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Abstract

Three sizes tests using beam-column connection models (with and without artificial defects), which are designed and
manufactured so as to have almost the proportional dimensional ratio, were carried out under cyclic loading with
progressively increasing moment amplitude in winter season temperature environment. In every specimens, the load
capacity was completely lost by brittle fracture after the significant ductile crack extension in flange member of beam-
end portion. As for the specimens with proportionally designed artificial defects, which are introduced at fusion line
position, the number of loading cycles markedly decreased as the size of the specimens increased. This is a result of
reflecting that the increase in defect size directly increased the fracture driving force. However, in case of the specimen
without defect, although larger ductile crack was formed at the time of brittle fracture initiation in larger test specimen,
the fractured cycles were almost the same with regardless of the sizes.

To quantitatively understand these contrasting results for the series without artificial defect, two analyzes based on
fracture mechanics were performed. In the analyses, we used the critical conditions of brittle fracture initiation for the
tested material separately evaluated by the small-scale specimens, which are scale-independent, i.e., Charpy impact
specimens and circumferentially notched round-bar specimens. As a result, it is clearly revealed that the critical condition
of brittle crack initiation is much different material by material. It will be important in the following discussion that the
material of the L size specimen has the highest toughness as shown in Table 1. In order to evaluate the experimental
results with normalizing these randomly different toughness properties of materials, we applied two types of analysis. As
one analysis, simplified investigation using stress intensity factor was carried out. Another is a detailed evaluation using
local mechanical quantities obtained by 3D elasto-plastic FEM. As a result, with combining the results from both
approaches, it has shown that larger size specimens are more susceptible to brittle failure due to the increase of ductile
crack extension amount and probability of brittle crack initiation. The enlargement of ductile crack extension is presumed
to be due to both the effect of increasing the crack tip constraint and the effect of increasing the high strain region by the
increase of thickness of the web member. Moreover, it was estimated that the increase of the probability of brittle crack
initiation was due to the increase of the fracture potential volume.
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1. Introduction

In building structures, which are generally consist of carbon steel in terms of often economical viewpoint,
brittle fracture should be considered first as ultimate failure mode that determines the energy absorption
potential against the earthquake. Brittle fractures must be avoided because they directly cause instantaneous
loss of function of the component. However, brittle fracture has not been a major problem in the field until
now because local buckling occurs earlier than fracture because members were made of relatively thin material.
However, as the height and size of the layers are increasing recently, the thicknesses of the members used are
also increasing, brittle fracture becomes more likely to occur [1]. Brittle fracture exists in other steel structures,
such as pressure vessels and ships. In order to evaluate the anti-fracture performance, it is most straightforward
to try to test the real structure, but in practice it is difficult in most cases and the performance must be evaluated
with a reduced test piece. In the pressure vessel and ship fields, after WWII, fracture mechanics, that is now
one academic area, was founded to meet such needs, and standard systems that can be evaluated using reduced
test specimens has already been established [2][3]. In recent years, it has been pointed out that these existing
evaluation methods are too conservative, and research to improve the evaluation accuracy [4] and standards
for correcting the over-conservatism are establishing [5]. However, the structural design and construction of
steel buildings is more complicated than pressure vessels and ships, and in Japan, from the viewpoint of
economic efficiency, the deformation allowed in design is much larger than in other fields, and it allows the
large amount of macroscopic plastic deformation [6]. In a general beam-to-column joint, it is known that even
if there is a small defect in the welded portion, it is broken at another weak point, that is, the base material at
the bottom of the scallop in the beam. For this reason, when conducting an evaluation test, it is often not
assumed that a defect exists in the welded portion. From such a background, fracture mechanics for fatigue
crack propagation and fracture from the crack tip, which is generally applied in other field, cannot be used
directly. The authors are working to solve these problems including scale effects (dimensional effects) on steel
structures in building.

In this study, a comparison test of the energy absorption potential during an earthquake was performed
using a full-scale test specimen simulating an actual structure and a test specimen that was reduced stepwise
almost in an equal ratio, and the difference of the properties was directly evaluated. Furthermore, Authors try
to interpret the results and quantify the mechanism. In this report, using the experimental results shown in the
previous report in detail [7], the interpretation of the essence of the scale effect and quantification of the
mechanism using the finite element method and/or fracture mechanics are shown.

