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Abstract

To evaluate the load-carrying capacity of reinforced concrete beams with
externally bonded steel plate, the influence of the bonded steel plates to the soffit on the
shear strength of the beams, and the effect of shear strengthening using wing-type side
steel plates for stocky concrete beams (broad and low web) have been examined. From the
results, it was found that the shear strength is properly evaluated by shear capacity
equations for non-plated reinforced concrete beams unless a crack develops at the edge of
the steel plate, and that the side plate bonding is likely to have a potential to be effective in
strengthening for the stocky beams without stirrup. Additionally, loading tests using two
75-year-old deteriorated reinforced concrete beams with adhesively bonded steel plates to
the soffit were carried out. The bonded steel plates no longer contributed to the load
carrying capacity after the joints between the steel plates failed due to debonding.

Introduction

In Japan, a number of the concrete girders and decks of existing highway bridges
were strengthened with adhesively bonded steel plates or fiber reinforced polymer (FRP)
sheets when design loads were changed or when the members deteriorated (Figs. 1 and 2).
For the efficient management of existing bridges, the load-carrying capacity of not only
conventional concrete beams but also concrete beams with the bonded steel plates should
be properly evaluated.

The late 1960s, several researchers dealt with the strengthening method that steel
plates were adhesively bonded with a two-part epoxy resin adhesive on the soffit of
reinforced concrete beams. In those days, because the fatigue deterioration of concrete
decks was frequently found on the Japanese highway bridges, experimental studies on the
steel plate bonding technique applying to the bridge decks were carried out.'™ Then the
FRP sheets were not major materials for construction. The steel plate bonding immediately
became a major tool to improve the durability of bridge decks, having the advantage of
applicability in service, and the efficient strengthening with the minimum change in
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appearance. The strengthening method using FRP sheets for reinforced concrete was
developed in early 1990s. Currently, the materials became used commonly to improve the
durability of bridge decks after a revision of the legal maximum weight for trucks from 20
tons to 25 tons in 1993, and the ductility of existing bridge piers after the great Hanshin
earthquake in 1995. Extensive research works were carried out not only in Japan, but also
in the world. Based on the results, several design guidelines for strengthening reinforced
concrete members using FRP have been established.”™ On the other hand, the effects of the
steel plate bonding technique has not been so sufficiently identified as a guideline could be
established. In a research program from FY2008 to 2010, the effect of shear strengthening
using the steel plate bonding on reinforced concrete beams was examined. This summary
report provides the outlines of three series of experimental studies focusing on; Series I:
the influence of the steel plate bonded to the soffit on the shear capacity of reinforced
concrete beams (further for the evaluation of plated concrete decks), Series II: the effect of
side steel plate bonding on the shear capacity of stocky reinforced concrete beams,” and
Series I1I: the load-carrying capacity of two 75-year-old deteriorated concrete girders with
the steel plate bonded to the soffit."

Series I: Influence of Steel Plate Bonded to the Soffit on Shear Capacity of
Reinforced Concrete Beams

Test Program: A test scheme and details of specimens are shown in Fig. 3 and Table 1.
The height of the specimens, except Specimens A-7 and A-8, was set as 190 mm, referring
to the thickness of the typical bridge decks built in 1960s. No stirrup was arranged except
that on the support points for arranging main reinforcing bars. Specimens A-1 to A-8 had
two longitudinal reinforcing bars. For Specimens A-4 to A-8, the steel plate with a
thickness of 4.5 mm was adhesively bonded on the soffit of concrete beams. The steel plate
and an adhesive layer for every beam were as wide as the beam with a width of 150 mm.
The thickness of the adhesive layer was 5 mm. The distance from the center of each the
support point to the end of the steel plate x, was 80 mm, and that from the edge of a steel
plate for the support was 30 mm.

