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ABSTRACT: Experimental works were performed using two beams taken from a primary school 
building that was constructed in 1961. Judging from the unit weight of the concrete it was 
estimated that the beams were made of lightweight concrete. While the specified concrete 
strength was not shown in the structural draft, the average concrete strength obtained from the 
material tests was 12.5N/mm2. One of the beams was repaired with epoxy resin injection, 
because honeycombs and cold joints in the concrete were observed in both beams. Shear failure 
modes were observed in both beams. Although the crack patterns of both beams were similar, 
the maximum shear strength of the retrofitted beam increased to 1.5 times that of the original 
beam. Discussion on the validity of the empirical equation for shear strength was performed 
considering the lightweight concrete, the low strength concrete, and the epoxy resin injection. 

1 INTRODUCTION 

In Japan, seismic performance of existing buildings has typically been evaluated by the standard 
(Japan Building Disaster Prevention Association, 2001) based on their structural drafts. In many 
existing buildings however, differences between actual members and the structural drafts have 
been found. Therefore, it is very difficult to evaluate the accurate seismic performance of an 
existing building. From this point of view, in the field of civil engineering performance 
examinations have been carried out using the RC members of an old RC railway bridge, and the 
applicability of formulas has been evaluated (Yokozawa et al. 2005; Niitani et al. 2005; Hattori 
et al. 2006). However, in the field of building engineering, there are very few experimental tests 
concerning the actual RC members of old buildings, although full scale experiments have been 
done using existing buildings (Osawa et al.1968; Matsushima 1970). Therefore, the research on 
the seismic performance of RC members obtained from old buildings is extremely valuable 
(Aoyama et al.1983; Araki et al. 2013).  In this paper, the seismic performance of the actual 
lightweight concrete beams is investigated. 

2 EXISTING BUILDING 

The target building was a three story reinforced concrete building, constructed in 1961 and used 
as an elementary school as shown in Figure 1. This building was judged to have low seismic 
performance in the seismic evaluation. Because this building was designed based on the old 
structural code of Japan, the main reason of the low seismic performance was the small amount 
of shear reinforcement. The other reason was the low strength concrete being less than the 
specified concrete strength 13.2N/mm2 ~17.6N/mm2 (135 kg/cm2~180kg/cm2). 



 

The c
of 13
eleve
show
as sho

3 

3.1 

In sei
obtain
becau
it is r
streng
obtain
and h
Stand
12.5N
16.0N
classi
concr
was 
comp
welde
streng
2N/m

3.2 

3.2.1 

Two 
a wir
the te
for an
concr
morta
struct
(SR2
sectio
300m

Figu

 

concrete stren
3.5N/mm2, a
en concrete c

wn in Figure 2
own in Figur

EXPRIM

Mechanic

ismic evalua
ned from the
use the work
reported that
gth from th
ned from the
height of the 
dard (JIS A 
N/mm2. The
N/mm2 respe
ified as light
rete in the sta
constructed.

ponent analy
ed tuff. 23k
gths were o

mm2.  

Shear tests

Test beam

actual beam
re saw. The r
esting machi
nchorage bef
rete to the stu
al. The proc
tural draft, t
4) and plain
on, the reinf

mm×600mm 

ure 1. School b

ngth in the re
as recommen
cylinders we
2. The concr
re 3. 

MENTAL PRO

cal propertie

ation assessm
e non-structu
k process of 
t the concret
e structural 
e structural m
 concrete tes
1107). The 
 maximum 

ectively. The
tweight conc
andard (RC 
 The coarse
sis of concre

kN/m3 of uni
obtained by 

s 

ms 

s in the stair
reinforced co
ine. Steel pla
fore casting t
ub concrete, 

cess of manu
the main rein
n round bar 2
forcements w
and the effec

building         

eport of the s
nded in the a
re obtained 

rete cylinders

OCEDURE

es of lightwei

ments, concre
ural member
concrete bor

te strength of
members. T

members, the
st core was 1
average com
and the mi

e average of 
crete from th
standard, Ar
e aggregate 
ete, it was fo
it weight is 
splitting tes

r hall of the s
oncrete stubs 
ates t=12mm
the concrete.
shear keys o

ufacturing th
nforcement 
2-9φ (SR24)
were 2-19φ 
ctive depth d

  

