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Figure 1 Dimensions of RC girder and measuring items 
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ABSTRACT : 

Here, in order to establish a modification method for material properties of concrete so as to rationally analyze 
the prototype RC girder with sand cushion using coarse mesh, an equivalent fracture energy concept for
concrete elements was proposed and the applicability was investigated comparing numerical analysis results 
with experimental results. From this study, it is confirmed that even though coarse mesh was used for prototype
RC girder with sand cushion, similar results with those obtained using fine mesh can be assured. 

KEYWORDS: Sand cushion, prototype RC girder, Equivalent cracking energy, Drucker-Prager yield 
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1. INTRODUCTION  
 

Rock-sheds are used to protect lives and lifelines against these potential rock-impacts. Cushion materials 
are laid on the roof of rock-sheds to absorb the rock fall impact energy, which is one of the main input
parameters in design of the rock-sheds and, still now these structures have been designed based on an allowable
stress design concept using simply estimated maximum impact force [1]. However, in order to rationally design 
this type RC structures considering the performance up to ultimate state, impact resistant behavior and dynamic
load-carrying capacity for those should be investigated precisely. For these, not only experimental study but 
also numerical analyses one should be performed. 

The advantage of the proposed technique is that mesh size sensitivity on failure is removed leading to
results, which converge to a unique solution, as the mesh is refined. The proposed algorithm has been validated 
by a full-scale prototype with sand cushion test results using different cases of mesh refinement. The algorithm 
has been implemented into LS-DYNA for hexahedron solid elements and correctly accounts for crack
directionality effects with sand cushion [2]. Thus enabling the control of energy dissipation will be associated 
with each failure mode regardless of mesh refinement. 

 
 
2. 
 
 
 
 
 
 
 
 
 
\ 
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Table 2.1 Static design parameters of RC girder 
 
 
 
 
 
 

 
Table 2.2 Material properties of concrete and rebar 

 
 
 
 
 
 

 
 
2. EXPERIMENTAL OVERVIEW 
 
2.1 Dimensions and static design values  
RC girder, which is modeled for roof of real RC rock-sheds, is taken for falling-weight impact test of prototype 
RC structures. The girder is of rectangular cross section and the dimensions are of 1 m x 0.850 m and clear span
is 8 m long. The dimensions of the sand cushion set on the center of girder are of 1.5x1.5x0.9 m. Figure 1
shows dimensions of the RC girder, arrangement of rebars, and measuring points for each response wave. In 
this figure, it is confirmed that 7#D29 rebars are arranged which is for 0.64 % of main rebar ratio corresponding
to designing of real RC rock-sheds and 4#D29 rebars are arranged as the upper axial rebar in which the rebar
volume corresponds to half of main rebar ratio. Axial rebars were welded to 12 mm steel-plate at the height of 5 
m ends for saving of anchoring length of the rebars. Thickness of concrete cover is assumed to be 150 mm as
well as real rock-sheds. D13 stirrups are arranged with intervals of 250 mm which is less than a half of an
effective height of the cross section. In this study, arranging interlayer stirrups and upgrading in shear
load-carrying capacity, the RC girder with sand cushion was designed to be failed with flexural failure mode. 
The displacements of the girder were measured at mid-span (D-1) and the point (D-2) with the intervals of 750 
mm from the mid-span. Impact force P was estimated using deceleration of the heavy weight, which was
measured using accelerometers set at top surface of heavy weight. Reaction force R was also measured using 
load-cells installed in the supporting gigues. The detailed static design parameters of the RC girder are listed in
Table 2.1. Static flexural and shear load-carrying capacities Pusc and Vusc were calculated based on standards 
specification of concrete structures in Japan [3]. From this table, it is confirmed that the RC girder designed 
here will fail with flexural failure mode under static loading. The static material properties of concrete and 
rebars during experiment are listed in Table 2.2. 
 
2.2 Experimental Method 

In the experiment, a 5,000 kg heavy weight was lifted up to the prescribed height of 5 m by using the
track crane, and then dropped freely to the mid-span of girder with sand cushion due to a desorption device. A
heavy weight is made from steel outer shell with 1 m in the diameter, 97 cm in height, and spherical bottom
with 80 cm in radius and its mass is adjusted filling concrete and steel balls. 