The test parameter of Specimens A-4 to A-6 is the ratio of shear span a to effective
depth d;, which excludes the dimension of the steel plate. The effective depth and shear
span of Specimens A-7 and A-8 ware larger than those of Specimen A-5 with the same a/d;
ratio. Control specimens A-1 to A-3 with no steel plate had different reinforcement ratios,
respectively.

Specimens B-4 to B-6, and B-8 had a main reinforcing bar and a doubly reinforcing
bar, the steel plate being bonded to the soffit. The thickness of the steel plate of Specimens
B-4, B-5, and B-6 was 4.5, 6, and 12 mm, respectively. Specimens B-4 to B-6 were simply
supported on the bonded steel plate, as the shear span was 400 mm. Then the bonded steel
plate had no curtailment near the supports. For Specimen B-8, the steel plate was bonded
after the concrete beam had been precracked under cyclic loading with a shear span of 500



mm. Specimen B-8 was monotonically loaded with a shear span of 1000 mm, having the
curtailment of the steel plate with a distance to the center of the support x, of 80 mm.

Plate bonding was carried out at three weeks or more after casting. Anchor holes
were drilled and mechanical steel anchors were installed on the soffit of concrete beams,
which was roughened with a hand grinder. The steel plate was supported with the anchors
as the gap to the surface of concrete was held with 5 mm spacers. Side openings ware
capped with epoxy resin putty. The epoxy resin adhesive was filled into the gap by
grouting. In Specimens A-4 to A-8, inorganic zinc-rich primer for protecting the steel plate
up to bonding remained similarly to practice. The steel plates for Specimens B-4 to B-6,
and B-8 were not coated.

Loading tests were conducted at a week or later after the grouting. The putty on the
sides was ground; that at the ends of the steel plates remained. The tensile-shear bond
strengths of the epoxy resin adhesives were 12.3 MPa to 18.4 MPa.

Results: All test results are also shown in Table 1. Specimens A-4 to A-6 failed due to
cracking at the end of steel plate (Fig. 4).The shear force at cracking at the end of the steel
plate V,, may be calculated based on a model provided by Tumialan et al.'' In the model,
the maximum (tensile) principal stress acting on the concrete near the end of the bonded
steel plate is estimated based on the approximate solution by Roberts'?, being compared
with the tensile strength of concrete. Although Tumialan et al.'' applied the modulus of
rupture f, to the threshold tensile strength, the splitting tensile strength f; is applied in this
report, because it is more understandable for the model. Figure 5 shows the relationship
between the calculated shear force at the cracking V), and the experimental results V.,
including the results of Specimens A-4 to A-6 and the other experimental results obtained
from previous research'®* except the results of specimens with a ratio x, /a of more than
0.25. The calculated values V), are somewhat larger than the experimental values when the
value is larger. However, considering that the previous data contain the several unknown
parameters, it appears that the shear force at the cracking can be properly estimated.
Incidentally, the database based on the previous research shows that the results of
specimens with a ratio x, /a of more than 0.25 showing debonding failure do not depend on
the value of V), rather they mainly depend on the ultimate flexural strength of non-plated
reinforced concrete beams.

In Fig. 6a, the results of specimens exhibiting flexure-shear failure in concrete are
shown in relation to the calculated shear strength V', based on the conventional empirical
equation® for estimating a shear force at flexure-shear failure. The influence of the bonded
steel plates is estimated by substituting the dimensions containing the steel plate for the
calculation of the reinforcement ratio and the effective depth in the equation. The other
triangle symbols indicate the results of control specimens containing Specimens A-1 to
A-3 and the previous research related. For the results of specimens with a ratio a/d of 1.7
to 1.75, the other empirical equation for deep beams? is applied. From the results, it was



found that the shear capacity of the plated beams can be estimated by the conventional
equations. For reference, the calculated shear strength based on an equation in ACI318 (Eq.
11-5)*" with a factor of 1.3 is also compared with the test results except the deep beam in
Fig. 6b.

