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Existing reinforced-concrete (RC) beams can be effectively strengthened by anchoring steel plates to the side faces of
the beams using bolts, which is known as the bolted side-plating (BSP) technique. Previous studies have found that
the performance of BSP beams is primarily controlled by the degree of partial interaction at the steel-RC interface,

which can be conveniently quantified by the strain and curvature factors. In this paper, a new simplified flexural

design procedure for BSP beams taking into account partial interaction is presented. Some optimum ranges of strain

and curvature factors are first introduced to the flexural design of BSP beams. By ensuring the flexural capacity of a

BSP beam is higher than the design moment, the preliminary size of steel plates and the arrangement of bolts can be

determined. Following this, the maximum design slips and minimum design strain and curvature factors are calculated

and back-checked to ensure the target flexural capacity of the BSP beam has been achieved. An example is presented

to illustrate the effectiveness of the optimised design method for BSP beams, considering the effect of partial

interaction under realistic loading conditions.

Notation

A, cross-section area of the steel plates

A cross-section area of the reinforcement

Age cross-section area of the compressive reinforcement
Ag cross-section area of the tensile reinforcement

b breadth of the RC beam

c depth of the neutral axis

D. depth of the RC beam

D, depth of the steel plates

Dy, depth of the secondary beam

Dy depth of the floor slab

dy nominal diameter of the anchor bolts

die lever arm between the tensile reinforcement and the

compressive block of the RC beam section
Young’s modulus of the steel plates

s Young’s modulus of the reinforcement

(EA), axial stiffness of the unstrengthened RC beam
(EA), axial stiffness of the steel plates

(ED). flexural stiffness of the unstrengthened RC beam
(ED), flexural stiffness of the steel plates

E F; total external load (ith point load, i=1, 2, 3...)
peak total external load

P
Fpyexp peak total external load (experimental)

F the peak total external load (theoretical)

fe compressive strength of the concrete

fe characteristic compressive strength of the concrete
Jub ultimate tensile strength of the anchor bolts

M Bsp
Myrc

MuBSP,F]

NP
Ny

yield strength of the reinforcement

yield strength of the steel plates

depth of the RC beam

depth of the compressive reinforcement

depth of the tensile reinforcement

depth of the bottom edge of the steel plates

depth of the top edge of the steel plates

second moment of area of the steel plates

effective radius of gyration of the RC beam
separation between the centroids of the RC beam and
the steel plate

effective radius of gyration of the steel plates
shear stiffness of the anchor bolts

stiffness of the connecting media

clear span of the RC beam

shear span

design moment caused by the external loads
bending moment caused by the permanent loads
bending moment caused by the variable loads
flexural strength of the BSP beam

flexural strength of the BSP beam

flexural strength of the RC beam

flexural strength of the BSP beam under full inter-
action assumption

tension force of the steel plate

resultant axial force of the BSP beam corresponding
to M,
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number of anchor bolts in a shear span

parameter including the stiffness components of the
BSP beams

distributed external transverse load

distributed external transverse load on the steel plates
shear force of an anchor bolt

yield shear force of an anchor bolt

shear deformation of the anchor bolts

longitudinal bolt spacing

yield shear deformation of the anchor bolts
longitudinal slip on the plate-RC interface
transverse slip on the plate—RC interface

thickness of one steel plate

centroidal level of the steel plates

unique value for the strain and the curvature factors
modifier in the computation of the bolt shear
strength

strain factor &y, /€c

curvature factor ¢,/p.

axial stiffness ratios between the steel plates and the
RC beam

ratio between the stiffness of the bolt connection and
the flexural stiffness of the RC beam

flexural stiffness ratio between the steel plates and
the RC beam

partial safety factor for the bolt connection

partial safety factor for the concrete material

partial safety factor for the actions caused by the per-
manent loads

partial safety factor for the bolt material

partial safety factor for the actions caused by the
variable loads

partial safety factor for the steel material

strain of the concrete or the RC beam

strain at the peak compressive stress in the concrete
ultimate compressive strain of the concrete
longitudinal strain of the RC beam

strain of the steel plates

strain at the bottom edge of the steel plates

strain at the top edge of the steel plates
longitudinal strain of the steel plates

strain of the reinforcement

strain of the compressive reinforcement

strain of the tensile reinforcement

yield strain of the reinforcement

yield strain of the steel plate

factor defining the effective strength of the concrete
factor for the effective depth of the concrete
compression zone

parameter used to compute the longitudinal slip and
the strain factor

dimensionless shear transfer ratio at the supports
steel ratio of the tensile reinforcement

balanced tensile steel ratio

stress of the concrete

op stress of the steel plates

o stress of the reinforcement
de curvature of the RC beam
oo curvature of the steel plates

1. Introduction

Bolting steel plates to reinforced-concrete (RC) beams has
become a widely accepted retrofitting technique over the past
several decades due to the minimal additional space occupied
and convenience of installation (Li, 2013). Furthermore,
bolting steel plates can avoid serious debonding and peeling
failures at the ends of the steel plates (Roberts and Haji-
Kazemi, 1989; Souici et al., 2013; Su and Zhu, 2005)
when compared with bonding steel plates or fibre-reinforced
polymers with adhesive mortar (Adhikary et al, 2000;
Buyukozturk et al., 2004; Hamoush and Ahmad, 1990).

Theoretically, steel plates can be bolted to either the soffit
or the side faces of RC beams for strengthening purposes.
Although attaching steel plates to the beam soffits can effec-
tively increase the flexural strength and stiffness of a beam, it
can lead to a substantial decrease in the ductility capacity of
the strengthened beam due to over-reinforcement problems
(Foley and Buckhouse, 1999; Roberts and Haji-Kazemi, 1989).
To preserve the flexural ductility of the strengthened beam,
steel plates anchored to the side faces of RC beams, the so-
called bolted side-plating (BSP) technique (Hamoush and
Ahmad, 1990; Subedi and Baglin, 1998), is preferred. Previous
experimental studies (Li et al., 2013; Siu, 2009; Su et al., 2010)
have demonstrated that BSP beams possess increased flexural
strength without a notable decrease in the ductility capacity.