The RC girder was set on the supporting gigues, which are made so as to freely rotate but not to move
toward each other. The ends of RC girder is fixed in the upward direction using steel rods and beams to prevent
from jumping up at the time of impacted by a heavy weight. In this experiment, impact force wave (P), reaction 
force wave (R), and displacement waves (D) at two points along the girder were measured. Impact force wave
was estimated using a deceleration of heavy weight, which is measured using accelerometers set at the top 
surface of the weight such as mentioned at previous paragraph. The accelerometer is of strain gauge type and its
capacity and frequency range for measuring are 1,000 times gravity and DC through 7 kHz, respectively. Each  

Shear rebar 
 ratio 

Static shear depth 
 ratio 

Static shear 
capacity 

Static bending  
capacity 

Shear-bending capacity 
 ratio 

ρt a/d Vusc (kN) Pusc (kN) α 
0.0064 5.71 1794 619.8 2.894 

Type Density 
ρton/m3 

Elastic coefficient 
EGPa 

Poisson’s Ratio 
ν

Yielding strength 
MPa 

Concrete 2.343 25.4 0.177 31.2 
Rebar D13 7.85 206 0.3 390 
Rebar D29 400 
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Figure 3 Stress-strain relation of model 

 
Figure 2 FE mesh size distribution for each analytical case 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
load-cell for measuring reaction force are of 1,500 kN capacity and more than 1 kHz measuring frequency. For
measuring displacements, laser-type linear variable displacement transducers (LVDTs) were used which are of
200 mm maximum stroke and 915 Hz measuring frequency. 

 
3. ANALYTICAL OVERVIEW 
 
3.1 FE models 

The purpose of this research is to propose the method for converting tensile strength of concrete element
with arbitrary element size in span direction applying an equivalent fracture energy concept for full scale RC 
girder with sand cushion and the applicability was discussed by comparing with the experimental results.
Therefore, the standard element division for precise numerical analysis result is needed. In this research, the
suitable results were used and the standard analytical model such as MS35-Gf was decided for prototype RC 
girder with sand cushion. Similarly the standard mesh size of the span and the cross section width and height of
direction of the RC girder with sand cushion were set as 35 mm, 41 mm and 31 mm, respectively, based on the 
previous results [4].  

On the other hand, four cases were considered by assuming 1, 3, 5, and 7 divisions for the interval of 250
mm stirrup whose element sizes are 250 mm, 83 mm, 50 mm, and 35 mm, respectively, and those cases are
named as MS250-Gf, MS83-Gf, MS50-Gf and MS35-Gf respectively. For all cases, each mesh size along the 
girder in the inside and outside area of 500 mm wide with respect to the supporting point was set to be 35 mm
long because of precisely analyzing an interaction between supporting gigues and girders. The mesh size 
distribution of each analytical case is shown in Fig. 2. 

One quarter of RC girder with sand cushion was three dimensionally modeled for numerical analysis with
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Figure 4 FE Numerical analysis model 

 
Figure 5 Crack modeling of an element 

 

respect to the two symmetrical axis. Fig. 4 shows a mesh geometry of the girder with sand cushion, which is 
finally used for numerical analysis case of MS35-Gf. Geometrical configurations of the heavy weight and 
supporting gigue were also precisely modeled corresponding to the real ones. In this model, axial rebar and
stirrup were modeled using beam element having equivalent axial stiffness, cross sectional area and mass with
those of real ones. The others were modeled using eight-node and/or six-node solid elements. 

Total number of nodal points and elements for one-fourth model for MS35-Gf, shown in Fig. 4 are 43,838 
and 38,167, respectively. Number of integration points for solid and beam elements are one and four,
respectively. In order to take into account of contact interface between concrete and head of heavy weight 
elements and between adjoining concrete and supporting gigue elements, contact surface elements for those
were defined, in which contact force can be estimated by applying penalty methods for those elements but
friction between two contact elements were neglected. Impact velocity of 9.8 m/sec for falling height of 5 m
was applied to all nodal points of the falling heavy weight. Based on the previous experience viscous damping
has been used for all cases of the numerical study [4]. 
 
3.2 Modeling of Materials 
3..2.1 Concrete 

Stress-strain relationships of concrete were assumed by using a bilinear model in compression side and a
cut-off model in tension side as shown in Fig. 3(a). It is assumed that 1) yield stress is equal to compressive
stress f ’c; 2) concrete yields at 0.0015 strains; 3) tensile stress is perfectly released when an applied pressure
reaches tensile strength of concrete; 4) tensile strength is set to be 1/10th of the compressive strength; and 5) von
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Mises criterion was applied to the yielding of concrete [4]. 
 
3.2.2 Rebar 

For main rebars and stirrups, an elasto-plastic model following isotropic hardening rule was applied as
shown in Fig. 3(b). Here, the plastic hardening modulus H’ was assumed to be 1% of elastic modulus Es (Es: 
Young’s modulus). The yielding condition was judged based on von Mises criterion. 

 
3.2.3 Sand cushion 
Fig. 3(c) shows the constitutive law for sand cushion. To rationally analyze stress behavior of sand cushion
when a heavy weight collides, second order parabolic stress-strain relation for sand cushion [5] was applied in 
which the constitutive relation is described in the following expression as shown in Fig. 3(c). 

σ =  50ε2
                                     (3.1)

Here, σ sand is stress and εsand is the volumetric strain of sand element. Here, referring to the literature [5], 
material properties of sand for impact response analysis were assumed as: Young’s modulus Esand = 10 GPa; 
Poisson’s ratio; νsand = 0.06; and density ρsand = 1,600 kg/m3. 

 
3.3 Equivalent fracture energy concept 

Based on this equivalent fracture energy concept, each concrete element can retain the equivalent
fracture energy due to setting a fictitious tensile strength corresponding to volume of element. In Fig. 5(a),
assuming fracture energy of standard concrete element and volume of the element as Gf and V0 respectively. Gf

can be represented as Eqn. 3.2 in which ft0 and εt0 are tensile strength and strain at tensile failure of the standard 
concrete element as shown in Fig. 5.  

0 0
02

t t
f

fG Vε
=                                    (3.2)

Ultimate tensile strain εto can be determined as the following equation described in Fig. 3(a) 
 

0
0

t
t

c

f
E

ε =                                        (3.3)

Assuming each element size in x, y and z direction of the standard element as xo, yo, and zo, respectively, the 
volume of the standard element is as follows;  

0 0 0 0V x y z=                                    (3.4)
By putting the values of Eqns. 3.3 and 3.4, the fracture energy Gf can be obtained as, 

2
0

0 0 02
t

f
c

fG x y z
E

=                                 (3.5)

Here, setting the fictitious tensile strength and element size in y direction of the i-element as fti and yi
and applying an equivalent fracture energy concept between standard element and i-element, following 
relationship can be obtained as;  

2 2
0

0 0 0 0 02 2
t ti

i
c c

f fx y z x y z
E E

=                          (3.6)

Fictitious tensile strength of i-element fti can be obtained as follows;  

0
0ti t

i

yf f
y

=                                     (3.7)

Therefore, taking the fictitious tensile strength fti obtained from Eqn. 3.7 for i element with yi as the size 
in y-direction, the crack occurred in the i-element can be rationally estimated similar to fto of the standard 
element with fracture energy Gf. The fictitious tensile strength for each element size in y-direction used in this 
study is listed in Table 3.3. 
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Table 3.3 Tensile strength for different analytical cases 
Element size in span 

direction (mm) 
Fictitious tensile 
strength (MPa) 

250 1.18 
83 2.04 
50 2.64 
35 3.12 

 
 

4. COMPARISON OF RESULTS 
 
4.1 Discussion of an applicability of equivalent tensile fracture energy concept  
 

In order to investigate the practical applicability of proposed equivalent tensile fracture energy concept 
(hereinafter, Gf concept) for rationally analyzing impact response behavior of the prototype RC girder with sand
cushion under falling-weight impact loading, numerical analysis results obtained using each mesh size listed in 
Table 3.3 with/without considering Gf concept were compared with the experimental results. Figure 6 shows the
comparisons of impact force wave P, reaction force wave R at one supporting point, and deflection waves 
D-1/2 shown in Fig. 1 for each case, in which P, R, and Ds are compared for 200 ms, 200 ms and 400 ms, 
respectively, from the beginning of impact. 