Series I1: Effect of Side Steel Plate Bonding on Shear Capacity of Stocky Reinforced
Concrete Beams’

Test Program: Configurations of specimens and a test setup are shown in Figs. 7 to 8. Of
the same dimension of two reinforced concrete beams, Specimen S, of which wing-type
steel plates was adhesively bonded on the sides of web at both shear spans. The other beam
with no steel plate was named Specimen N. The concrete beams were designed as a simply
supported T-shaped beam with a stocky cross section consisting of a web width of 600 mm
and a height of beam of 850 mm, containing ten No.11 longitudinal reinforcing bars with
ayield point of 534 MPa. For both specimens, four 9 mm dia. stirrups with a spacing of 250
mm were arranged at a shear span (right side in Fig. 8), no stirrup being at the other shear
span. Similarly to the old reinforced concrete bridges, all the stirrups were round steel bars
with a yield point of 292 MPa. The compressive cylinder strength of concrete was 33 MPa.

Four steel plates with a size of 2400 mm x 520 mm x 4.5 mm and a yield point of
360 MPa, coated by inorganic zinc-rich primer, were prepared. The procedure for bonding
was the same as Series . The tensile-shear bond strength of the epoxy resin adhesive was
16.1 MPa. Twelve steel anchors with a size of M10 and an embedded length of 70 mm for
supporting each the steel plate at grouting were preinstalled before casting. The thickness
of adhesive of 5 mm was kept.

Two point loading were monotonically applied to the beams with a shear span of
2 m. Cracking inside the web concrete covered by the steel plates were monitored using
molded gauges and gauges on the stirrups. After shear failure occurred at the shear span
with no stirrup, once unloaded. Then a vertical restrainer consisting of four tendon bars
with 13 mm dia. were installed at 1/3 of the shear span with no stirrup from the near
loading point. Reloading beyond the yielding of stirrups became available by using the
restrainer, although finally the flange yielded at the shear span with no stirrup.

Results: Relationships between load and deflection at midspan for both specimens are
shown in Fig. 9. Cracks observed on the web at the first peak due to shear failure at the
shear span with no stirrup are shown in Fig. 10. The load at each event in the loading tests
is summarized in Fig. 11. The load at diagonal cracking (detected with the molded gauges
in Specimen S) was attributed to neither the stirrup nor the bonded steel plate. For the web
without stirrup, the bonded steel plates showed an appreciable effect of improving the
shear capacity, which was approximately 1.5 times as high as that of the non-plated
specimen.



The side steel plates of both shear spans were debonded at similar loads regardless
of stirrups, while the debonding of the steel plates on the web with stirrups did not
immediately expand compared with that on the web without stirrup. At the shear span with
stirrups, even after debonding, the steel plates were to some extent likely to contribute to
the delay in failure. The stirrups, however, showed ductile behavior compared with an
estimated level based on the modified truss theory despite the bonded steel plates.

Series II1: Loading Tests of Old Concrete Beams with Steel Plate Bondingm

Outline of test beams: To examine the load-carrying capacity of old reinforced concrete
beams with externally bonded steel plates to the soffit, six beams with a span length of 10
m were taken from the first and seventh spans of a concrete highway bridge built in 1935
(Fig. 1). In about 1981, steel plates were bonded to the soffit of most decks and beams in
the bridge. Because the significant deterioration of the decks and beams was found when
the administrator was considering the delivery of the bridge to the other small
administrator, eight deteriorated spans of the bridge were replaced in 2010. According to
the results of the investigation and observation before the removal, the degree of the
deterioration of eight spans differed widely from each other. On the beams at the first span,
corrosion of steel plates, water leakage and cracks in concrete were widely observed. The
beams at the seventh span less deteriorated than that at the first span. Of six beams obtained,
a beam from the seventh span and another beam from the first span, named Specimen S1
and S2, respectively, were tested.