 Figure 2. Ho

seismic evalu
applicable st
when the pa
s were obtain

ight concrete

ete cylinders 
s, for examp
ring from tho
f those mem
Therefore, th
e columns an
100mm and 

mpressive str
nimum com
the unit wei

he unit weigh
rchitectural I

was milky
ound that the 

recommend
sts. The ave

second floor 
were manuf

m were welde
. In order to e
of 12-D16 w

he test beam
and shear re
) @200 at th
and 2-9φ@3

d is estimated

isting a beam 

uation was 1
tandards (JB
art constructe
ned by borin

e 

used for the
ple, the wing
ose members

mbers is frequ
he concrete 
nd the girder
200mm, foll

rength of the
mpressive str
ight was 17k
ht, although 
Institute of Ja
y white and

coarse aggre
ded for norm
erage tensile

were taken 
factured at bo
ed at both en
ensure the co

were installed
s is shown i
einforcement
he boundary 
300. The sec
d as 530mm.

  

           Figure

10N/mm2 und
BDPA, 2001)
ed in 1961 w

ng from the st

e compressiv
g wall or span
s is relatively
uently lower
cylinders in
rs of each fl
lowing the J
e total concr
rengths were
kN/m3. The c

there was n
apan, 1958) 

d porous. Fr
egate was m

mal strength 
e strength w

out without 
oth ends of t
nds of the m
onnection be
d to the beam
in Figure 4. 
t were plain
area of the 

ctional area 
Both test be

e 3. Concrete b

der the lower
). Two beam
was demolish
tructural mem

ve tests are u
ndrel wall. T
y easy.  How

r than the con
n this paper 
loor. The dia
apanese Indu

rete test core
e 10.4N/mm
concrete use

no classificat
when the bu
rom the prin

made from rhy
concrete. T

was approxim

any damage 
the beams to 

main reinforc
etween the or
m sides with 

According 
n round bar 

beam. In th
of the beam

eams were  

boring 
 

r limit 
ms and 
hed as 
mbers 

usually 
This is 
wever, 
ncrete 

r were 
ameter 
ustrial 
es was 

m2 and 
d was 
ion of 

uilding 
ncipal 
yolitic 

Tensile 
mately 

using 
fix to 

ement 
riginal 
epoxy 
to the 
3-19φ 

he mid 
m was 

 



 

desig
order
to ev
streng
streng
the st

u

mu

M

Q =

where
main 
effect

suQ 

where
concr
ratio,
distan
calcu
that y
(JBD
struct
concr
shear
failur

3.2.2 

In bo
shrink
retrof
which
inject
defici
Assum
4000 
origin

(a) Fo
Figur

 

gned to have 
r to evaluate 
valuate the sh
gth does not 
gth Qmu and 
tandard (JBD

t y0.9

2

 

u

a σ d

M /L     

e Mu is the y
reinforceme

tive depth of


 

0.230.053 1tp

M Q d


  

e Qsu, is the 
rete strength
  σwy is the y
nce between

ulated flexura
yield strengt

DPA, 2001), a
tural draft.  
rete for the c
r strength to 
re mode.  

Epoxy res

oth beams, c
kage. Epoxy
fitting.  In a
h strength w
ted at a ver
iencies as s
ming the un
cubic centim

nal beam AB

orm work       
re  4.  Process

a common 
the validity 

hear capacity
satisfy the s
the shear str

DPA, 2001).  

