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Abstract. A study on flexural behaviour of test beams which are externally reinforced with plates through
shot-pin connectors is presented here. The study formulates equations for design and investigation, for
strength and scricibility, of externally reinforced benms in accordunce with ACI-Code procedure, On the
cxperimentnl side the study presents lest tesults of nine beams which were tested 10 assess the strength per-
formance and ascertain deflection and strain behaviour. Comparnison hetween the calculated and mea-
sured values is also made which validates the theoretical formulations and the composite action tacitly
nssumed.

1. Introduction

An under reinforced beam when loaded beyond its design capacity shows its distress
by vertical flexural cracks. Such a beam {which is already in scrvice) may be rein-
forced externally to develop additional strength to sustain the overload. This treat-
ment may be applied to the beam in pre- or post-cracked state. However, the addi-
tional strength that can be developed is dependent upon the existing concrete
strength and the extent to which the steel ratio may be augmentcd before maximum
steel ratio is reached.

The method of bonding the external reinforcement to a beam is of crucial impor-
tance. The effectiveness of achieving this ‘bond’ through shot-pin shear connector is
reported in Ref. [1,2]. Besides explaining the mechanics of bonding by shot-pins it is
also established in these references, through experimental study, that a shot-pin con-
nection made by a 27 mm long pin (manufacturer designation NK and of diameter
3.65 mm) can transfer a minimum of 4.965 tons, of longitudinal shear.

This study presents a theoretical formulation to evaluate the sirength and
deflections of an externally reinforced (ER) beam and to fix the maximum and
minimum steel ratios to ensure ductility. On the experimental side it reports the test
results of ninc beams to assess the strength, the strain-pattern and the deflection
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behaviour of such beams. The experimental study also affords te validate the
assumption of composite action made in the theoretical formulation,

2. Research Significance

The application of external reinforcement, in the form of plates, is usually made
through cpoxy resins. Such applications are reported in literature {3.4,5]. The details
of application procedure and the long term behaviour of the resin are the matters of
concern. This study explores an alternative method of application of external steel
which is practical, fast and effective.

3. Theoretical Formulation

Figurc 1 shows the section of a rectungular beam reinforced both internally and
externally. b, h and d are the width, the overull depth and depth to the centroid of
internal tension steel while A, is the area of this steel. Subscript ¢ to d and A, refers
these symbols to external tension steel while a bar over these symbols refers them to
equivalent values.

The yield stresses of internal and external steels are denoted byf andf respec-
tively and their ratio f, ./, by u. The ratio d /d is denoted by 1. The Jepth (L may be
taken approximately equal to h. The following formulation is made for the equiva-
lent section of Fig. 1(b) and its stress diagram of Fig. 1(c).

b b 0.857,
T T g~
h d  da - d

J 4L 1
J://'(, l B A, i
W (b) (e}

Fig. 1. Rectangular Rectangular reinforced concrete beam
(%)  with internn) and externad reimforcement,
(b)  with equivalent reinfercement,
{e) Stress block at nominai capacity
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3.1. Equivalent Steel Area and Depth

Equating the yield force in tension steels of Fig. 1{a) and (b) yields equivalent
steel area as

A=A +aA,, (1)
and equating moments of these forces about the top fiber gives cquivalent depth as

A+ arA,
d = ——— d {2)

A

3.2. Steel Ratio

Steel ratio ($) of equivalent section is defined as
0=A/bd 3)
3.3. .Internal Forces on Equivalent Section
Resultant of stress block, C, is
C=0485f ab (4)

where f] is the cylinder strength of the conerete and a, the depth of stress block of the
equivalent section,

The resultant tensile force (T) in the steel is
T=Af (5)

3.4. Depth of Stress Block

Equilibrium of internal forces yields

T

{6)
.85 b

3.5. Nominal Moment Capacity
The nominal moment capacity (M,) is obtained from moment equilibrium as

M, = C(d-(a2)) (M
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It may he pointed out that the censtant §, and the balanced, the maximum and
minimum steel ratios are functions of f; and f, and may be detcrmined from the code
procedure [6,7],

3.6. Serviceability Condition

Under service loads, when the stress-strain relation in concrete is still linear the
depth of neutral axis, kd, of the transformed cracked section may be ohtained from,

kI + 2ngk-2ng =0 (8)
where n is the modulur ratio, und the moment of incrtia of this section 1, may be
obtained from,

L= pb (kd)? + nA_(d-kdy 9

The gross mement of inertia of an uncracked section and the cracked moment may
be obtained as for any recrangular section.