However, the behaviour of BSP beams is much more complex
than that of bolting soffit plating beams, as it is controlled
not only by longitudinal but also by transverse slips at the plate—
RC interface (Johnson and Molenstra, 1991; Oechlers et al.,
1997; Siu and Su, 2011). Local buckling of side-plated RC
beams also needs to be taken into account (Smith et al., 1999a),
and the effect of local buckling on the ultimate strength was
assessed by a series of experiments (Smith et al., 1999b). A vari-
ation on the formulation of the Ritz method using linear combi-
nations of harmonic functions was adopted for the consideration
of the plate local buckling coefficients (Smith e al., 2000; Su
et al., 2010). Siu and Su (2009) and Su and Siu (2007) developed
numerical procedures for predicting the non-linear load-defor-
mation response of bolt groups, and proposed an analytical
model by introducing Newmark’s model (Newmark et al., 1951)
to solve the longitudinal partial interaction of BSP beams under
several symmetrical loading conditions (Siu, 2009; Siu and Su,
2010). Su et al. (2014) further extended this analytical model to
handle more complicated asymmetrical loading conditions.

Li et al. (2013) and Su et al. (2013) conducted experimental
and numerical studies to investigate the slip of steel plates.
The transverse slip was found to be much smaller than the
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longitudinal slip, and was very difficult to measure accurately
in the tests. Various assumptions had been made by different
researchers on the distribution of the transverse bolt shear,
to simplify the complex nature of the transverse slips.
By assuming that all shear connectors yielded in the longitudi-
nal direction and that the shear connectors at the mid-span
resisted all the vertical loads acting on the side-plate of simply
supported BSP beams, Ochlers et al. (1997) related the degree
of transverse partial interaction with the elastic stiffness and
the number of anchoring bolts utilised. Based on this model,
Nguyen et al. (2001) derived a relationship between the longi-
tudinal and transverse partial interactions. Li (2013) proposed
a simplified piecewise linear shear transfer model based on the
force superposition principle and simplification of shear trans-
fer profiles derived from a previous numerical study (Su et al.,
2013). The proposed model was capable of predicting trans-
verse shear transfer behaviour during the entire loading
process for BSP beams under four-point bending.

Siu and Su (2010) developed a two-alpha approach to analyse
the sectional behaviour of BSP beams, in which the degree
of partial interaction was measured in the longitudinal and the
transverse directions by two indicators, as follows (see Figure 1
for details)

1. =20 o
SC»VPC

2. a¢:%§1
e

where the strain factor (a,) is the ratio between the longitudinal
strains of the steel plates and the RC beam (gp,, and ey,
respectively) at the centroidal level of the steel plates (y), and
is used to indicate the degree of longitudinal partial interaction
caused by the longitudinal slip (Sic). The curvature factor (o)
is the ratio between the curvatures of the steel plates and the
RC beam (¢, and @, respectively), and is used to indicate the
degree of transverse partial interaction caused by the trans-
verse slip (Sy). Lo et al. (2014) conducted a computer simu-
lation to evaluate the performance of BSP beams by indicating
the degree of partial interaction in terms of these two factors.
The simulation revealed that the influence of the partial inter-
action on the overall performance was significant, and 90% of
the full strengthening capacity was already achieved when the
strain or the curvature factor was chosen to be no less than
0-6. This proposed value for the two factors is of great impor-
tance in simplifying the design procedure of BSP beams.

The aforementioned research findings demonstrate that the
behaviour of BSP beams is very different from that of conven-
tional RC beams and bonded side-plated RC beams. Hence,
the traditional analysis and design methods of conventional
RC beams are not applicable to BSP beams. In light of this

Figure 1. Strain profile of a BSP section with partial interaction:
(a) section; (b) strain profile

situation, a new design procedure is proposed in this paper.
First, the design formulas used to compute the flexural
strength of conventional RC beams are modified by introdu-
cing the recommended optimum strain and curvature factors
proposed by the authors (Lo et al., 2014), to take into account
the partial interactions in both the longitudinal and transverse
directions. Second, design equations are derived for estimating
the dimensions of steel plates and the bolt arrangements.
Finally, the maximum plate—RC slips and the minimum strain
and curvature factors are back-checked (Li, 2013), to ensure
that those factors and slips are within the recommended design
limits. A worked example is given to illustrate the strengthening
design of both lightly and moderately reinforced RC beams
subjected to various loading arrangements.

2. Design model

2.1 Assumptions
When computing the ultimate moment resistance of a BSP
beam section, the following assumptions are employed.

m The bond-slip effect of both tensile and compressive
reinforcement is ignored; that is, the strain in the reinfor-
cing bars is the same as that in the surrounding concrete.

m The cross-sections of both the steel plates and the RC
beam remain in plane after deformation.

m The tensile strength of concrete is ignored; the compressive
stress of concrete, and the tensile and compressive stresses
in reinforcing steel and plate steel are derived from the
design stress—strain relations given in the Eurocodes (BSI,
2004).

m The shear strength of anchor bolts can be computed
according to the Eurocodes (BSI, 2005).

2.2 Material models

The stress—strain relation for the design of concrete material in
the Eurocodes (BSI, 2004) is adopted, as shown in Figure 2.

2
fli-(1-% 0< e < e
Ec0

Je &0 < & <
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Figure 2. Stress-strain curve of concrete in the compression
condition

where o, is the stress at strain g, & is the strain at the maxi-
mum strength f. and &, is the ultimate strain.