Figure 6 shows the comparisons for the case of MS250. From Figs. 6(a) and 6(b) for the results of impact
force wave P and reaction force wave R, following results were obtained: (1) influences of tensile fracture
energy of concrete on impact force time history P may be not significant; (2) regarding reaction force time 
history R, considering without Gf concept, a half sine wave with smaller amplitude and long duration time at the
beginning of impact occurs and duration time of the main wave is smaller to that of experimental results; and
(3) on the other hand, in case considering with Gf concept, amplitude and duration time of the main wave are 
similar with those of experimental results. From the comparisons of deflection time histories D-1/2 of Figs. 6(c) 
and 6(d), it is observed that in case considering without Gf concept, maximum amplitude of the waves are 50 % 
less than that of experimental results and vibration period in the free vibration state after unloading is almost
half to that of the experimental ones. It suggests that the damage of the girder was underestimated. On the other
hand, in case considering with Gf concept, it is confirmed that maximum amplitude and vibration period of the
free vibration are in good agreement with the experimental results. 

 

 
Figure 6 Comparison between experimental and analysis results with/without Gf 
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Figure 7 Comparison between experimental and analysis results considering Gf 

4.2 Comparison of numerical analysis results considering Gf 
The applicability of the proposed method is examined for the set of each element length for different

cases considering Gf in this section and comparing with experimental results. Analytical result concerning all
cases with different element length considering Gf is compared with the experimental results as shown in Fig. 7.
The comparison between results for coarse mesh with/without considering Gf are shown in Fig. 7. 

The maximum value of impact force wave is smaller than the experimental results regardless of the mesh 
size of the element length as previously observed. It is understood that the response characteristics are similar
regardless of the size of the element length as well as the case of impact force and for the reaction force 
waveform. From Fig. 7(b), it is confirmed that the reaction force wave at the one supporting point tends to be
high amplitude in case of one-division was almost similar to experimental one. It is understood that the
amplitude of D-1/2 as shown in Figs 7(c) and 7(d), the both cycle and the residual displacement are in the state
of a free vibration after the maximum displacement regardless of the size of the element length by comparing
the experimental results and the analytical one. By comparing the experimental results, among four cases the 
most underestimating case is MS83-Gf though the level of the error margin is not large when seeing in detail.
By converting the tensile strength as the case of MS35-Gf as shown in Table 3, and it can be confirmed to an 
analytical result of MS250-Gf when the element length is the largest then the analytical accuracy is good
enough even if the element division is coarse. Even if the span direction element length is different from a
standard element, it means that the mesh size up to seven times the standard element length having the same
accuracy as the case to use a standard element by using the fracture energy concept.  

 
5. CONCLUSIONS 

 
This paper presents a detailed formulation and numerical implementation of an objectivity algorithm for 

equivalent fracture energy concept of prototype RC girder with sand cushion. In order to establish a
modification method for material properties of concrete so as to rationally analyze using coarse mesh, an
equivalent fracture energy concept for concrete element is proposed and the applicability was conducted
comparing numerical analysis results and experimental results. From this study, it is confirmed that even though
coarse mesh was used for RC girder with sand cushion, similar results with those obtained using fine mesh can 
be assured and are in good agreement with the experimental ones. The results obtained from this study are as
follows; 
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(1) The fictitious tensile strength for coarse mesh has been proposed for the prototype RC girder with sand 

cushion  
(2) By using the fictitious tensile strength for coarse mesh with 250 mm mesh size, similar degree of accuracy

can be obtained by using the fine mesh having mesh size of 35 mm with sand cushion. However, an 
incident of the beginning of impact and maximum amplitude of the impact force time 

 
(3) history tend to be underestimated by comparing with those of experimental results. 

 
REFERENCES 

 
[1]  Kishi, N., Bhatti, A.Q., Okada, S., Konno, H.,: (2006). “An applicability of impact response analysis 

method for prototype RC girders under falling-weight impact loading” Journal of Structural Engineering, 
JSCE, 52A, 1261-1272.  

[2]  Hallquist, J.O., (2000). “LS-DYNA User's Manual.” Livermore Software Technology Corporation.   
[3]  Japan Society of Civil Engineers (2002). "Standard Specifications for Concrete Structures-2002

“Structural Performance Verification" JSCE, (in English). 
[4] Bhatti, A.Q., Kishi, N., Konno, H. and Okada, S.: (2006). “Effective finite element mesh size distribution 

for proposed numerical method of prototype RC girders under falling-weight impact loading”, 
Proceedings of 2nd International Conference on Design and Analysis of Protective Structures, DAPS
Singapore, November 13-15, 261-272. 

[5] Bhatti, A.Q., Kishi, N., Konno, H. and Okada, S.: (2006) “An Impact Response Analysis of Large Scale 
RC Girder With Sand Cushion” Proceedings of JCI, Niigata, July 07, Vol. 28 No.2, 871-876. 

 
 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