                   

yield flexura
ent [mm2], σ
f the beam, a

8
0.85

0.12
cF




shear streng
h [13.2N/mm
yield strengt
n the resulta
al strength a
th of the re
and the conc
In the stand

crack strengt
the flexural 

sin injection 

cold joints a
y resin was th
ddition, the 
was the sam
ry low press
shown in Fi
nit weight of
meters. To de
B-1. 

                     
 of  manufactu

shear span l
of the curren

y of the RC 
specified con
rength Qsu ar

                    

al moment [N
σy is the yie
and L is the le

w wy wfp p 

gth [N], pt is 
m2], M/(Qd)
th of the stir
ant internal 

and shear str
einforcement
crete strengt
ard (RC stan
th and maxim
strength was

and honeyco
herefore inje
damaged su

me as the or
sure of 0.06
igure 5. Th
f epoxy resin
esignate the r

   
       (b) Concr
uring the test 

length of 12
nt equation f
members in 

ncrete strengt
re calculated

                  

N·mm], Qmu

eld strength 
ength of the

f fd b j
 


    

the tensile r
is the shear 

rrup [N/mm2

forces (7/8
rength were 
ts (SR24) w
th used was 
ndard AIJ, 1
mum strength
s 0.83, the fa

mbs were fo
ected into on
urface of the 
riginal concr
6N/mm2 wit
e total amo
n 1.15, the t
repaired test

rete casting fo
beam 

00mm (shea
for the shear
the seismic 

th, or is less 
d by the follo

                   

the flexural 
of main rein
shear span [m

                   

reinforcemen
span ratio, p

2], b is the b
8d) [mm]. U
199kN and 

was 294N/mm
13.2N/mm2,
971) the red
h are 0.8 and
ailure mechan

ound, and so
ne of the bea

beams was
rete. Epoxy 
th spring ca
ount of epox
total volume
t beam, “RE”

   
or stubs          

ar span ratio 
r capacity. It 

evaluation w
than 13.5N/m

owing equati

                   

strength [N
nforcement [
mm]. 

                    

nt ratio [%], F
pw is the sh

beam width [
Using Eq.(1)
164kN respe
m2 accordin
, the minimu
duction facto
d 0.75. Becau
nism was ex

ome cracks 
ams to invest

repaired wit
resin of 10

apsules at th
xy resin inj
e of injected
” was added 

(c) Removal o

M/Qd of 1.
is most imp

when the con
mm2. The fle
ions (1) and 

                    

N], at is the a
[N/mm2], d 

                   

Fc is the spe
hear reinforc
[mm], and j 
) and Eq.(2
ectively, assu
g to the sta

um strength 
ors for lightw
use the rate 

xpected to be

caused by d
tigate the eff
th fiber mort
00~200mPa.
he location o
ected was 4

d epoxy resin
to the name 

of forms 

13) in 
portant 
ncrete 
exural 
(2) in 

    
(1)

 

area of 
is the 

    (2) 

ecified 
ement 
is the 

2), the 
uming 
andard 
in the 

weight 
of the 
 shear 

drying 
fect of 
tal, of 
s was 
of the 
4.5kg. 
n was 
of the 

 



 

3.2.3 

The t
set ve
steel 
force
botto
shear
differ
moun

4 

4.1 

Crack
occur
same
displa
shear
AB-1
radian
almo
both 
Load

4.2 

The r
calcu

(a) A
Figu

Figur
 injec

 

Loading a

test setup wa
ertical to the
beam and th
 was applied
m stubs rem

r displaceme
rential transd
nted on one s

TEST RE

Crack pa

k patterns at 
rred at the e
 cycle, she
acement inc
r cracks were
1, the width o
ns. After thi
st the same c
beams was o

ding was disc

Shear for

relationships
ulated values 

AB-1              
ure  8.  Final c

e  5.  Epoxy r
tion with sprin

and measure

as designed t
e testing mac
he bottom st
d by a horizo

mained paral
ent between 
ducer (LVDT
side of the te

ESULTS 

tterns 

the final sta
ends of the b
ear cracks o
reased, shea
e enlarged w
of the shear 
s event, a ne
crack propag
observed, an

continued wh

rce and drift 

s of shear for
of flexural s

                     
crack patterns

             
esin             F
ng capsule     

ment scheme

to subject the
chine as show
tub was fixe
ontal jack un
lel during re
the top and