Both the reinforcement and steel plates are considered as
elasto-plastic materials (BSI, 2004), as shown in Figure 3.

Egeg
4. 0. = { )
LA lsl<g

les| < &y

where Es = f /ey

where E, = fyp/eyp

5 o — {Ep"fp }SP‘ < é&yp
’ oo e <ew

As the failure of anchor bolts in shear is associated pre-
dominantly with limited ductility, a simple elastic shear force—
slip relation is adopted for anchor bolts, as shown in Figure 4,
and whose maximum slip in BSP beams should always be less
than S,

Ky, = Ruy /Sty

where 2

6. Ry =K,S S§< Sby R P ndb
by = OyJub ——
4

where fu, and d, are the ultimate tensile strength and the
nominal diameter of the anchor bolts, respectively, and a, is a
modifier with a value of 0-5 or 0-6 chosen in accordance with
the Eurocodes (BSI, 2005).

2.3 Sectional analysis and flexural strength

It has been found (Lo et al., 2014) that 90% of the full
strengthening capacity can be achieved when the strain or the
curvature factor is chosen to be not less than 0-6. Therefore, for
brevity, a unique value (¢ =0-6) is chosen for both a, and ay.

7. a; =0y = o =06

O-s’o-pA

f.f

Figure 3. Stress—strain curve of the steel reinforcement and steel
plates

0 —
Siy S

Figure 4. Shear force-slip curve of the anchor bolts

Thus, the cross-sectional strain profile of the BSP beam in
Figure 1(b) can be simplified, as illustrated in Figure 5(b). In
order to obtain the flexural strength, the cross-sectional stress
profile at the ultimate limit state is also illustrated in Figure 5(c).
The concrete strain at the compressive surface reaches the ulti-
mate strain ¢, and therefore the curvature of the RC beam can
be expressed by the depth of the neutral axis (c) as

Ecu
8. ¢c = 7

The strains of the compressive and tensile reinforcement can
be written in terms of their depths (4. and /) as follows.

9. Esc = ¢C(C - hc)

10. &y = do(ho — ©)
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Figure 5. Sectional strain and stress profiles in a BSP beam:
(a) section; (b) strain profile; (c) stress profile
The strains of the steel plates at their top and bottom Then, the ultimate moment resistance (M,) can be

edges are

11. Ept = (1¢C(C — hpt)

12. Epb = a¢c(hpb — C)

For a satisfactory strengthening design, the outermost layer of
the tensile reinforcement should yield before concrete crushing
occurs; thus, its tensile stress is the yield strength f; at the ulti-
mate limit state. By substituting the strains in Equations 9-12
into the material constitutive relations, the internal sectional
axial force N, and bending moment M, can be obtained.
Furthermore, the pure bending condition should be satisfied as

Ny = nfcbic + ESASCSCTu (¢ —he)

Oé&cy
13. —fyAs + Eptp—— (c— hpt)2

O&cu

— Ep[p? (hpb — 0)2: 0

where b is the breadth of the RC beam, 1 is a factor defining
the effective depth of the concrete compression zone and 7 is a
factor defining the effective strength, as shown in Figure 5(c);
values of 0-8 and 1-0 are adopted for A and 7, respectively, if
the concrete grade is lower than C50 according to the
Eurocodes (BSI, 2004).

It can be seen that ¢ is the only unknown in Equation 13; a
solution of this quadratic equation to yield the neutral axis
depth c is attainable as

VB —4AC-B
- 24
A = nfebi

where B = EsAcecu __/SIASt + 2Eptpowcu (hpb - hpt)

C=-— [ESAscscuhc + Eptpoecy <h§b - h%l)}

expressed as

A &
My = nfibic? (1 — 5) + ESASC% (c—hc)z—i-fyAst(ho —¢)
15.
2 g 3 2 g 3
+ ngtp% (¢ = hpt) "‘ngtp% (g — <)

After obtaining the neutral axis depth (c¢) from Equation 13, it
should be substituted into Equations 8-12, to check if the
strains of the reinforcement and the steel plates (e, &y and
&pb) surpass their corresponding yield strains (ey, and eyp) or
change their directions, as follows.

m If yielding of the compressive reinforcement occurs
(&sc > &y), the stress in Equations 13 and 15 should be
replaced with f,,

m If yielding of the top or bottom edge of the steel plates
oceurs (gpt > &yp OF &pp > &yp), the corresponding triangular
stress block in Figure 5(c) should be replaced with a
trapezoidal stress block, as shown in Figure 6(a), and
Equations 13 and 15 should be changed accordingly.

m If the strain on the top edge of the steel plates is negative
(gpt <0), this means the steel plates are in tension along the
entire section, as shown in Figure 6(b). Actually, this
phenomenon implies that the steel plates are shallow and
are attached to the tensile region of the RC beam. In this
case, no modification is needed for Equations 13 and 15.

2.4 \Verification by experimental results

For a BSP beam subjected to four-point bending, the peak
load can be expressed conveniently as F,=2M,/Ls (where L
is the shear span). The results extracted from a previous
experimental study (Li et al., 2013) were employed to verify
the aforementioned sectional analysis method, as shown in
Table 1. It is evident that the proposed sectional analysis
method can predict the peak load of the specimens with a sat-
isfactory mean discrepancy of approximately 5-2%.
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Figure 6. Sectional strain and stress profiles of steel plates in a
BSP beam at the occurrence of (a) plate yielding and (b) plate
entire-sectional tension
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(b)

Specimen Foxo Fothe  |Fothe = Fo,expl/Fp,exp: %
CONTROL 268 278 37
P100B300 317 335 57
P100B450 327 364 113
P250B300R 382 369 3-4
P250B450R 377 375 0-5
Mean absolute error 52

Table 1. Comparison of experimental and theoretical peak loads

3. Proposed design procedure

3.1 Estimation of plate sizing

In the BSP strengthening design for a specific RC beam, the
geometry of the RC beam and the loading arrangement are
known; thus, the required design bending moment (M) is

16. Md:yGMG-i-yQMQ—I—...

where Mg, Mg, yg and yq are the bending moment actions
caused by the permanent and variable loads and their correspon-
ding partial factors, as specified in the design codes (BSI, 2004).