4, Test Program

4.1. Ohjectives

Objectives of the test program are to investigate the degree of composite action
that is developed when a concrete beam is externally reinforced, in pre-and post-
crack stages, by shot-pins. The effectiveness of this treatment is assessed (rom
strength and deflection point of view. The kinematics of plane sections is also
studied.

4.2. Material Strength

Concrete used has an average 28 day cylinder strength of 325 kgf/cm?, while the
internal and cxternal steel used have yield strengths of 4636 and 3310 kgf/em? respec-
tively.

4.3. Test Specimens

All the test beams were of size 20x20x140 cm and were reinforced with 2 pi4
bars providing a steel ratio of 0.0091 and ¢6 stirrups at spacing of 8 cin. The beam was
designed to be under reinforced and an adequate amount of shear reinforcement was
provided 1o sustain the nominal loads after external reinforcing.

4.4. Test Set-up and Instrumentation

Figure 2 shows the test set-up and the instrumentation employcd. ‘The strains in
intcrnal steel and slippage of the steel plate at the connection were monitored by
electrical resistance (ERS) gauges {not shown in the figure).
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Fig. 1. Test sel-up and instrumentation

4.5. Test Program

Table | describes the details of reinforcing used, the ERS gauges applied, and
mode of loading used for each test beam.

5. Predicted Behavior

Table 2 presents the calculated values of the strength variables of the test beams.
M and P are moment and transverse load respectively, Subseripts ¢1, d, f and n
denote cracking {dead) failure and nominal values respectively of these symbols.

Table 3 records the predicted values of deflections at load steps and the
associated variables of the test beams.

6. Experimental Results

Two beams, B1-00-LL and Be-00-LL {without external reinforcement), were
tested 10 establish the basic characteristics of the test unit. Five becams, B3-02-LL,
B5-02-LL, B7-06-LL, B11-10-LL and B12-10-LL (with external reinforcement) were
tested to assess the effect of number of shot-pins used and area of external reinforce-
ment. Beam B8-02-LU was loaded to service load level, unloaded and reloaded to
verily elasticity of its behaviour, Beam B4-02-LP was loaded to failure before plat-
ing, unloaded, plated and reloaded 1o verify the effectiveness of this treutment to a
distressed beam.
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Table 2. Calculated vatues of strength variables of test beams

¥ariables IR Test Benms ER Test Reams
M, -em 4810 48,10
P, ot L.t 166
M, t-cm L.73 1.73
M, tem 224.29 309.30
M; L-em 226.02 i1.03
P, ' 7.53 10.37

Note: IR internally reinforced, ER externally reinforced.

Table 3. Calculated values of midspan deflections of the test beam

Load IR test heams ER test beams

1 M, t<m I, om? A 1, om* Amm  Remurks
0.3 2217 13333.3 .07 133333 007
1.6 46,27 133333 0.15 133313 0.15 First crack
24 70.27 7005.3 0.42 8536.0 0.35
32 Y427 52594 0.76 7213.0 0.55
4.0 114.27 4650.1 [ H751.0 0.75
4.8 142.27 4384.1 1.37 6549.0) 042
56 166.27 4250.0 1.65 6277.0 1.13
6.4 190.27 40250 2.00 6277.0 1.29 A, yields @ 6.681t
7.2 210127 40250 2.25 6277.0 1.4
7.34 218.32 4025.0 rm - - A, yiclls
Notes:

e} I, = 13333.3 cn®* for busth sections,
{2) I, =4025 and 6277 cm* for sections of IR- and ER-test beams respectively.
(3) M, wapplied moment at the load step

@ I = MMPL+ M MOP L <

6.1. Kinematics of Plane Section

Figures 3 and 4 present plots of strain over the depth at selected loads of a beam
without external reinforcement, two beams with two-pin connection and three
beams with multiple pin connection. The plots are linear regressed lines and their
correlation fuctors are recorded. Multiple pin connections introduce non-linearity
due to slippage at higher load levels.
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6.2. Midspun Deflecftions

The uncertainty of the extent of cracking over a section of reinforced concrete
beam makes the effective moment of inertia of a section difficult to estimate.
According to Ref. [8, pp. 465-468] it is possible to estimate the deflection with a mar-
gin of error of + 20%

Table 4 presents the measured midspan deflections of the test beams. In the case
of the IR test beam the measured deflections differ by 5.8 to 16.0% from the caleu-
lated values, The caleulated versus measured deflecltions of ER test beams, at vari-
ous load steps, are plotted in Fig. S. In their case 57.5% of the measured values fall
vutside the accepted + 20% error margin.

