon fiber
Fig. 9. Influence line of transverse distribution Fig. 10. Influence line of transverse distribution
of main girder No.1 of main girder No.2

In the bridge structure, the force distribution between the main girders is mainly related to their
bending rigidities, the force is proportional to the flexural rigidity. When the bridge main girder
is damaged, as its stiffness decreases, its shared force became lower. And the shared force of other
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main girders becomes higher, under the condition that the total load is constant. Thus, a chain
reaction is produced, leading to a damage of other main girders, which seriously affects the bearing
capacity of the bridge structure. Nevertheless, the bridge reinforcement can effectively improve
the force distribution ratio of the main girder. In this paper, due to the researches of main girders’
transverse distribution coefficient, the following points are worth of attention.

1) Carbon fiber reinforcement can effectively inhibit the development of cracks, but the cracks
cannot be closed. At the same time, the strength of carbon fiber is larger, what can improve the
bearing capacity of the main girder after reinforcement. However, the cross-sectional area of
carbon fiber is small, what has no obvious effect on the improvement of the stiffness of the main
girder, there was no obvious change in the distribution of the force before reinforcement.

2) The external prestressing reinforcement can make the crack close and improve the flexural
rigidity of the main girder, but the prestressing force is too large. For an old bridge with lower
concrete strength, it is easy to cause the crack on the upper edge of the simple beam and produce
a new damage.

3) According to Fig. 9 and Fig. 10, the load assigned to the main girder reinforced with external
prestressing, and carbon fiber has grown because the stiffness of girder damage increases. As
shown in this example, main girder No. 1 damaged with reinforcement which vertical coordinate
values of influence line of transverse distribution at the location of the main girder No. 1 increased
by 14.5 % as compared to the same without reinforcement; No. 2 main girder’s vertical coordinate
values of influence line of transverse distribution at the location of main girder No. 1 reduced by
5.2 % than those without reinforcement. As shown in table 1, the transverse distribution coefficient
of main girder No. 1 increased by 18.0 % than that without reinforcement. The difference of
transverse distribution coefficients of damaged main girder No. 2 with and without reinforcement
is merely 0.2 %. The joint reinforcement method can effectively improve the bearing capacity of
the bridge up to the undamaged bridge.

Table 1. Load transverse distribution coefficients of main girder in each case

Number of |No damage Without Reinforced with Reinforced with external
girder mc0 reinforcement mcl carbon fiber mc2 prestressing and carbon fiber mc3
No. 1 0.598 0.503 0.507 0.593
No. 2 0.498 0.522 0.521 0.499

7. Conclusions

The analytical solution of the carbon fiber-concrete composite beams under the vertical
concentrated load and external prestressing was derived in this article based on the elastic
mechanics and contact theory, and the correctness of the analytical solution is verified by the
ANSYS numerical simulation. It will provide an accurate calculation method for the design of
beam structure strengthened with external prestressing and carbon fiber. On this basis, the
transverse distribution coefficient calculation method of simply supported composite beam after
the joint reinforcement was given. The transverse distributive regularity of beam reinforced with
external prestressing and carbon fiber was analyzed through an example. Researches showed that:
the deflection of beam strengthened with external prestressing and carbon fiber can be basically
restored to the magnitude of deflection when the bridge is not damaged. With the increase of
stiffness of damaged beam, the load sharing ratio will increase. And the reinforcement method
can make the bearing capacity of the old bridge reach the level of the bridge without damage.
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