As the layout and dimensions of the existing RC beams are
known, the available depth and position of the side-bolted steel
plates can be determined, which means that the top-edge depth
(hpe) of the steel plates (as shown in Figure 5) should be greater
than the depths of the existing slab (Dg) and the secondary
beams (Dg,), and the bottom-edge depth (/,,) should be less
than the depth of the RC beam (D.). If any other restraints,
such as ceiling installation fitments and beam-crossing pipes,
exist, the depth of the steel plates may be more limited. Once
the depth of the steel plates is chosen, several available thick-
nesses of the steel plates (2¢,) can be chosen, and the design
flexural strength of the BSP beam (M,) can be computed by
using Equations 13 and 15, with safety factors as follows.

m In most cases of a real strengthening design of BSP beams,
yielding occurs at the compressive reinforcement and the
bottom edge of steel plates but not on the top edge of the
steel plates (i.e. &sc > &y, &ppb > &yp and et < &yp); thus, the
design flexural strength (M,) can be determined as

1 AN
My =—nf.bic? (1 — —) +— [ESASC feu (c— hc)2
Ye 2 s ¢
112 OEcu 3
17. +fyAsi(ho — C)} + " 3Bty =~ (¢ = hp)
ooty | (i — €)= % (B 2
ypp | \tpb 3 \aeey
VB2 —44C - B
cC=——
24
1 1 &yp
A = —nfebl +— | Eptpoecy + fyptp | 2 +
Ve Vs G&cu
18.  where

1
B= ; I:f;/(ASC — Ast) —2tp (f;/phpb + Epa&‘cuhm)]
S

1
C=—FE, tpocgcuh]z)l
Vs

where the coefficients y. and y, are the partial factors for the

concrete and steel material, respectively.

m In some cases, yielding also occurs at the top edge of the
steel plates (i.e. &y > &yp), and thus the design flexural
strength (M) can be determined as

1 N1 :
My == nfe bic? (1 - —) . [EsAsfﬂ (c— o)
Ye 2] ¢

+fyalh = ]+ oty (¢ = )+ By = 0

2 ()’
3 \aecy

19.
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oo B

A
1 1

20.  where A= y—’lﬂ: bi+ y_4fyplp
C S

1
B= V_ [2fyp tP (hpb + hpt) +f;’(Ast - ASC)}

It is noted that in the simplified design procedure both the target
strain and curvature factors may be taken as a=0'6 in
Equations 17-20. A trial-and-error procedure might be needed
to determine the plate thickness (2¢,) by implementing the prere-
quisite that the design flexural strength (M) should be greater
than the bending moment (My) caused by external loads; that is

21, M, > My

After evaluating the limitation of the size of steel plates, the
thickness and depth (i.e. 21, and D)) of the steel plates can be
chosen from the practical and available inventory. The type
(fyp and Ep) and locations (s, and /) of the steel plates can
be defined.

3.2 Estimation of the number of bolts
To ensure the occurrence of ductile axial yielding of plates
prior to the brittle shear failure of bolts, the number of anchor
bolts () can be estimated by the inequality

ﬁ > Jyp (hpb — hpl)tp

1
22. —HNyp
4 vme Vs

where Ry, is the yield shear force of an anchor bolt (see
Equation 6); ynp is the partial safety factor for bolts, with a
value of 1-25 recommended by the Eurocodes (BSI, 2005); and
7» 1s a coefficient that takes into account the varying distri-
bution of bolt shear force along the beam span. A value for y,
from 1-5 to 2:0 can be chosen, because the shear transfer pro-
files are between triangular and parabolic, as shown in the lit-
erature (Li, 2013). The leading constant 1/4 on the left-hand
side of the equation is adopted as there are two steel plates
and two shear spans for each plate in a BSP beam.

When the minimum number of anchor bolts is determined, the
actual plate-bolt layout can be adjusted to correspond to the
practical plate size and minimum bolt spacing specified in the
design codes (BSI, 2005). Then, the preliminary strengthening
scheme can be determined. Of course, the partial interaction
of BSP beams is highly dependent not only on the beam geo-
metries but also on the load arrangement, and, thus, should be
verified according to each specific case.

3.3 Verification of the partial interaction
The partial interaction, which is caused by the longitudinal
and transverse slips between the steel plates and the RC

beams, should be checked in terms of the maximum longitudi-
nal and transverse slips (Sic.max and Simax), and the minimum
strain and curvature factors (¢, min and ay min), as follows.

23. S?

lc,max

+ Sa"max S Sby

24. min (ag‘min, a¢),min) > o= 0-6

The expressions for Sic max> Stemax> Gemin aNd a4 minare mainly
controlled by the depth of the steel plates used in BSP beams
(Li, 2013). The steel plates in a BSP beam retrofit the RC
beam by both their flexural stiffness ¢,(E]), and the additional
eccentric-compression-force effect i, N, The proportions of
these two effects can be identified by the modulus ratio /:
Apigp, which is the ratio between the second moment of the
area of the steel plates with regard to the plate centroid (/)
and the RC centroid (Api(z;p), as shown in Figure 7.