Observations and survey of materials: Cracks observed on the test beams before the
loading test and each cross section cut after the test are shown in Fig. 12. Coating partially
covering web concrete was removed for the observations. The cracks were widely
observed on the web of Beam S2. The crack depth, however, was found to be shallower
than that concerned. Innumerable horizontal cracks were found in the flanges of both
beams. Hammer soundings detected the debonding area of the steel plates as shown in Fig.
12. From a partial dissection survey conducted after the loading tests, two 8 mm dia.
stirrups with a spacing of approximately 200 mm were found. The mechanical properties
of concrete cores at uncracked parts, reinforcing bars and the steel plate taken from the
tested beams are shown in Tables 2 to 3. It should be noted that the modulus of elasticity
of the concrete cores taken from Beam S2 was considerably lower than that of Beam S1.

Test program: Two point loading were carried on the beams with a span length of 10
meters as the original span. Two strain gauges were mounted on the main reinforcing bars
at a loading point section, after the web concrete was dug as small as possible. Asphalt
surfacing remained at loading, because the removal would affect the cracked flange, and an
additional preparation for the surface would be required. The tests were carried out in
winter. For Beam 2, vertical restrainers were installed at the joints between the bonded
steel plates in order to temporarily attempt to mitigate the debonding of the splice plate,
although no effect was found from the result.



Results: Relationships between load and deflection at midspan of both the old beams are
shown in Fig. 13. In Table 4, the maximum loads are compared with calculated ultimate
loads, which were obtained using the measured dimensions and the properties of materials,
except the asphalt surfacing. The sign of debonding of splice plates in Beam S1 was
detected at 400 kN by using LVDTs (Fig. 14a), and in Beam S2 at 320 kN. After the sign
of debonding in Beam S1, the load further increased up to the ultimate flexural capacity of
the conventional reinforced concrete beam with no deterioration, while the rigidity
significantly decreased. The flexural capacity of the deteriorated beam S2 was 8% lower
than that of Beam S1, being 5% lower than the estimated value. After the peak, yielding of
the main reinforcing bars was recognized by strain readings, and the flange was moderately
crushed (Fig. 14b).

Conclusions

1 - From the test results and the previous research, it was found that the shear capacity of
reinforced concrete beams with a steel plate bonded to the soffit is properly evaluated by
substituting the dimension containing the steel plate for the calculation of the
reinforcement ratio and the effective depth in the shear capacity equations for non-plated
reinforced concrete beams, unless a crack develops at the edge of the steel plate.

2 - The side plate bonding is likely to have a potential to be effective in strengthening for
the stocky reinforce concrete beams without stirrup. The effect of the side steel plates,
however, may be limited depending on the web reinforcement ratio in existing beams.

3 - In the results of loading tests using old reinforced concrete beams, the bonded steel
plates no longer contributed to the load carrying capacity after the steel splice plates failed
due to debonding.
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Table 1 Details and test results of specimens in Series I