Figure 6 prescnts plots of measured deflections versus loads of five test beams.
Compared to the internally reinforced (IR) test beam. the ER beams are stiffer.

6.3. Loading Unloading Behavior

Test beam B8-02-1,U is loaded to service load level, unloaded and then reloaded
to failure. The deflection versus load geaph is plotted on Fig. 7. The beam retains a
permanent set at unloading because of lack of recuvery time allowed.

6.4. Post-Crack Plating

Figure 8 presents two plots of Joad-deflection values of test beam B4-02-LP,
One is befure plating and the other after it. The failure loads in pre- and post-crack
reinforcing stuges were 8.8 and 10.0 tons respectively, whilc the measured deflec-
tions in the two stages, respectively, were 4.48 and 4.8 mm. Thus an increase of
13.6% in failure load and 7.1% in ductility of the beam is realized by the post-crack
plating of the beam.

6.5. Failure l.oad

Table 5 presents failure loads of the test beams. The measured values, of CR
beams differ from the calculated ones by +0.29 to —5.0%. The percentage increase
in failure load of ER beams over the IR beam is also recorded.

7. Observations and Conclusions

The study presented is the first onc on the performance of test beams externally
reinforced by shot-pin shear connectors. Within the limitations of this study the fol-
lowing observations may be made:

The appﬁcatiun of 50 % 3 mm plate to a test beam resulted in increase of failure
load by 25 to 30%, increuse of stiffness and consequent reduction of 40-60% in
midspan deflections, increase in the range of elastic behaviour, some increase in duc-
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Table 4. Measured midspan deflections of test beams (mm)

169

Load IR ER test beams
{tons) test beam
Bé6-00-LL B3-02-1L.L BS-02-LL B8-02-L.U B7-06-LL Ril-10-L1.
1.6 0.2¢ 0.37 0.08 o 11 0.12
2.4 47 0.53 n.15 .40 (L22 .14
3.2 (.80 0.75 0n.23 0.56 0.49 0.26
4.0 1.18 0.91 0.47 0.78 0.84 0.35
48 1.49 112 0.83 1.00 120 .49
5.6 1.8 1.52 1.20 1.22 1.63 .71
6.4 2.23 1.41 1.61 1.48 2. 1.16
7.2 2.01 222 1.90 1.79 2.40 1.76
8.0 3.23 2.63 2.27 2.00 2.80 2.30
88 640 it am 268 130 2713
96 i k3 H in 376 3.08
10.6 - 5.80 5.40 4.00 5.70 3.93
2.5
-t e Sy
s f
- "~
2.0
- g v 5 8% 8
= - 4
w 3 a
g 1.5 4 & /
- -
AN %9
[ /
& 1.0 4 ////
T
: 744
v
-
£ 054 %/
T T Y T
0.5 1.0 1.5 2.0 2.5
Calculated Deflections {mm)
Fig. 5. Comparison of Calculatked and Measured Deflections of

Externally Reinforced Beams at Various Load T.evels
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Loads (tons)
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B6-00-LL (IR}
— — —— B3-02-LL (tR)

________ B5-02-LL (ER)
{ —— B7-06-LL (ER)
——-— BI11-10-LL {ER)

1.2 F  Failure

¢ 1 1 1 1 1 1
0 1.0 2.0 3.0 1.0 5.0 6.0
Deflection (mm)

'

Fig. 6. The Measured Midspan Defleciinny of the Test Beams
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6.4
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Reloading
Loading
Unloading
1 i L L 1 L —
0 1.0 2.0 3.0 4.0 5.0 6.0

Deflections (mm)