% & 3;2[})& & 2:i &<1
12\ 3 3\3 12 D. 3

2, (DN’ , D (D> 1 D, _ 1
> (=) 2ty |—) =5 —>=
12\2 2\4) 3 D. 2

For shallow steel plates with a depth D,/D. < 1/3, the modulus
ratio Ip:ApigID is less than 1/12; thus, the error caused by
neglecting the flexural stiffness (EI), and treating the plates as
additional tensile reinforcement bars might be acceptable.
However, for deep steel plates with a depth D,/D.>1/2, the
modulus ratio Ip:Apiip is greater than 1/3; thus, their flexural
stiffness can no longer be ignored.

For a BSP beam under four-point bending, the maximum
longitudinal and transverse slips occur at the plate end, the
minimum strain factor occurs at the loading point and the
minimum curvature factor occurs at the midspan. Their magni-
tudes are given by the expressions (Li, 2013)

Fi, 1
26.  Sicmax|x=0 = = [1 -
e max | e [(EI)C + (El)p] 2cos h(pL/3) —1
Str,max ‘x:()
FL3 D, 1
P~
27. (ET), 0032148, (1 + ;") — 444 De 3
- FL? D, 1
_P S 3
(ED)[0:025L34p,,(1 4 ;") — 444]  De
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Centroid
of the RC beam

Pl b2
Centroid
of the steel plate
v AN
Figure 7. Definition of (a) shallow and (b) deep steel plates
e D 1
O min =13 N 20L% B, [29 3008, +L*Ar (ﬁp + 1)} /C 5<3
28 _ (1 . (EA),/km ) 34, &= DC |
{Llcos h(pL/3)—1]/3p sin h(pL/3)}—(1/p?) 251488, [21 1008, + L*8,, (ﬁp + 1)} jc >3
C
04 min ’x:L/Z )
D 1 82 4 .
’ = DC 1 D, < 1
64278 — —4p-y-1 Pp D.°3
(3-6 + 278, — 65008, L~ ") D. > 3 35 Cc— D. 3 .
L3 (/3,, + 1) +169008, [L4ﬂm(/)’ 1) - 7200ﬁp]
For a BSP beam under a uniformly distributed load, the maxi- & - 1
mum longitudinal and transverse slips occur at the plate end, and D. 2
the minimum strain and curvature factors occur at the midspan.
Their magnitudes are given by the expressions (Li, 2013)
] L L 842 .
30, Semahg = —— T [PT ~ h(_)] L3 (5p + 1) (ﬂp +0 65) +201008,
3SI(EI EI D 1
P [( Je+( )P} x [L4ﬁm(ﬁ +0~9) — 50008 ] g
36 D= ’ YoDe 3
L5328, + 1) (B, +0:65) + 146008,
D 1
& qL? x [L“/)’m (ﬁp n 0~8> 55 000ﬁp] et
31. S[r,max|x:0 =72 DC 2
L4y (EI),
3.4 General strengthening strategies and
(EA), [k -1 9 ing gi

32. O min |x=L/2 = (1

T8 —see h(pL/2)T} — (1/p)

) preliminary design
The flexural strength of an RC beam can be simply expressed

Q4 min |x:L/2

3. 072148, [5400ﬁp + LB (B, + 1)] /D

0-63L*8,, [10300ﬁp + I8, (ﬁp + 1)} /D

as M =(fylys)Asdy., where d is the lever arm controlled by the
depth of the beam (/). Therefore, the flexural strength of an
RC beam can be enhanced by increasing either the strength of

D, 1 tensile reinforcement (f, Ay) or the depth of the beam (4). In
FC < 3 the structural design, either of these two measures can be used,
D, 1 but the measures are highly controlled by the position of each
D, = 2 RC beam within the whole structure. Figure 8 shows different

types of RC beams in a typical plan and elevation layout of an
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Figure 8. A typical RC structural layout: (a) plan; (b) elevation

RC building. Figure 9 presents the available BSP strengthening
schemes for different types of RC beams.

As an under-reinforced beam performs differently for differ-
ent tensile steel ratios, the following definition of lightly and
moderately reinforced beams is adopted in the subsequent dis-
cussion. A lightly reinforced beam, whose tensile steel ratio is
less than 1/3 of the balance steel ratio (py < (1/3)pg), fails in a
ductile mode. In most cases, its flexural strength is less than
40% of that of the balanced reinforced beam; thus, it can be
enhanced significantly by adding external reinforcement, with
a small sacrifice in ductility. In contrast, a moderately
reinforced beam, whose reinforced degree is greater than 2/3
(pst/psto > 2/3), fails in a brittle mode. Its flexural strength is
usually more than 80% of that of the balanced reinforced
beam; thus, adding external tensile reinforcement cannot

\ |
O O a2 [ L
Q i 3 ] \
Q \ \
3 &
© Q|Q
a Al
Q’ J:‘é <
| v

@ (b)

Figure 9. Strengthening strategies for RC beams of (a) type 1 and
(b) type 2
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increase its flexural strength significantly but can cause a very
brittle failure with little ductility.

As shown in Figure 8, type 1 beams are usually main girders
with a very large clear span. Large clear heights are typically
not required because the space under these beams is usually
occupied by infilled walls or furniture. However, the external
loads imposed on these beams are usually of great magnitude,
including those transferred from floor slabs, secondary beams
and infilled walls. Furthermore, as the ductility capacity
principle of ‘strong column, weak beam’ is usually required for
main girders by design codes, a steel ratio of less than 2/3 of
the balance steel ratio (pg <(2/3)psw) is usually preferable.
Therefore, type 1 beams are usually designed with a large
beam depth, but are lightly reinforced to achieve significant
flexural strength and ductility. Although the depth of the beam
is great, there are limited areas on the side faces for use of the
side-bolted steel plates, due to connections with secondary
beams. When a load-bearing capacity greater than the original
design is required, the strengthening technique of BSP beams
with shallow steel plates is especially suitable for type 1 beams,
as shown in Figure 9(a). The shallow steel plates serve as
additional external tensile reinforcement, and increase the
degree of reinforcement, thus enhancing the flexural strength.
The main failure mode of type 1 beams strengthened with
shallow steel plates is the yielding of the tensile reinforcement
and the bolted plates.

