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A  STUDY  ON  SHEAR  STRENGTH
           UNDER  DIRECT  SHEAROF

 CONCRETE
TEST

Ha  Ngoc  TUAN'i,  Hisanori OTSUKA'!,  Yuko  ISHIKAWA'3  and  Eizo [[:AKESHrrA'`

                             ABSTRACT
The  results  ef  double shear  tests are  reported  on  lightweight aggregate  (LWA) and  nerm  al

weight  coneretes.  A  1inear relationship  between shcar  strength  and  compressive  strength  was

obtained  for both types of  cencrete.  It has been found th at shear  strength  has direct re1aionship
with  surface  rouglmess  of  a sheared section.  Surface roughness  of  LWA  concrete  section  was

lowei/ than that ofnormal  weight  concrete.  Some aspects  offai1ure  mechanism  were  discussed.
Keywords: Shear strength,  double-shear test, lightweight concrete,  surface  roughness

4. INTRODUCTION

    Shear strength  ef  a  material  is often  used  to

cover  several  concepts  such  as 1) strength  against

pure shear,  2) shear  stress required  for failure without
normal  stress, 3) shear  diagram on  solid  interface
dependmg on  nonnal  stress. 4) Mohr  

's

 stress envelop

[1]. According to Everling [2] shear  strength  T can

be deflned as the breaking shear  force T  applied  to

an  imposed surface  A  supponing  no  normal  force,
that is T=TLA.

     Shear strength has been the subject of  many

controversies  and  debates since  the begiming ofthe

20th century  [3]. The problem is that the pure shear
fhilure mode  (mode II) ofconcrete,  which  is needed
for modeling  ef  the shear  phenomenon, is envisaged
but not  yet can  be realizod.  At the laboratery scale,

attempt  to realize  mode  II crack  propagation often

fai1 because tensiIe mode  (mode I) growth takes over
Cencrete material  is weak  in tension  and

comparatively  strenger  in skearL Under shear  loading,

stress concentration near  shearing edges of specimen

occuned,  this is the reason  ofpresent  of  tensile stress

causing  mode  I crack propagation before mode  II

growth.
    Some  shear  testing methods  have been

proposed and  applied  to conerete. Fig,1 shows

specimen  geomehies and  loading configurations of
these methods.  Fig.1(a) indicates the situation of
pure  shear  stress  along  a crack,  which  is envisaged
by testing, but no  device yet can  create  this condition,
Fig.1(b) is Ioading configuration  preposed  by

   .{,)e

 (b)

  -

(c) (d) ,.,@ .i[g

(D (g)

    Figuret Different test configurations

Iosipescu [4]. This single  shear  test geometry looks

very  attractive.  Bazant and  Pfeiffbr [5] claimed  to

achieve  mode  II using  this mcthod.  The results  and

interpretations were  rather  controversial.  After
Ingreffba and  Panthaki {61, and  Schlangen [7] came
to the conclusion  that mode  I is the goveming mode
of  this test. This test is also not  reliable  because
cracks  often  start ffom the two  middle  loading points
and  the damaged  section  is different ffom the tested
section  [8]. Fig.1(c) and  1(d) show  two  types of
indirect single  shear test. Finite element  analyses

have shown  that the push-off specimen  in Fig.1 (c)
has tensile stress exist  at the erack  tips, that is amixed
stress  condition.  Reinhardt et al. [9] reported  that

the test in Fig.1(d) yields pure  mode  II. However,
later Prisco and  Ferrara [l O] raised  doubt about  this

conclusion  and  showed  that  the testing method  is
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also  mixed  mode.  Fig.1 (e) is the punch-through
shear  test Shear strength  and  damage condition  of

specimen  obtainod  by this test are very  much  depend
on  specimen  size  and  loading part size[8].  Fig.1(b
is double-shear test for cylinder  specimen  proposed
by Luong  [l]. Obviously this test yields a mixed
mode  result  because of  the existence  of  bending
stress, Fina]ly, Fig.1(g) is double shear  test fbra
beam specimen.  This testing method  is very  suitable

for measuring  shear  strength  [8]. One of  the good

points of this test is that the damaged section  very

often  coincided  with  the test section.  The  test

geometry is comparatively  easy  and  loading is also

simple.  The test, however also yields the mixed  mode

result,

    Concrete shear  strength  is ofpractical  interest.
For example,  Uomoto and  Minematsu [8] pointed
out  that the NATM  (New Austrian Tunneling
Method)  required  knowledge of  shear  strength  of

concrete.  Joints between dissimilar media  under

shear  forces er  norrnal  forces parallel to existing
cracks  are also  cases  where  shear  strength  is needed,

    Based on  the ground of  the afbrementioned
studies, the present work  has two main  objectives.