2. Experimental results and fracture surface observation

2.1 Experimental results

Table 1 shows the dimensions of the specimens to be discussed in this paper quoted from the overall
experimental results [7]. As shown in Fig. 1, the test specimen is roughly scaled in three stages of 1: 1/2: 1/4
based on the welded H-shaped cross section

BH-1200x500%25%40,  span  5500mm Table 1 — Configuration of specimens tested
(hereinafter referred to as L size, M size, L Welding defect
and S size, respectively). In addition, the Specimen size mark dimension [mm]|
second specimen of each size includes an [mm] length depth
artificial defect having a proportional size, BH- S N 1375 N/A
which was located at the fusion line position 300x125x6x12 S WDI 20 4.8
of the welded portion between the column BH- M N 2750 N/A

and the beam flange (Fig. 2). The  600x250x12x22 | M_WD2 367 | 89
experiment was conducted with a three- BH- L N 5500 N/A
point bending method, and a column with an 1200x500x25x40 | L. WD2 66.7 16.2

H-shaped section was placed in the center.
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Fig. 1 — Comparison of size of each specimen [7]

The inner span of the beam specimen was 5500 mm
for L size, 2750 mm for M size, 1375 mm for S size,
and the shear span ratio are designed to be
equivalent for all sizes. The loading history is based
on the elastic member angle 8, corresponding to the
total plastic moment, and is a cyclic loading with
incremental displacement 26, [8].

For evaluation of plastic deformation
capability, conventional equivalent cumulative
plastc deformation which is calculated by Eq. (1) is
used (Fig. 3).

AR

(1)
bMp ’ bep

Ells
Where, Wt and W,~ : Energy absorption amount in
skelton non-dimensional M- curve (Fig. 3), M, :
Moment in beam which exhibit plastic deformation
attain all section. ,8, : Deflection angle in beam which
exhibit plastic deformation attain all section.

Fig. 4 shows the summary of test results.
Only small difference of plastic deformation
capability among three-size-specimen without
artificial defects is shown, whilst very clear
difference exhibits in specimen including defects.
This contrast is supposed to come from the
microstructure in trigger portion of brittle fracture.
In case of a specimen with artificial defects,
microstructure of the origin of brittle fracture is
almost same in every specimen, because defect is
installed in heat affected zone where microstructure
is reconstructed by welding thermal history
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Fig. 3 — Schematic illustration for creation of
skeleton curve from experimental raw data
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Fig. 4 — Evaluation of experimental results by
conventional energy absorption method.
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controlled to be almost same in this time fabrication. On the other hand, brittle fracture of a specimen without
defect occurs at the root of scallop, that is base plate of beam flange. So the brittle fracture property of structure
is directly controlled by toughness of the base plate. Fig. 5 shows the comparison of the Charpy impact value
at ambient tempereture of base plate of beam flange in each specimen. Although toughness level of the plates
was intentionally lowered, difference of the toughness among the material cannot be ignored. This disunity is
blocking the fair evaluation regarding to the size of the structure. In this paper, clarification of this is to be

investigated.

2.2 Observation of fracture appearance and estimation of fracture morphology

For the interpretation of the fracture test
results, observation of fracture surface is
always essential. Fig. 6 shows fracture
appearance of the specimens including
the SEM observation around the trigger
position of brittle crack initiation.
According to these observations, it was
found that the order of fracture was
always “ductile fracture initiation,
ductile fracture extension, brittle
fracture initiation - propagation”. Here,
authors thought it is important that the
scale effect on building structure is

brittle fracture
TJrvryrmT

separately ~ considered into  ductile Fig. 6 — Fracture appearance and SEM observation for brittle

fracture and brittle fracture so in the
following sections, the scale effect is
discussed in the order of fracture, ductile fracture, and brittle fracture. In

fracture initiation site (mark S N)

addition, ductile crack extension was

confirmed at the rest three positions of the scallop root, which did not eventually lead to brittle fracture.

3. Clarification of scale effect on ductile fracture property by local criterion

3.1 Ductile crack initiation and extension measurement by novel
constant measurement system

This section discusses the scale effect on ductile crack initiation and
propagation in beam-column joints. Generally, it is extremely difficult to
identify the ductile fracture occurrence timing by structural experiment.
From the fracture surface observation after complete fracture, only the
final stage of ductile crack propagation at the time of brittle fracture
occurrence was observed, the change in overall rigidity due to the
occurrence of ductile crack was very small, and the occurrence timing
could not be identified from the load cell signal. In this study, as shown
in Fig. 7 small and inexpensive WEB cameras were attached to each of
four scallop roots where ductile crack could occur, and the progress of
ductile cracks was constantly monitored. Since the ductile crack
appeared to occur from the end of unwelded zone in the beam BH
welding, it was possible to record the occurrence of ductile crack and the
amount of propagation. Fig. 8 summarizes the ductile crack length in the
final state in each cycle. It can be inferred that ductile cracks are more
likely to be generated and propagated when the specimen is larger.
However, since this behavior might changes due to the ductile crack
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initiation and propagation properties that are unique to