The degree of strengthening of type 1 beams is governed by
the difference between the current steel ratio and the preferred
steel ratio ((2/3)(psw — pst))- This is because, although thicker
steel plates can always be chosen to achieve greater reinforce-
ment, the required ductility capacity in the design code should
always be guaranteed. The available area on the side faces is
also a parameter controlling the strengthening effect. This is
because the degree of partial interaction is limited by the avail-
able number of anchor bolts, which is mainly governed by the
available side face area, as the minimum bolt spacing is strictly
regulated in the design codes.

As shown in Figure 8, type 2 beams are usually secondary
beams or main girders with a shorter beam span and are sub-
jected to lighter external loads. For these beams, large clear
heights below the beams are usually required for the installa-
tion of equipment, pipelines and ceilings. Therefore, type 2
beams are usually designed to be shallow with a modest beam
depth, but are moderately reinforced with large tensile
reinforcement (A4g). For type 2 beams, using deep steel plates
can increase both their tensile and compressive reinforcement,
and thus enhance their flexural strength without any notable
reduction in ductility, as shown in Figure 9(b).

As the use of deep steel plates increases both the tensile and

compressive reinforcement, the tensile steel ratio (pg) is no
longer an obstacle to the strengthening effect of type 2 beams.
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The available side face area becomes the key parameter, as it
controls both the available plate depth and the maximum
number of anchor bolts.

Lastly, buckling in the compressive region of the deep steel
plates is the greatest potential risk for type 2 strengthened
beams. It should be suppressed by taking appropriate meas-
ures, such as increasing the number of anchor bolts, or instal-
ling or welding steel angles to the compressive edge of the steel
plates.

4. \Worked example

4.1 Current state of the structure requiring
strengthening

For brevity and illustration, let us assume that Figure 8(a)
shows the plan layout of a prefabricated RC structure factory
building, and that all beams are simply supported. The orig-
inally designed live load was 5kN/m? but this now needs
to be increased to 12kN/m” as a result of a change in use.
Therefore, proper retrofitting measures should be applied to
the structure. For illustration, only the strengthening designs
of a main girder and a secondary beam, labelled beam 1 and
beam 2 in Figure 8(a), are discussed herein. Simplified models
are shown in Figure 10, and the section details are given in
Figure 11.

The originally designed loads before any change in use can be
computed as

37. Fi=219kNm ¢ =32-8kNm

Thus, the originally designed moments on beams 1 and 2 are

38. My =5257kNm My, = 1476 kN m

Sl

A 2400 2400 | 2400 A
7200

(a)

9z
I I I I R R I T I B B

A

»

P

6000
(b)

Figure 10. Simplified models for (a) beam 1 (a main girder) and
(b) beam 2 (a secondary beam) (dimensions in mm)
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Figure 11. Strengthening details for (a) beam 1 and (b) beam 2
(dimensions in mm)

The designed material properties are

39. fw=30MPa f, =460 MPa  E,=200 GPa

The section properties of beams 1 and 2, respectively, are

hoy =667 mm  Ag; = 232050 mm Ay = 942 mm?>

40. 5
Ay =2453 mm*®  pg = 1-06%

hoy =367mm  Agy =72600mm Ay, = 632mm?>

41. )
Agy =1256mm>  pg, = 1.73%

The original flexural strengths of beams 1 and 2 can be com-
puted by using the design formulas in the Eurocodes (BSI,
2004) as

42. MuRC,l =6152kNm MuRC.Z =166-1 kN m

Therefore, the originally designed structure is safe before a
change in use for bearing moments less than the flexural
strengths, as follows

43. Md71 =5257kNm < MuRC,l =6152kN m

44, My, =147-6 kN m < Myrcy = 166-1 kN m

However, as the live load increases to 12kN/m? due to a
change in use, the actual loads are

45.  F{ =380-3kNm ¢» =59-7kN m
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Thus, the design moments on beams 1 and 2 increase signifi-
cantly, as follows

46. Mg, =912-8kNm M, =268-5kNm

Therefore, the original RC beams 1 and 2 are unsafe following
a change in use, because the design moments are much greater
than the flexural strengths, as follows

47. Mg =912-8kNm > Myrc1 = 6152kNm

48.  Mg> =268-5kNm > Myrca = 166:1kNm

4.2 Arrangement of steel plates

As the top part of the side faces of beam 1 is occupied by the
secondary beams, and only the bottom part is available for
the installation of steel plates, a shallow plate depth of D, ;=
250 mm is chosen. On the other hand, considering the mod-
erate steel ratio (ps2=1-73%) of beam 2, the largest possible
plate depth of D, ,=300mm is chosen. A trial plate thickness
of t,=6mm is also chosen for both beams, and can be
adjusted accordingly where insufficient flexural strength is
proved.

By taking the optimum strain and curvature factors a=0-6
and using Equations 17 and 18, the designed flexural strengths
can be computed for beams 1 and 2, respectively, as

Ay =1420 x 10* B = 5973 x 10°
49.

C; =5380 x 108 ¢; =289 mm

50. = MuBSP,l = 1039-7kN m

g = 0-0031 > &, = 0-002

—ep = 0:0011 < gy = 0-0017

51.
epb = 0-0029 > ¢y, = 0-0017
= Equations 17 and 18 are suitable
A> =1-180 x 10* B, = 2181 x 10°
52.