The first is obtaining  shear  strength  ofdillerent  types

of  LWA  and  normal  weight  concretes.  And  the

second  is to find out  the relation  between shear

strength  and  roughness  ofa  sheared  section.  Double
shear  test in figure 1(g) was  selected  as  a testing

method  for the experimental  study.

2, TEST  PROG  RAMS

2,1 Detail of 

'lested
 Specimens

     The experimental  werk  consisted  of  four

types ofconcretes.  
"lable

 1 shows  diffbrent types of

concrete  together with  WaterVCement (W/C) ratio
and  quantity of  specimens  for each  series  of  tests.

There are  12 series  of  tests, Each series  has 12
specimens  and the total number  ofspecimens  is 144.
Shear test specimen  was  a concrete  beam  with

dimensions 1Oxl  Ox40cm. In addition,  foreach series

fable 1 Detail of beam  specimens

SeriesnarneWIC(oloQtt,(unitDescription

NSNG-l86 12

NSNG-258 12Normal
weight

concrete.

NSNG-343 12

NSLG-186 12

NSLG-258 12LWAconcreteofnormalfineandLW

coarseaggregatesNSLG-343 12

LSN6-186 12
LSNG-258 12LWAconcreteofLWfineandnormal

coarseaggregatesLSNG-343 l2

LSLG-186 l2

LSLG-258 12LWAconcreteofLWfmeandcoarse
aggregatesLSLG-343 12

oftests,  there were  three standard  cylinderspecimens

fbr compressive  strengtli and  Ybung's modulus  tests.

All specimens  were  cast  and  cured  in water  under

standard  room  temperature fbr 28 days.

2,2 Materiais and  Concrete  Mix Proportions
    Materials used  for concrete  mixture  are

presented in 
'lable

 2, LWA  used  in this study  were

inade  from expanded  shale  with  density 1.9glcm3
and  1.58g/cm' for fine and  coarse  aggregates

respectively,  The selection  ofmix  proponions for
concrete  specimens  is presented in 

"lable
 3. In order

to find out  an  influence of  WfC  ratios  to shear

strength  of  concrete,  three ratios 86%, 58%  and  43%
were  selected for each  type of  concrete,This  aims

to have concrete  compressive  strertgths of  20, 40 and

60N/nim2 respectively  for normal  concrete,  In the
case  of  LWA  concretes,  however lower compressive
strength  is expected  due to the fact that lightweight
aggregate  was  saturated  before mixing  [11].

2,3 TestArrangement  and  Procedure
Photo 1 shows  loading arrangement  of  the double-
shear  test. A  beain specimen  was  symmetrically

positioned within a shear  device. The shear  dcvice
consists of  two parts, a  base and  a top part, The outer

'lable
 2 Materials for concrete  mixiure

NameSmbo1 T Notes
Cement COrdinaPortlandcement Densi3,16(cm
FineaggregateSNSLNaturalsand

Lightweight
Drydensity2,60(g/cm)

densi1.90(cm3),absotion20.201o
CoarseaggregateGNGLNaturalcrushedrock

Lightweight
Drydensity2.63(glcm3)

Drydensity1,58(cm3),absotion28,90/o
AdrnixtureLSLimestonewder Densi2.70(cm

spSulasticizer L

AdmxturerwAntifoamaent -

VIViscosiimrover -
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fable 3 Concrete mix  pFoportions
SeriesnameWfC(o/o)sta(e!e) Weightperunitvolume(kglm)

WCLSSNSLGNGLspAF VIGmil[(mm)

NSNG.186 192162 2.667

NSNG-2S84g16528781892[977.3.810O.38]1.143

NSNG-343 381o 4.953

NSLG-186 192162 1.143

NSLG-2584g16528781892'.5872286O.3811.l43
NSLG-343 381o 3.429

LSNG-186 192162 O.762
l5

LSNG-2S84816S28781-652977-1.524o.3gl1.143

LSNG-343 381o 2.286
LSLGLI86 192162 O.762

LSLG-25848l6528781.6S2-S87;.905O.3811,143

LSLG-343 381o 3.048
i
 Grnax dettotes maxirrtum  size  of  corsse  sggregate

surfhce  of  shearing  edges  of  the top part is

eeincided  with  the inner surface  of  shearing

edges  of  the base. The  intersection of  this

surface and  the beam  is the tested section  that

is the section  used  to calculate  shear  strength.