material-by-material, it is necessary to cancel the 30 Measured

influence of the material properties in order to discuss only SN by fracture j
the scale effect precisely. 25 b{—0— M N froeeeereeeees surface |
. .. .. i = ——L N P
3.2 Determination of critical conditions of ductile E20 Measured /:/® |
o e . . (‘\lb . ]
crack initiation and extension property = 15 | by camera f | /9 :
. e e . . . = I
The ductile crack initiation and extension properties may B // / : o !
use fracture mechanics parameters such as J and CTOD g 10 /5{ & T

@)

[9]. However, in this study, local critical conditions were S o

used, because they are compatible with the finite element ’ ( ___&/@/ i

method and advantageous for decomposing and studying 0 g/i o : L oge
0 1 2 3 4

5

the scale effect mechanism into various factors. Among
various local critical conditions for ductile fracture of
metallic materials proposed so far [9], simple and basic
equivalent plastic strain criterion was used [10].

Fig. 8 — Ductile crack initiation and
propagation behavior by actual measurement
9000
For the determination of the critical value, the Specimen L, Beam flange material
CTOD test results, which is part of the material test 80001 1/4¢, +10deg.C
conducted separately from this structural test, were used. 7000
The CTOD test was performed in accordance with the
method according to ISO12135. Fig. 9 shows the load (P)
- clip gauge displacement (V) curve of the CTOD test
conducted at 10 °C using the beam flange material of the £ 4000
L specimen (hereinafter simply referred to as L material). 3000
Brittle fracture did not occur during loading, and ductile
fracture always progressed. Fig. 9 also includes the results
of the conventional three-dimensional elasto-plastic finite
element method. In this method, the fracture phenomenon 0
is not expressed, and it can be seen that the dissociation
becomes significant as the ductile crack growth becomes
remarkable in the experiment. Here, the finite element  Fig. 9 — CTOD test result that exhibit ductile
method calculation using the fracture (material 1)
element deletion method using
the critical strain described
above as a criterion was Code Dassault Systémes, Abaqus 2018
performed. Deleting an element
means that the stiffness changes
instantaneously and the implicit Mass scaling factor Adjust to minimum time increment=1x10"° sec.
method makes it difficult to
continue the calculation due to
instability. Here, a ductile crack
simulation using a dynamic explicit method was performed following the previous study [10]. Table 2
summarizes the calculation conditions. Since the explicit method determines the time increment to satisfy the
CFL condition [11], if it is applied to a quasi-static analysis like the subject of this analysis, the calculation
time is often too long to be executable. Therefore, it is common to perform mass scaling in which the mass of
the target material is set to be larger than the actual value so that the CFL condition is relaxed. Here, the mass
was appropriately increased so that the minimum time increment was controlled to about 1 x 107 sec. Fig. 10
shows the comparison between experiments and FEM results after optimization of critical equivalent plastic
strain. It has to be emphasized that this critical condition is strongly depending on mesh size. This time, crack
tip element to be deleted was arranged to 40pum. As a result, it was found that the critical strain increased in
the order of S, M and L, that is, the material L had the highest ductile crack initiation and propagation resistance.

6000 Experiment

Conventional FEM

Z
Q<5000
] (Implicit, 3D-EPFEM)

o

2000

1000

Clipgage displacement, Vg [mm]

Table 2 — Calculation conditions for finite element method

Formulation Dynamic, explicit

Loading amplitude Smooth step
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Recall that the ductile crack extension record in the experiments showed that the larger the specimen, the more
easily the ductile crack propagated, as shown in Figs. 6 and 8. Here, it was revealed that the larger the specimen,
the greater the driving force for ductile crack initiation and propagation, when considered in conjunction with
the clarified critical properties of the material.