Cy =2:651 x 108 ¢, = 199 mm

53. = Mygsp2 = 277-7kNm

£se = 0-0029 > &, = 0-002
&y = 0-0010 < gy = 0-0017
epp = 0-0023 > &y, = 0-0017

= Equations 17 and 18 are suitable

54.

Thus, beams 1 and 2 are safe after a change in use, as the bear-
ing moments are less than the flexural strengths, as follows

55. Mﬁj,] =912-8kNm <MuBSP,1 = 1039-7kN m

56. Mg, =268-5kNm <Mpsp, = 277-8kNm

Furthermore, it is evident from Equation 51 that the top edge
of the shallow steel plates are inverse to our pre-set sign con-
vention, which means that all sections of the shallow steel
plates are subjected to a tension force.

4.3 Arrangement of anchor bolts

Anchor bolts of grade 5-8 (f,, =500 MPa, S,,=1-5mm) with
a diameter of 12mm can be chosen for this strengthening
design. The yield shear force of an anchor bolt is

2
mX 12 e akN

57. Ryy = 0-5 x 500 x

Substituting Equation 57 and the geometry and material prop-
erties of the steel plates into Equation 22 gives the estimated
number of anchor bolts as, respectively

(1/1-15) x 355 x (700 — 450) x 6
(1/1:25) x 283 x 10°

1
58. an,l =2.0x

= 41 pieces

(1/1-15) x 355 x (400 — 100) x 6
(1/1:25) x 283 x 103

1
59. an‘z =20 x

= 50 pieces

Because the depth of the steel plates for beam 1 is 250 mm,
two rows of anchor bolts can be used, and the corresponding
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computed bolt spacing is 28.3 % 103
66. Kb:l—><5:18900N/mm
7200/2
. =———=1
60 Sb,l 41/2 76 mm
Of course, the computed bolt spacing is an approximate PR 18900 251N 5
estimation, and two rows of bolts with a bolt spacing of Sy, ;= 7 m1 =2 X == /mm
150 mm is actually chosen for fabrication convenience; thus, ' g = 252 278 % 10-12 mm—*
the total number of bolts for beam 1 is m179.04 x 1013
7200 .
61. mpy=2x2x (WJF 1) = 196 pieces
1
ko =3 X 18900 _ 474 N/mm?
68 150
’ 378

Because the depth of steel plates for beam 2 is 300 mm, three
rows of anchor bolts can be used, and the corresponding com-
puted bolt spacing is

R ~11 -4
ﬂm’2_1~25><1013 3.02 x 107" mm

~7200/2

62.  Spo— — 216mm The parameters p and &,, which are used for computation of

50/3 the longitudinal slips and strain factors, can be computed for
beams 1 and 2 as, respectively

For fabrication convenience, three rows of bolts with a bolt 69. log =234mm iy =72mm iy = 225mm

spacing of S,,=150mm are actually chosen; thus, the total
number of bolts for beam 2 is

7200
150

70. icp = 135mm, i,, =87mm, iy>=50mm

63. my=2x3x ( + l) = 296 pieces

The bolt spacing in the vertical direction can be arranged to
correspond with the steel structure design codes, and the final ~ 71.  p1=1/2-78 x 10712 x (2342 +
strengthening layouts are shown in Figure 11.

722 N 2252
0-036 ' 1+ 0036
=828 x 107*

4.4 \Verification of partial interaction

The stiffnesses of the RC beams, the steel plates and the bolt
connections, along with the corresponding stiffness ratios, are
computed according to their geometry and material properties
for beams 1 and 2 as, respectively

+

722 2252
— . -12 2
72. p1= \/2 78 x 10~12 x (234 +O-036 I +0-036>

=828 x 107"
(EA),, =630 x 108N (ET), ;=328 x 10'2 N mm?
64 (EA). ;=166 x 10°N (EI). ;=904 x 1013 N'mm?
6-30 x 108 328 x 10'2
=—— " 038 B ,=—"—_=0:036
1 1
v166 x 107 P 9:04 %108 73. L, =7200mm L, = 6000 mm
(EA)p2:7~56 < 105N (El)p2:5-67 % 1012 N mm? Tllz.e pft:al;1 loads1 fi)r betelllngwl)and 2 can be derived from the
i i ultimate flexural streng w) as
65. (EA). ;=691 x 10°N (EI).,=125x 10 N mm?
7-56 x 10% 567 x 1012 1039-7
=" -1 =" -0 74. F,1 =———-—=4331kN
2760 x 100 Pe = s qon T 049 P T72/3 »?
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277-8

75. qp«,z = m

= 61.7kN/m

Then, the maximum longitudinal slips (Si.max) at the peak
loads can be obtained for beams 1 and 2 by using Equations
26 and 30, respectively.

76. Slc,maxAl ‘x:O = 1-47mm Slqmax,Z‘x:O =0-31mm

The maximum transverse slips (Sy.max) at the peak loads can
also be obtained for beams 1 and 2, by using Equations 27
and 31, respectively.

77. Str,max,l |x:0 =0-26 mm Str,max,2|>;:0 =1-11mm

78, &so=25L3BmoBys [21 10085 + L*Bin2 <ﬂp,2 + 1)] /C
=690

2
Co =L (Bpa+1) +169008,

79 X |:L4ﬂmﬁ2 (ﬁpl + 1) - 7200ﬂp,2
=362 x 10°

Dy =L3 5 (Bpa 1) (B2 +0- 65) + 146008,
X [L“ﬁm’z (ﬁp‘z +0- 8) - 5500/)’,,12] =2.75% 10°

Therefore, the resultant slips can be verified as follows

S2

= 1-49mm < Spy = [-5mm

81. Ic,max,1 + Slznmaxl ‘XZO =V 1.472 + 0-262

Slzc‘max,z + Stznmax72‘x:0 =V 0312 + 1112

= 1.55mm < Sy = 1-5mm

82.

