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Study on the seismic performance of X-added damping
and stiffness energy dissipation device
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SUMMARY:

A X-added damping and stiffness energy dissipation device(X-damper) is designed with the soft steel. In order to
study performance parameters and energy dissipation capacity of the X-dampers, the performance experiment of
the design X-damper models are conducted under low cyclic and reciprocal loading. The test results show that:
(1) hysteretic curve of the X-damper is stable and repeatable, the X-damper has good seismic energy dissipation
capabilities. (2) The X-shaped plate can yield almost entirely along their length in shear deformation due to the
appropriate design. Based on the test results, with the use of PERFORM 3D software, the models of the structure
with and without X-dampers are built, and nonlinear time history analysis under frequently and rarely occurred
earthquake are conducted. The analysis results show that: (1) the X-damper can yield ahead to dissipate energy
under strong earthquake action, the member plastic damage of the structure with X-dampers can be reduced. (2)
The X-dampers is more efficient to protect the member in main structure under strong earthquake.

Keywords: added damping and stiffness (ADAS) energy dissipation device energy dissipation hysteretic
performance seismic response plastic deformation

1. INSTRUCTIONS

The research and development of passive energy dissipation control technique against wind and
earthquake excitation have achieved significant progress over the last several decades. Various kinds
of energy dissipation devices have been studied by scholars at home and abroad. A number of these
devices have been installed in new construction as well as seismic retrofit projects for the energy
dissipation under earthquake or strong wind action (Soong T T, Dargush. G F,1997, Pall A.S and
Marsh C ,1981, Cherry S and Filiatrault A ,1993, Skinner R.I, Kelly J.M and Heine A.J.,1975, Tsai
K.C ,1993, Tyler R.G ,1978, Robinson W.H and Greenbank L.R,1976, Li H.N and Li G ,2006, Zhou
Y,20064a, b,c,d). Added damping and stiffness (ADAS) energy dissipation device has been developed
by Whittaker etc (Whittaker, A S.,Bertero,V.V and Thomposon C L, etal,1989), it is consisted of
X-shaped steel plates and connection plates. These X-shaped steel plates were designed to work
primarily in double curvature, which makes their layout more efficient as these elements yield almost
entirely along their length. The ADAS damper is an assemblage of several sheet X-shaped steel plates
that is designed for installation in a building frame such that the relative story drift causes the top
connecting steel plate of the damper to move horizontally relative to the bottom connecting steel plate.
By yielding a large volume of steel, the ADAS damper can dissipate substantial energy under
earthquake or strong wind. Khe-Chyuan Tsai et al carried out the triangular-shaped steel plate energy
absorbers (TPEA).The comparative experimental study of the TPEA was conducted, and the force
model of the TPEA and design method of structure with the TPEAs was given (Tsai K.C,1993). Based
on the research results of the ADAS damper, the H-ADAS damper was investigated by Ching Shyan
Chen et al. A number of projects study results shown that the use of the H-ADAS damper is one of the
feasible ways to dissipate the earthquake energy and to control the seismic response of structure (Xing
S.T, Guo X ,2003, Li D.W ,2005, LI S.Y ,2005, Xu C.E ,2008, