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Existing reinforced concrete (RC) beams with inadequate flexural capacity can be strengthened by bolting steel
plates onto both sides of the face of beam. However, the effectiveness of these bolted side-plated (BSP) beams is
affected by the mechanical slipping of bolts which is known as the partial interaction of the steel plates and the
RC beam. To avoid overestimating the flexural capacity of the strengthened beam, the effects of partial inter-
action should be properly quantified in the structural design. Therefore, a new design model to determine the
flexural capacity of BSP beams that takes into consideration both partial longitudinal and transverse interactions
has been developed in this study. Strain and curvature factors are introduced to quantify the partial interaction.

Based on these two factors, modified moment capacity equations are presented. The proposed model is then
validated by comparing the analytical results with the test results from another study. Finally, a simplified design
method is proposed based on the results of a parametric study.

1. Introduction

Structural deterioration, usage changes or amended design specifi-
cations and safety requirements may require the enhancement of the
load-carrying capacity of structural elements. It is well recognized that
lightly reinforced concrete (RC) beams can be effectively strengthened
by bolting bottom plate. However, for moderately reinforced beams,
this method can lead to over-reinforcement problem and significant
reduction in ductility capacity. On the other hand, using bolted side
plate method to strengthen RC beams, the side plate can be extended
from tensile to compression zone and can act as both tension and
compression reinforcement. Thus the over-reinforcement problem can
be avoided and the flexural capacity of beam can be greatly enhanced
without losing ductility capacity [1,2]. During the past few years, many
researchers have conducted comprehensive studies of this strength-
ening method due to its convenience in construction and cost effec-
tiveness [3-15].

However, partial interaction caused by bolt slipping remains a key
issue that needs to be resolved when designing bolted side-plated (BSP)
beams. The strain profile of a BSP beam with full interaction (or in
other words, without any bolt slipping) is shown in Fig. 1(b). The strain
profiles of the longitudinal and partial transverse interactions are pre-
sented in Fig. 1(c) and (d). It can be seen that the longitudinal and
transverse slips lead to the reduction of longitudinal deformation and
curvature of the steel plate compared to those of full interaction.
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Oehlers et al. [8] developed fundamental mathematical models for
partial transverse interaction and further determined the number of
connectors required to resist transverse forces and limit the amount of
partial transverse interaction in BSP RC beams. Nguyen et al. [7] ob-
tained the longitudinal slip strain induced by both longitudinal and
partial transverse interactions and examined the neutral axis separation
between the steel plate and RC beams. A realistic model was developed
to describe the longitudinal slip and neutral axis separation by Nguyen
et al. [16]. Zhu and Su [14] evaluated the strength of BSP coupling
beams with a mixed analysis method and rigid plastic analysis (RPA).
Their results showed that partial interaction has considerable effects on
the flexural capacity of the strengthened coupling beams. Although the
aforementioned studies have provided the basis for further investiga-
tion of partial interaction, they have not quantified the effects of partial
interaction on the flexural capacity of strengthened BSP beams.

Su et al. [17] investigated the longitudinal interaction in BSP RC
beams under different load conditions. Li et al. [18] and Su et al. [19]
studied the transverse interaction in BSP RC beams by using a piecewise
linear transverse shear transfer model. Siu and Su [10] introduced
strain and curvature factors to represent longitudinal and partial
transverse interactions. Based on these two factors, Lo et al. [20] as-
sumed that longitudinal and partial transverse interactions are in-
dependent and proposed optimum strain and curvature factors for
calculating the flexural capacity of BSP beams. However, the long-
itudinal and partial transverse interactions are not independent because
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Notations

%) strain in RC beam

& strain in steel plate

é, curvature of steel plate in partial transverse interaction
o curvature of RC beam in partial transverse interaction
S longitudinal slip

St transverse slip

M total moment in one section

M, moment in steel plate

M, moment in RC beam

1% total shear in one section

V. shear in RC beam

Vp shear in steel plate

tm longitudinal shear flow

Vi transverse shear flow

icp distance between centroids of RC beam and steel plate
Ecce RC beam strain in centroid of RC beam

Epec RC beam strain in centroid of steel plate

pep steel plate strain in centroid of steel plate

K, bolt stiffness

Ryy yield shear force of bolt

Shy yield deformation of bolt

N bolt spacing

km distribution stiffness, defined by 'Si:

E. elastic modulus of RC beam
E, elastic modulus of steel plate
A, cross-section area of RC beam

Ap cross-section area of steel plate

H depth of RC beam

B width of RC beam

hy depth of steel plate

d, depth of centroid of steel plate to extreme compressive
fiber

d. center of the tensile longitudinal steel bar to extreme
tensile fiber

B factor relating depth of equivalent rectangular stress block
to neutral axis

a factor relating average stress of equivalent rectangular
stress block

X depth of neutral axis of RC beam

A cylinder compressive strength

Xp compressive depth of steel plate

Fys yield stress of steel bar

Fop yield stress of steel plate

Age compressive area of steel bar

Ag tensile area of steel bar

Eeu ultimate strain in RC beam

Ebp steel plate strain at the bottom of the steel plate

&y yield strain of steel plate

a strain factor

ag curvature factor

tp thickness of steel plate

Mperni  moment capacity derived by partial interaction analysis

Migia moment capacity derived by plastic rigid analysis

L length of RC beam

F force exerted by hydraulic jack

x distance to left support

A difference in curvature in BSP beam

AP maximum curvature difference in BSP beam

T shear force in bolt along longitudinal direction

Vi shear force in bolt along transverse direction

T shear force in bolt in shear span

T2 shear force in bolt in pure bending moment region or in
shear span (single point load case)

T first derivation of T,

Tho first derivation of T,

Sn transverse slip in shear span

S transverse slip in pure bending moment region or in shear
span (single point load case)

V1 uniform shear distribution in shear span

V2 uniform shear distribution in pure bending moment region
or in shear span (single point load case)

Vo1 shear force of steel plate in shear span

Via shear force of steel plate in pure bending moment region
or in shear span (single point load case)

M, steel plate moment in shear span

My, steel plate moment in pure bending moment region or in

shear span (single point load case)
equal to M,,/A¢

pl max

M, equal to My,/A¢, ..

Ope,p longitudinal displacement in steel plate at centroid of steel
plate

Opec longitudinal displacement in RC beam at centroid of steel
plate

1) curvature of full transverse interaction

Eot extreme tensile fiber of steel plate

Fiest tested results

Frnod results derived from modified moment capacity analysis
with two proposed factors

Fpra results derived from plastic rigid analysis

I3 ratio of distance from loading point to left support to
overall length

m distribution load per unit length

7 ratio of flexural stiffness of steel plate to flexural stiffness
of RC beam

Fg, results derived from modified moment capacity analysis
with two factors proposed in Su et al. (2014)

Yool normalized bolt stiffness

Y normalized strength enhancement

M, moment capacity with strain factor or curvature factor
equal to 0

M, moment capacity with strain factor or curvature factor
equal to 1

M moment capacity with strain factor or curvature factor
value in 0-1

Y ratio of depth of steel plate to depth of RC beam section

Y enhanced moment capacity ratio

o longitudinal tensile reinforcement ratio

% ratio of steel plate thickness to depth of beam

Ymmode ~ €nhanced flexural capacity ratio derived from fitting
function

Mgsp flexural capacity of BSP beam at ultimate limit stage

Mgc flexural capacity of RC beam at ultimate limit stage

n number of bolts

the latter can cause more longitudinal slippage between the steel plates
and RC beams. Hence, the effects of partial transverse interaction on
partial longitudinal interaction should not be ignored.

In this study, a theoretical study is conducted which takes into ac-
count the effects of partial transverse interaction on partial longitudinal
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interaction. Strain and curvature factors are derived to quantify the
effects of partial interaction. Furthermore, moment capacity equations
(MCEs) are modified to incorporate these two factors. To validate their
effectiveness, the flexural capacities obtained from various strain fac-
tors and those from the RPA are compared with test results from a
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