Specimen Al | A2 [ A3 | A4 | A5 | A6 | A7 | A8 | B4 | B5 | B6 | B3
Steel plate strengthening No No No | Yes | Yes | Yes | Yes | Yes | Yes | Yes | Yes | Yes
Continuity of steel plate at support | — — — No No No No No Yes | Yes | Yes | No
Height of beam 4, mm 190 | 190 | 190 | 190 | 190 | 190 | 250 | 330 | 190 | 190 | 190 | 190
Shear span a, mm 430 | 480 | 480 | 320 | 480 | 640 | 660 | 900 | 400 | 400 | 400 | 1000
Effective depth d, mm 160 | 160 | 160 | 183 | 183 | 183 | 237 | 315 | 189 | 191 | 197 | 189
(after strengthening)
ald 30 [ 30 [ 30 | 1.7 | 26 | 35 | 28 | 29 | 21 | 2.1 | 20 | 53
Longitudinal reinforcing bars 2-#7 | 2-#5 | 2-#6 | 2-#5 | 2-#5 | 2-#5 | 2-#7 | 2-#8 | 1-#5 | 1-#5 | 1-#5 | 1-#5
Ratio of reinforcement before | 3 3 | g6 1 939 | 1,66 | 1.66 | 1.66 | 235 | 2.25 | 0.83 | 0.83 | 0.83 | 0.83
strengthening, %
Ratio of reinforcement after - | - | - 1390|390 | 390 | 407 | 3.57 | 3.09 | 3.83 | 6.77 | 3.09
strengthening, %
Doubly reinforcing bars - - - - - - - - 1-#5 | 1-#5 | 1-#5 | 1-#5
Thickness of steel plate ¢,,, mm - - - 4.5 4.5 4.5 4.5 4.5 4.5 6.0 | 12.0 | 45
Comp. cylinder strength of 277 | 28.0 | 285 | 29.4 | 28.6 | 29.7 | 29.8 | 30.6 | 27.8 | 27.8 | 27.8 | 283
concrete, MPa
Splitting tensile strength of 23 | 23 | 23| 23 | 23| 23 |23 | 23|20 20| 20| 24
concrete, MPa
Yield point Oi/ﬁ;?forcmg bars, | 360 | 300 | 374 | 390 | 390 | 390 | 369 | 362 | 348 | 348 | 348 | 348
Yield point of steel plate, MPa - - - 300 | 300 | 300 | 300 | 300 | 306 | 318 | 330 | 306
Diagonal cracking load P, .., KN 88 77 79 78 75 73 121 158 90 112 131 86
Maximum load P, o0, KN 122 | 94 [ 79 [ 121 | 78 | 74 | 121 | 158 | - - - 86
Type of failure S S S D D D S S K o wx St

Note: 1) Width of beams and plates : 150 mm, Thickness of adhesive layer : 5 mm

2) **: Loading was stopped at diagonal crack load.
3) A steel plate was installed on the soffit of Specimen B-8, after initial cracks developed due to cyclic loading when the

shear span was set as 500 mm.
4) S : shear failure, D : failure due to cracking at the edge of steel plate,

1 : Shear failure happened after the yielding of steel plate.

A

Fig. 4 Failure due to cracking at the edge of
the bonded steel plate in Specimen A-6
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Fig. 5 Comparison between the measured shear forces at cracking at the edge
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200 200
= ald = =
=< 100 17175 < 100
N N .
v ¢ &
> 73
* oPlated ¥ oPlated H
4 Non-plated H 4 Non-plated H
0 [ [ | 0 [ 1
0 100 200 0 100 200
Vsh (kN) 1 3 VU,AC/ (kN)
(@) Vi (b) 1.3 V, 4cr (except the deep beam)

Fig. 6 Comparisons between the measured shear force of the plated beams at

diagonal cracking and the calculated shear capacity for flexure-shear cracking.
Note: Painted symbols indicate the results obtained from this study.



Laod (kN)

(=3
IS U
= 1.7
< o [#H w -
© [Ye) o
B &\ G \& g
S S
] i
. .
Fig. 7 Wing-type steel plates bonded to Steelplate /L | 600\ \Mldedgauges
the sides of web in Series 11 Gauges | Gauges
Shear span without stirrup Shear span with stirrups
‘ 2000 1000 2000 Anchors
PI2 PI2
No. 2
o ' 3 [ 4-09 a
_ [ / _
T
° / /
2 H 3 e Y 5 : 7 P
/ , /
[H B ° i 0} ® 1 ° ’lo ® ° ® $ °
A 500 500 | 5004 500 ] ' /1000 T a— &
No. 11 / 200 / / 5000 ‘ Gauges y 200
2400 | | 2400
Molded gauges Vertical restrainer / Steel plate / Gauges
t=4.5
Fig. 8 Details and test setup of side-plated beams in Series 11
Note: Steel plates were bonded on the web in Specimen S.
3000 3000
Failure Lat flange Lat shear Failure Lat flange th shear
span without stirrup span without stirrup
¢ Shear failure with /
/ A/O\ debondi&g at shear e
2000 Shear failure at shear L 2000 span without stirrip "
span wiz'lout stirrup / / i ebondi)a@

7

Laod (kN)

/// \Firstyie)liinﬁ of stirrup Firs/y@ng of stirrup
1000 1000
- Crackihg in/v@ / Crackiﬂg«@t

% =Iexy/crack Specimen N 7Z FB}W(CWCK Specimen S
0 0

0 10 20 30 0 10 20
Deflection at midspan (mm) Deflection at midspan (mm)
(a) Specimen N (no plate) (b) Specimen S (plated)

Fig. 9 Relationship between load and deflection of side-plated reinforced concrete beams

30



P2 pi2 With stirrups
U2

[0 f>/%j?m\\

(a) Specimen N (no plate)

Without stirrup

Without stirrup P2 P12 With stirrups
L L
@ (-] (-] [ -] [
L] (-] (-] o o o

(b) Specimen S (plated)

Fig. 10 Cracks observed at shear failure at the shear span without stirrup
Note: Hatching indicates the area of debonding of the steel plates.

@ at diagonal cracks < at debonding of steel plate
A at shear failure O at failure of upper flange at
O atyielding of stirrup shear span without stirrup
3000 T T
* The shear span with A
stirrups was not completely [ *
failed due to the yield of the 9
2 2000 other shear span.
x |
he} \
®
g [ ax )
—
1000 yiry
I ]
o o ¢
0
Noplate  Plated Noplate  Plated

At shear span without stirrup At shear span with stirrups

Fig. 11 Comparisons of the load at diagonal cracking, the load at debonding, and the
maximum load in Series II



-

Asphaltlayer g3

3

400
Asphalt layer

601876

639 ".i.

Resin

a-a

Asphalt layer 806

Sprice plate, t =9 650
O : Core sampling
(a) Beam S1
‘ P2 2000 2 - 4000
\ ¥ ¥ &

T

ey e

Unit: mm

(b) Beam S2

X450
St.pl.t=9

b-b

Fig. 12 Deterioration of old reinforced concrete beams with bonded steel plates
Note: Cracks in decks near cross beams are not drawn.
Cracks observed in cross sections were investigated after loading tests.

Table 2 Test results of concrete cores taken from the old beams

Beam Core Cylinder strength, Modulus of elasticity, Densit3y,

No. MPa GPa kg/m

1 23.0 26.1 2390

s 2 * 35.2 30.9 2400
3 30.2 18.6 2360

4 28.7 30.6 2380

1* 323 10.9 2400

2 2 244 4.6 2400
3 31.0 9.7 2430

4 174 - 2420

*) The values of the cores were used for the calculation of the ultimate loads shown in Table 4.

Table 3 The results of tensile tests of reinforcing bars and steel plates

T dsi Yield point | Tensile strength | Modulus of elasticity
ypes and sizes (MPa) (MPa) (GPa)
Stirrups 8 mm dia. 299 418 209
Doubly reinforcing bars 22 mm dia. 301 460 209
Main reinforcing bars 24 mm dia. 287 400 212
Steel plates 9 mm thick. 393 530 205

Note: All data were obtained from tensile tests, being the averages of three test pieces.
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Fig. 13 Relationship between load and deflection at midspan of the old beams
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Fig. 14 Failure observed in Beam S1

Table 4 Comparisons of ultimate loads of the old beams

Beam Measured ultimate load, | Calculated ultimate load, Pyl Py
P u,ex (kN) P ucal (kN) e el

S1 519 1130 (502) 0.46 (1.03)
S2 478 1110 (501) 0.43 (0.95)

Note: Parentheses indicate the calculated ultimate loads of reinforced
concrete beams without steel plates.