Along two  tested sections  there were  strain

gauges glued on  the surface  efthe  beam. These

gauges  were  used  to monitor  and  adjust

eecentric  loading. Monotonic, force-controled
loading was  applied  with  speed  of  increment

of shear  stress of  O. 1N/mm2  per second.

3. TEST  RESUVTS  AND  DISCUSION

3.1 Failure of Beams
    Failure of  all beams was  brittle. At first
load increased without any  sight  ofcracks.  Then
near  the peak load, visible  eracks  were  seen

fo11owed by sudden  brake of  specimen  into
pieces. The  fai1ure precess ofconcrete  beams

under  shear  was  proposed by Kaneko  and

Mihashi [12]. At the first stage  of  loading,

multiple  micro-cracks  occurred  on  the local

principle stress trajectories, whieh  form a  shear

fracture zone  along tested section.  These miero-
cracks  distributed evenly  along  the fractured

zone  with certaiti inclined angle,  This stage  is stable.
With further shear  loading micro-cracks  rotated

fo11ewing the princip!e stress  axis  under  mode  I
condition,  thcy tend collapse  on  each  other. Cmshing
failure of  the compression  struts  between cracks
occurred  as  the result  of  further increase of  shear

loading. Ieading to macroscopic  strain  softening,

After this stage  macroscopic  cracks  can  be seen  and

failure mechanism  transferred into the contact
mechartism  that is interlocking. The  interlocking

phenomenon  is associated  with  surface  roughness

and  strength  of  aggregates,  Interlocking mechanism

of  low  compressive  strength  concrete  was  found
ineffective. Eye-observation ofdamaged  seetions  ef

these spocimens  showed  that coarse aggregates were
almost  intact, so  a possible reason  for the ineMcient
interlocking is because oflow  cementpaste  strength.

In this  case  sliding  due to shear  leading eccvrred
along  weak  plane within  cement  pastes.

3.2 Damage  Patterns

    Damaged  specimens  were  divided into two

greups, narnely  succeeded  and  failed. Shown in Fig.2
are typical crack  patterns ofspecimeris.  About 25%of
specimens  had crack  pattem as shown  in Fig.2(a),
where  crack  run  along  the 1ine, connecting  top and

bottom shearing  edges  (ideal crack).  About 50%  ef

specimens  had erack  pattem as shown  in Fig2(b). ln
these specimens  creck  started ftorn one  chearing edge
and  ended  some  wheie  in the inner side  of  opposite

shearing edge igood crack).  Specimens with ideal and
good erack patterns belong to succeeded  grvup, They
were  selected  fbr further analysis.  The  remained

specimens  had unfavoral)le  erack  pattern, wiiere cracks
were  curvy  or  inclined in certain  angle  1ike tihe one
shown  in Fig.3(c>. Thcy  fai1od the test arid were  not

used  for fmher  analysis  because the area  ofdamaged

section  of  these specimens  is very  much  deviated frem
calculated  area, which  yields unreliable  results,
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fable 4 Test results
'Senesname

fv(Nlrnrni)EeCkN/rnrn1)Tc(Nfmm2}p{Torilm')

NSNG-120.6827.244.152.3

NSNG.240,9928.985.SO 2.3

NSNG-365,3530.918.412.4
NSLG-116.lg2025354 2.0
NSLG.233.3119.064.99 2.0
NSLG-345.2421,306.312.0

LSNG-114.9118.653.112.l
LSNG-226.222I.544.70 2.]
LSNG.342,5622.686,40 2.l

LSLG-]14.0411293.44 1.6
LSLG-227.90l4.464,81 1.6
LSLG-338.1715.305.64 l.8

3,3 Concrete Strength

(1) Compressive strength
     Experimetal results  ofcoinpressive  strength,

Ybung's modulus  and  shear  strength  together with

density ofeach  type  ofconcrete  are  shown  in Table 4.
Compressive strength  and  Ybung's modulus  were

obtained  from average  strength  of  3 cylinders.
Normal  weight  concrete  gained  expected

compressive  strength  with  slight  over-strength  for
the 43%  wle  ratio,  while  LWA  concrete  had 15%  to

30%  lower compressive  strength  compared  te that

of  nonnal  concrete,

(2> Shear strength  vs. compressive  strength

    Fig.3 shows  plots of  shear  strength  versus

compressive  strength  fbr all selected  specimens.