T). In order 
st beam as sh

ge are shown
beams in the
occurred at 
ar cracks occ
while the flex

cracks near 
ew crack did
gation as AB
nd the collap
hen shear for

angle respon

rce P versus 
strength and 

         
              (b) A
 

igure  6.  Test
                      

e 

e test beam t
wn in Figure 
ed to the rea
nder displac
eversal loadi
d the bottom

to measure 
hown in Figu

n in Figure 8
e first cycle,
the mid se

curred in th
xural cracks 
the cold join

d not occur. T
-1. No signif

pse mechanis
rce decreased

nse  

drift angle R
shear strengt

AB-1RE 

t apparatus     
                     

to shear force
6. The top s

action floor w
ement contro
ings, a panto

m stubs was 
the local di

ure 7.  

8. In both tes
, with drift a
ection of th
e entire bea
did not prog

nt rapidly exp
The retrofitte
ficant differe
sm was appa
d to less than

R are shown
th based on t

                      
                      

e reversals. T
stub was fixe
with high ten
ol. To ensur
ograph syste

measured b
splacements

st beams, slig
angle R=1/8
he beams. A
am. The wid
gress. In the 
panded at dr
ed test beam
ence in crack
arently the sh
n half of the m

n in Figure 9
the structura

 

        
  Figure 7. M
   system 

The test beam
ed to the L s
nsion bolts. 
re that the to
em was used
by a linear v
, 17 LVDTs

ght flexural c
00 radians. 

As the cont
dth of the sp
original test 
rift angle R=

m AB-1RE sh
k patterns be
hear failure m
maximum loa

9 (a) and (b)
l draft are in

 
Measurement 

m was 
haped 
Shear 

op and 
d. The 
viable 

s were 

cracks 
In the 
trolled 
pecific 

beam 
=1/200 
howed 
tween 
mode. 
ad. 

.  The 
nserted 



 

 

 

in the Figure. For the original test beam AB-1in Figure 9 (a), degradation of stiffness was 
observed at the early stage of loading and the maximum strength 155kN was recorded at drift 
angle R=1/133 radians. The strength did not reach the calculated shear strength. After the 
maximum, the strength decreased rapidly. The hysteresis loops showed a pinched shape in the 
vicinity of the origin due to the diagonal shear cracks. The shear force drift angle response was 
considerably brittle. For the retrofitted test beam AB-1RE in Figure 9 (b), the strength had 
reached the maximum value 241kN at drift angle R=1/200rad in the third cycle of loading. The 
maximum strength exceeded the calculated flexural strength although the failure mechanism 
was the shear failure mode. The peak strength of each cycle gradually decreased and the 
strength at drift angle R=1/57 radians has maintained 80% of the maximum strength. The 
hysteresis loops showed a pinched shape as per the original test beam AB-1. Envelope curves of 
the test beams are compared as shown in Figure 9 (c). The maximum strength and the initial 
stiffness of AB-1RE had 1.5 times and 2 times those of AB-1. The retrofitted test beam AB-1RE 
exhibited excellent initial stiffness, the maximum strength and the ductility compared with the 
original test beam AB-1. 

4.3 Rate of displacements  

In this experimental work, the total shear displacement between the top and bottom stub and the 
local displacements were measured as shown in Figure 7. Comparisons between the total shear 
displacement T and the sum of the local shear displacements S and flexural displacements F 
are performed as shown in Figure 10 (a) and (b). The horizontal axis (step) in the figure is the 
number of measurement points. The total displacementT is approximately consistent with the 
sum of the local shear displacements (S+F), even when the displacement increased. The rate of 
the shear displacement S to the total displacement SF is shown in Figure 10 (c). The 
difference between the total displacement and the shear displacement is considered as the 
flexural displacement which included the rotational displacement due to the pullout of the main 
rebars. The theoretical rate is 0.365 as estimated by the following Eq. (3) in the elastic range. 