7000
6000 ( g ) — 0 74 P s
p.cr - i ——

oo 40um | — / -
Z. 4000 // A A, e /
a / A T ,
g 3000 |/ e g = 088 ‘ & = 098
& [ ( p,cr)40wn ! ( p'cr)40;tm

2000 3 t -

Material S — Experiment Material M — Experiment | Material L — Experiment
I BxB. B=10 — FEM(explicif) BxB. B=10 — FEM(explicif) BxB. B=10 — FEM(explicif)

0

0 5 0 5 0

. 2 3 X 2. 3 2 3
Clipgagedisplacement,” Vg [mm] Clipgage displacement,” g [mm] Clipgage displacement,” ¥g [mm]

Fig. 10 — Determination of critical strain by optimization of FEM analysis with special element to be deleted

4. Study for scale effect on brittle crack initiation property
4.1 Stochastic study by simplified LEFM

Here, a study using the stress intensity factor Surface crack

Semi-elliptical crack
2¢

(SIF) is performed referring to the previous
research [12]. Basically, the SIF for elasto-
plastic materials should be used only for the
deformation scale below the small-scale yield

*

2

N van

a=24 ¢=2C

condition [13], but here, it is assumed that SIF
concept can be expanded to this problem with
large plastic deformation. At the time of the

Fig. 11 — Simplification of shape of surface crack

Table 3 — Crack dimension simplification for LEFM study

initiation of brittle fracture, it is considered Crack  Crack crack
that the SIF as the driving force and the SIF Thickness, length, depth, characteristic
as the critical condition of the material are mark B [mm] 2 a dimension,
balanged. The discussion will proceed on [mm] [mm] ¢ [mm]
both sides. S N 12 218 23 2.83
First, the ductile crack length, whichis M _N 22 13.2 2.9 2.57
L N 40 53.7 3.6 4.40

the source of the driving force required for
brittle crack initiation, is obtained from the
fracture surface information after the final fracture shown in Fig. 6. At first, since the ductile crack shape has
an arbitrary shape crack shape was simplified. After simplifying it to a semi-elliptical shape according to the
idea of the fitness-for-service standard (Fig. 11) [2] [3], the SIF at deepest point was calculated according to
the handbook value provided by Newman et al [14]. Then

300

a crack characteristic dimension [3] was calculated from
. . Converted data from Charpy

the SIF assuming the shape is regarded as the most common 250 | impact property
shape, infinite plate with through thickness crack. Table 3 =
shows the crack characteristic dimensions of ductile cracks = 200
in each specimen when brittle fracture occurred. The load % 150
stress required for the driving force calculation was =100
assumed to be the tensile strength of the material in Test L
consideration of the situation where the material was 30 temperature M

: . —> <« —S
sufficiently plastically deformed. 0

-50 0 50 100 150 200

Temperature [deg.C]

Fig. 12 — Temperature dependency of Kc

Next, the conversion formula (Eq. 2) [15] from the
Charpy impact energy into critical SIF (Kc) is used for the
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critical value. The converted value (at test temperature) is regarded as the critical condition of the material.
Since the Charpy impact test is performed on test pieces of the same size irrespective of size, it can be

considered as a local value excluding the effect of size and volume (Fig. 12).

K.(MPaym) = 14.6vE(])°®

However, it is widely known that brittle fracture is
not a phenomenon that can be given deterministically but
is essentially a stochastic one. This is because the
phenomenon is based on the weakest link mechanism [16].
In General, it is assumed that the distribution of the
property follows a two-parameter Weibull distribution,
and that the distribution has a shape whose shape
parameter is assumed to be 4 from the SIF value dominant
stress field [17]. Fig. 13 shows the probability density
function of K¢ for each material. Therefore, an expected
value of the Weibull distribution corresponds to the

0.025

g
o
s}

0.015

o
=1
=t

0.005

Probability density function

0

2)

K. value is converted from Charpy
impact test at test temperature

(Expected value of K)

M (81)

S (106)  critical driving
/ \ forcein the
\ structural model

Area
=CDF

Shape parameter=4

L
M
S

100 300

200 400
Fracture toughness, K [MPa\/m]

average value shown in Fig. 12. For example, when there 0
was a failure event when the driving force was 200 MPa
V' m in material L, the shaded area in the figure indicates
the likelihood of this event occurring, in this case about
70%.

Fig. 14 shows a diagram that considers both the driving force and the critical value distribution discussed
so far. In the upper part, the SIF as the driving force for each cycle was calculated, and in the lower part, the
driving force value was compared with a critical value distribution to determine the cumulative probability
that the phenomenon could occur. Here, since the ductile crack depth during loading could not be determined
by camera photographing, it was determined on the assumption that the ductile crack aspect ratio at the time
of fracture remained constant. Considering that the structural specimen has a sufficient process zone comparing
with the Charpy small specimen, it is considered that the magnitude of the cumulative fracture probability
indicates the probability that the phenomenon can occur as a structural specimen. Based on this idea, it is
possible to estimate the fracture timing when the same material is virtually used for each specimen. Fig. 15
shows the results. A clear scale effect is observed. However, it would be necessary to study why such a scale
effect can be seen while putting various hypotheses in the future.