Vatiation efshear  strength  has a tendency  to inerease
with  increment of  compressive  strength.  This

variation  may  depend on  coarse  aggregate

distribution density in a sheared  section  for high
strength  concrete.  Relation between shear  strength

and  compressive  strength  was  establishod  by fiuing
all  data points using  least-square linear regression

analysis.  The resulting  straight  ]ine is shown  in Fig,3,
Coeencient of  determination of  the approximation

is O.65. Shear strength  can  be expressed  by formula:

      T =O.lf'+2.03

       cc

where,T,

 : shear  strength  (Nimm2)
f.'i compressive  strength  (Nhnm2)

(1)

     Formula (1 ) predicted shear  strength  of  LWA
concrete specimens  tested by Azuma  et al. [I3] with

only  6%  of  maximum  error  and  shear strength  of  nor-

mal  concrete  specimens  tested by Uomoto  and

Minematsu [8] with  no  more  than 15%  oferror,

(3) Influence of  WXC  ratio

     Fig,4 shows  relation  between W/C  ratio  and

average  shear  strength.Decrease  WfC  ratio resulted

(a) ldeal (b) Good  (c) Fajled
      Figure 2 Damage  patterns
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Figure 3 Shear strength  and  compressive

          strength  re)ation
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Figure 4 Relation between  shear  strength  and

               w/c  ratio

in increase of  shear  strength,When  WIC  ratio  was

higher than O,6, both LWA  and  norm  al concrete  had
the same  rate  of  strength  increment. Shear strength
ofnermal  concrete  was  about  1.2 to 1.3 times higher
than that of  ether  LWA  concretes.  When  W/C  ratio

was  less than O.6 shear  strength  of  concrete  increased
more  shafzply. NSLG  and  LSNG  showed  the same

rate  of  increment which  was  higher than that LSLG
concrete,  Normal concrete  improved its strength
signdicantly.

4, SURF)aLCE ROUGHNESS

    Crack width  and  gurface  roughness  are  two

main  factors governing the shear  resistanee  by
interlocking mechanism  ofRC  beams. Hoang and
Nielsen [14] suggested  using  roughness  as a factor
to evaluate  thc effect  of  cracking  in their model  to

predict shear  strength  of  RC  beam  using  plasticity
appreach.  This section  describes the technique  to

measure  surface  roughness  of  sheared  sections  and
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Scan so

area

8

(a) LSNG-3  (b)

     Figure 5 Computer images of sheared  sections
                              4

            p a
           Figure 6 Scan  area

later discusses its relation  with  concrete  strength.

(l) Surfaoe scan  and  roughness  calcu1adon

     Surface of  a  tested section  of  specimens  was

scanned  using  the needle  3D  scanner  (Roland Hx-4).
The scan  pitch was  O,1 mm,  Fig.6 shows  the sean  area

ofa  section. TIhe scanner's needle  moyed  in straight
lines along x  direction to get threc coordinates  Oc,y and

z) ofeach  point. For the selected  resolution  there were
80lpoints for eacih scan  line and  there were  80l such
lines in y direction. Output coordmates  were  used  for
imaging sections  suTfhce.  Fig,5 shows  examples  of

images created  by CAD  program  using  scanned

coerdinates.  It is easy  to recognize  differences in
roughness  ofthese  sections.

    Coordinate data later used  as an  input for
calculation  of  surface  roughness.  iewerage  roughness

R  defined in JIS B  0610 standard  was  used.  R  is " a

averagevalueofheightordepthofmountainsorvalcys

in the wewefbrm  of  concrete  surface.  This index could

give us  a 1ink between effectiveness  of  interlocking
mechanism  due to roughness  and  crack  size  in beam
shear,  which wi11 be discussed 1ater The  calculation

teclmique is decribed hereafter.