  
(a) AB-1                                            (b) AB-1RE                                   (c) Envelope curves 

Figure  9. Shear force and drift angle response 
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(a) AB-1                                      (b) AB-1RE                                   (c) Rate of shear displacement 
                                                                                                                 to total displacement 

Figure  10. Rate of displacements 
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In the calculations, the concrete strength σB was 12.5N/mm2.  The calculated result from Eq. (5) 
was multiplied by 0.8 as recommended for lightweight concrete (Arakawa, 1960), and is shown 
in Table 1. The observed values were the peaks of the first cycles of the loading. The crack 
strength of the original test AB-1 beam was much lower than the calculated values due to the 
deficiencies of the construction, although that of the retrofitted test beam AB-1RE was 
approximately the same as the predicted value. 

5.2.2 Maximum strength  

When the flexural strength Qmu was calculated by Eq. (1) the yield strength 320N/mm2 obtained 
by the tensile tests was used assuming that the effective depth d was 550mm based on the 
inspection. The calculated flexural strength Qmu was 225kN. The calculated shear strength was 
obtained by two equations. Shear strength Vu was derived from the ultimate strength concept 
using truss and arch theory (Design guideline, AIJ, 1990) in Eq. (6). 
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(6) 

where pw is the ratio of stirrups, σwy is the yield strength of the stirrup, is the reduction factor 
for concrete, and is the angle of the compression strut. The other calculated shear strength Qsu 
is obtained by Eq. (2) multiplied by 0.75 and kr. 0.75 is the reduction factor for the lightweight 
concrete (Arakawa, 1960). The reduction factor kr was empirically derived for low strength 
concrete of less than 13.5N/mm2 (Yamamoto, 2005) in Eq. (7).  

0.244 0.056 Bkr   
                                                                                                                                             (7) 

In this study, kr corresponding to B=12.5N/mm2 is 0.944.  In the original test beam AB-1, the 
predicted shear strength by Eq. (2) considering the lightweight and low strength concrete is 
artificially consistent with the observed maximum strength. However, it is reasonable to 
consider that the reduction factors included the deficiency of the constructions. In the retrofitted 
test beam AB-1RE, the observed shear strength 241kN is much greater than the calculated shear 
strengths 160kN. The observed shear strength exceeded even the calculated flexural strength. 
The shear strength of the retrofitted beam increased to 1.5 times that of the original beam. It is 
estimated that the epoxy resin efficiently repaired the defective or deteriorated beams and 
improved their seismic performance.  

Table 2. Maximum shear strength 

Test 
Beam 

Observed
(kN) 

Flexural strength Shear strength 

Qmu(kN) Obs./Cal. Vu (kN) Obs./Cal. Qsu×0.75×kr (kN) Obs./Cal. 

AB-1 155 
225 

0.70 
191 

0.81 
160 

0.97 
AB-1RE 241 1.07 1.25 1.51 

Table 1. Strength of shear crack  
Test  

Beam 
Observed (kN) 
R=1/800rad. 

Vc (kN)  Obs./Cal.  Qsc×0.8 (kN)  Obs./Cal. 

AB-1 83 
140 

0.60 
158 

0.53 
AB-1RE 146 1.05 0.92 



 

 

 

6 CONCLUSIONS 

Based on the experimental investigations of actual lightweight concrete beams, the following 
conclusions are drawn. 
1) The unit weight 17kN/m3 was classified as lightweight concrete. It was found that the 

coarse aggregate was made from rhyolitic welded tuff from the principal component 
analysis of concrete. 

2) The compressive strength and the tensile strength were 12.5N/mm2 and 2N/mm2 from the 
material tests.  

3) The present equation for the strength of shear cracks as recommended in the standard trends 
to significantly underestimate the observed value. 

4) The present equation for shear capacity could predict the observed value using the reduction 
factors for the lightweight and low strength concrete. 

5) Epoxy resin injection significantly improved the seismic performance of the short beam. 
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