Fig. 13 — Two-parameter Weibull distribution
function for toughness of each material

0 T,M[KN"m]

| Structural [Structural |, Structural | ?2000 "”A'"]
""""" | model test & Y model test | M e 3% model test ” ( -
g o o ol |
s -0.05 0.05 3 0.8 0.05 3rd_ CriticalK 1 71 a0
1< Critical K omd Critical K e (70 : ’ .05
w2 50 T T , :
100 g 0t o T 10 g 3000 100
[ Material property | | Material property | | Material property
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£
w
£ 0.01
E" L (175)
Z 0.005
S
£ | “Area 1.7%
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Fig. 14 — Comparison of likelihood for brittle fracture event in each structural size specimen
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Fig. 15 — Scale effect by normalized equivalent cumulative plastic deformation

4.2 Applicability of critical distance and local critical stress criterion

The concept of characteristic distance stress [16] is based on a stochastic one based on the weakest link
mechanism. Here, the characteristic distance is considered the distance from the peak point of the maximum
principal stress to the crack tip, so it can be thought that the peak point of the maximum principal stress is a
parameter that governs the brittle fracture of a structure or material. Here also, as in the previous section, the
critical value of the material is obtained with a small test piece, and the driving force applied to the structure
in the fracture cycle is obtained by the three-dimensional elasto-plastic finite element method. In the finite
element method, simplified method is used, such that a ductile crack that can be confirmed on the fracture
surface after fracture was assumed located from the beginning of the simulation.

The critical value was determined by

fracture experiments conducted at -196°C Mi2 45 Re15

using a round bar specimen with a sharp /7 Vi

circumferential notch as shown in Fig. 16 and in ‘ %I g{ﬁ— R=0.25 @ otglﬁl
parallel with a FEM analysis (two-dimensional /
axisymmetric element Using). The mesh 236 54 42 54 236

100

division is set to 50 pum near the fracture
occurrence part at the notch bottom. Fig. 17 Fig. 16 Circumferentially notched round-bar specimen
shows the FE-model regarding to structural for obtaining critical stress

model, which are wused for
calculating the driving force. Fig.
18 shows the comparison between |
the increase curve of the peak value
of maximum principal stress (o1)max |
as the driving force and the critical
maximum principal stress value
(0‘ 1)cr for each material. When the e
loading step for the actual brittle i
fracture event, the driving force and
the critical value are almost the
same. Thus, the brittle fracture Dichlisendbbuered iffadi: &0
behavior of this specimen, that is, {1:1;1:::1;1?;:}felleﬂlltltﬁ:rl?e S J
the brittle fracture occurrence event

in the ductile-brittle transition
phenomenon, can be explained by the fracture mechanics approach. In addition, the L specimen shows a
slightly lower value of (61)max, but it may approach by increasing the number of repetitions of the small material
test.

S

HHEH

A-A Cross section

Fig. 17 — general of FE-model for strctural model specimen
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Fig. 18 — Correspondence of the local critical stress obtained by small specimen and driving force at ductile
crack tip in structural model

5. Conclusion

To evaluate the applicability of reduced test specimens in evaluating the column-beam joint's holding energy
absorption performance during an earthquake, structural experiments were carried out using the specimens
which have proportional dimensions almost equal to 1/2 times and 1/4 times based on actual size specimens.
In each case, the ductile crack advanced first and the test was terminated by brittle fracture. When the holding
performance up to the fracture was organized using the evaluation index with normalized dimensions, there
was a problem that the holding performance and the difference of the material toughness were not sufficiently
separated, so the scale effect remained unclear. This study re-examines the scale effect by giving some
additional considerations to the results. The main results obtained are as follows.

1) The scale effect on the driving force for ductile crack growth was clarified by quantifying the local critical
strain of each material. The larger the specimen, the earlier the ductile crack is generated and propagated.
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2) It was clarified through the probabilistic treatment of the brittle fracture resistance of the material that the
scale effect was seen on the driving force of brittle fracture.

3) Quantification of the scale effect taking into account both of these effects revealed that the 1/4 size specimen
had twice the holding performance as the full size specimen. .

However, there are various assumptions in these studies, and the mechanism of the scale effect is not mentioned
in this paper. These need to be clarified in the future.
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