    First, points with  x  and  z  coordinates  for a scan
line were  plotted cut  Fig,7 skaws wavefbnn  of  surfaoe

at scan  1ine. Then, using  least-square method  the

average  line was  drawn for the  wave.  Total area

tm`led  by the wave  and  ave  age  1ine divided by 1er!gth
of  average  line is the rouglmess  of  surface  at the scan
line which  can  be writteri  by the fo11owing formula:

          Ra 
==

 tllf(x)Idu a)

E2geo,ge=

 -2-4

Ag

g
£

NSLG-3

O 20 40  60

            Distance(mm)

 Figure 7 Surface at scanned  line

80

1.61.41.21O.8O.610
-o-NSNG

    30 se

Corrpressive strength  (NImm2)ro

Figure 8 Roughness vs.  compressive  strength

1.6

9 i.4

e. i.2.gipt

 O.8O.6

--o--NSNG

    3456789

           Shear strenBth  (Nxmm2)

Figure 9 Roughness vs, shear  strength

    Average roughness  of  al1 801 scanned  lines
for each  sample  is the rouglmess  ofthe  whole  section.

(2) Roughness versus  concrete  strength

    Fig.8 show  relation  between roughness  and

compressive  strength.  When  strength  is low,
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roughness  is high. [[ his means  few coarse  aggregates

damaged because roughness  is mainly  contributed  by
the existence  ofnon-amaged  coarse  aggregate  on  a

surface.  As concrete  strength  increases, roughness

decreases quickly. LSLG  had the lowest roughness.
When  strength higher than 30Nhnm2, there is no
fumher roughness  decrease in LSLG  specimen.  Thus
almost al1 of  coarse  aggregates  were  damaged. This
fact was  confirmod  by visual  inspection. NSLG  had
higher roughness  than that efLSLG  when  strength  of

concrete  in a  range  between 20 Nhnm2  to 40 Nhnm7,
however for higher strength  its roughness  is as low as

LSLG  roughness.  LSNG  had  shear  strength  quite
closed  to normal  weight  conerete,  In general, NSNG
had the highest surface  roughness.

    The aggregate interlecking mechanism  can  only

be effective  if two surfaces  of  a  crack  closed  to each

other. It is possible to think R. simply  as average  height
or  depth of  the mountain  or  valley  in the waveform
concrete  surface.  lfso when  the distance between two
crack  surfaces,  i.e. crack  width,  is 1arger thari Ra the
interlocking mochanism  will  lose its effbctiveness.  It
can  be seen  from Fig.9 that in order  to gain, for
example  5N/mm2  LSLG  concrete  required  crack  size

of  no  more  than O.7mm, whereas  NSNG  concrete

could  gain the same  strength  with  crack  size  up  to

1.2mm. From  the above  discussion, it is possible to
conclude  that the reason  of  shear  strength  reduction

in LWA  reinforced  concrete  beam is because its low
crack  suhace  roughness.  Limitation of  crack  width,

by prestressing forces fbr example,  could  improve
shear  strength  of  LWA  concrete.

5, CONCLUSIONS

     Experimental work  on  LWA  and  normal

concretes  shear  strength  has been conducted  using

doublesheartestingmethod.Thefollowingconcluslons
can  be drawn from the study:
(1) Model  for shear and  compressive  strength

   relationship  was  established  fbr all types of

   conerete.

(2) Shear strength  increased when  WfC  ratio

   decreased. The rate  of  increment was  signMcant

   when  WfC  ratio  smal1er  than 60%. Of the same

   WIC  ratio normal  concrete  shear  strength  was

   higher than LWA  concrete  about  2O%  to 3O%.

(3) The  source  of  shear  strength  reduction  in LWA

   concrete  is beeause of  its low roughness.  NSNG

   concrete  had the highest average  roughness  fo11ow
   by LSNG  concrete,  which  had very  closed

   roughness  to that ofNSNG  concrete.  Rouglmess
   ofNSLGconcretewasintermediatevaluebetween

   rouglmess  ofNSNG  and  the lovvest roughness

value  belong to LSLG  concrete.  Limit crack  size

could  improve shear  strength  of  LWA  concrete.
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