Fig. 7. The Measured Midspan Deflections of B8-82-L U During Loading, lnloading and
Relouding Singes
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1.2k
F
9.6
F
8.0 4—| - Increase in ductility
= 6.4 Reloading
a (After plating)
2
-]
3 4l
| oading
1.7 [Befare plating)
1.6
0 L i 1 L 1 1
0 1.0 2.0 3.0 4.0 5.0 6.0

Deflections (mm)

Fig. 8. The Measured Midspan Deflections of B4-02-1.P During Loading and Reloading Stages

Table 5. Measured and calculuted foilure londs of test beams

Test Ay, Failure loads Percent
beam temT) Measured Cakulated increase
Bé-00-11. ~ 8.4 7.53

B3-02-L1. Nixs 104 10.37 FAR |
BS-02-LL (L3IxS 0.4 10.37 218
B7-06-LL 0.3x5 10.4 10.37 218
RE-02-LUJ 0.3x5 104 10.37 23R
BIT-10-1 L 03x5 1.0 10.37 31.0
Biz-10-LL 0.3x 10 12.4 13.05 47.6

Nete: Percent increase is in measured faiture load over that of B6-0G-LL.
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tility, and delay in appearance of the first crack. Uhe plane section behaviour is main-
tained within a correlation factor of 0.877 10 0.999.

Increase in the number of shot-pins (above minimum of two) does not signific-
antly increase the load capacity but helps control crack-widths.

Behaviour of B4-02-LP during reloading ufter post crack application of external
reinforcement is satisfactory both from load and deflection points of view. On the
basis of this behaviour it is recommended that full-size beams treated for restoration
and improvement of strength in this manner arc tested. Exploration of the possibility
of application of external compression and shear reinforcement by shot-pins is
recommended,

References

[1]  Al-Qahtani, Jedaia. N.B. “Lxtcrnal Reinforcement of Conerete Flexural Elements Through Shear
Connectors.” Master's Thesis, Deparument of Civil Engineering, King Saud Univ,. May (1987).

[2] Siddigi, G.IL. and Al-Qahtani, .N. " Test Pecformunce of Shet-Pin Connected External Reinforce-
ment.” Symposium on Concreie and Concrete Siructures in the Middle East, King Saud Univer-
sity, Riyadh, Aprif 25-29 (1987).

{3] Macdonald, M.D. “The flexural behaviour of concrele beams with bonded external reinforce-
ments." TRRL Supplementary Report 415, Transport and Road Research Laboratory, Dept. of
the Environment, Crowthurne { 1978).

|4] Macdonald. M.D. “The flexural performance of 3.5 m concrete beams with various bonded external
reinforcements.” TRRI, Supplementary Report 728. Transport and Road Research Laboratory,
Dept. of the Environment, Crowthorae (1982).

|3] Jones, R.N.; Swamy. Bloxham, J. and Bouderbalah, A. “Composite behaviour of concrete heams
with epoxy honded external reinforcement.” The International Journal of Cement Composites. 2.
No. 2(1980).

[6] Amencan Concrete Institute. Building Code Requi for Reinforced Concrete. (ACI 318-83),
Michigan: Detron, Sept.. 1983.

{7] American Concrete Institute. Commentary on Building Cude Requirements for Reinforced €oncrete.
(ACUI 318R-83), Michigan: Detroit, Sept. 1984,

{8] Park, R. and Paulay. I'. Reinforced Concrete Structures. New York: John Wiley & Sons, 1975

{Manuscript Received: 23.12.1987; Accepred: 18.4.1988)



114 Gulam RHusain Siddiqi & Jedain Nahar Al-Quahrani

gl Lt daly  Uanat g3 Lo o Sombad] ) guneld sliomi¥1 S pai

el ety Jaked e 2B

L\\l‘\u.o'lg,“ WA P LD A dﬂll :ML’- ti.-.-.l;.u :\JS ‘i._.:.nl1 -‘l.-n.L'.“ r..i
Lagadl gyl Sl

oy Uom o Aol gl el GBS (o G ys Lok g5 iger el il
i Jodfy qmnadd S ¥obae Bl ALL penay | dgdill bl e R
ety S oW B s Ty e o el 23 Lol Tl ) g ol il s
Ly sl il Lpti goml e Lol i) St 6 ) e s s o ERUC )

A A Al o 23 5 Gy ity gl o e Ll 2y 2]