The minimum strain and curvature factors (¢ min and oy min)
can also be obtained for beams 1 and 2, based on Equations
28, 29, 32 and 33, respectively.

83. Og min,1 = 0-61 > a =06

84 Qg min,2 = 0-67>a =06

85  aymint =055~ a =06

86.  aymin2 = 0-56 ~ o =06

It is evident from Equations §1-86 that the maximum resultant
slips and the minimum strain and curvature factors can satisfy
the requirements, despite the minimum curvature factors being
slightly less than the required limit. This strengthening
arrangement will still be acceptable, owing to the conservation
in the flexural strengths (see Equations 55 and 56) and the
insensitive variation of the flexural strength as the strain and
curvature factors when o, min and ay min are greater than 0-5, as
mentioned in the literature (Li, 2013). Of course, further com-
putation shows that the actual flexural strengths of beams 1
and 2 (M'ygsp1 and M'ygspa, based on the actual o, min and
g min) are still conservative. For brevity, the computation is
omitted, and the results are

87. My, =9128kNm < M s, = 1037-1kNm

88. My, =2685kNm < Myep, =275-3kNm

4.5 Discussion of the strengthening effectiveness and
efficiency

Taking My and M’y to be the design moments before and after
a change in use and Myrc and M’ ;gsp to be the flexural
strengths before and after strengthening, the corresponding
design safety margins and enhancement percentages are tabu-
lated in Table 2. The flexural strengths under a full-interaction
assumption (Mypsprr), together with the corresponding design
safety margins and enhancement percentages, are also com-
puted for comparison.

The original flexural strengths of beams 1 and 2 are much
lower than the required design moments after a change in use
(the design safety margins are 0-67 and 0-62, respectively), and
thus both beams need to be strengthened (the required
enhancements are 48% and 62%, respectively). After appropri-
ate strengthening is employed (see Figure 11), the actual
enhancements are greater than the requirements (69% >48%
and 66% > 62%, respectively), and thus the structure is safe
(the design safety margins are 1-14 and 1-03, respectively).
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Member type

Description Expression Beam 1 Beam 2
Design moment before a change in use My 525-7 (kN m) 147-6 (KN m)
Design moment after a change in use My 912-8 (kN m) 268-5 (kN m)
Flexural strength before strengthening Mrc 615-2 (kN m) 166-1 (kN m)
Flexural strength after strengthening M’ Lgsp 1037-1 (kN m) 275-3 (kN m)
Flexural strength under full interaction Mugsp F 1050-0 (kN m) 2880 (kN m)
Design safety margin before a change in use Myrc/My 117 113
Design safety margin after a change in use Myrc/M'g 0-67 0-62
Design safety margin after strengthening M gsp/M' 4 114 1-03
Required enhancement (M'y/Myrc) =1 48% 62%
Actual enhancement " Bsp/Murc) — 1 69% 66%

ussp,AMurc) — 1 71% 73%

Strength loss due to partial interaction

(M
Utmost enhancement under full interaction M
1
Relative strengthening effect M

uBsP —

Table 2. Summary of the strengthening effects

—(M' gsp/Mugsp,p1) 1% 4%
Murc)(Mugsp,r — Murc)

97% 90%

It is also evident that the utmost enhancements when a full
interaction assumption is employed are just slightly greater
than the actual enhancements (71% > 69% and 73% > 66% for
beams 1 and 2, respectively). Strength losses due to partial
interaction are negligible (only 1% and 4%, respectively), and
the actual strengthening capacity is greater than 90% of the
full strengthening capacity, and thus is very satisfactory (97%
and 90%, respectively). Therefore, the stiffness of the bolt con-
nection is sufficient, and it is neither necessary nor economical
to arrange too many anchor bolts in the strengthening of these
two BSP beams.

5. Conclusions

In this paper, a new flexural design procedure has been pro-
posed for strengthening of RC beams using the BSP technique.
The modified flexural strength design formulas, which involve
the influence of partial interaction, are presented. By adopting
some optimum strain and curvature factors in the flexural
capacity checking of BSP beams, the plate dimensions and the
bolt arrangement can be determined. The main findings of
this study can be summarised as follows.

m The load capacity of BSP beams would be overestimated
if an assumption of full interaction was employed in the
calculation. On the other hand, more accurate results can
be obtained by taking the partial interaction in the plate—
RC interface into account.

m The strain and curvature factors are used to quantify the
longitudinal and transverse partial interaction. Only minor
modification is needed for the conventional flexural
strength formula of RC beams to cover the computation
of the flexural strength of BSP beams, by employing the
recommended strain and curvature factors.

m A strain or curvature factor of 0-6 can attain optimal
enhancement with a reasonable number of anchor bolts;
excessive connection is neither economical nor necessary.

m The recommended strain and curvature factors facilitate
the strengthening design considerably, by dividing the
design procedure into two parts: (a) evaluation of the
plate size using the modified flexural strength formulas;
(b) evaluation of the required number of bolts by the
plate size, followed by verification of the degree of partial
interaction using the simplified formulas.

m The worked example shows the effectiveness and efficiency
of the proposed design procedure in the strengthening
design of RC beams using the BSP technique. This new
design approach is not only easy to use but also offers
greater accuracy than design methods using the assumption
of full interaction.
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WHAT DO YOU THINK?

To discuss this paper, please email up to 500 words to the
editor at journals@ice.org.uk. Your contribution will be
forwarded to the author(s) for a reply and, if considered
appropriate by the editorial panel, will be published as
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papers should be 1000-2000 words long), with adequate
illustrations and references. You can submit your paper
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where you will also find detailed author guidelines.
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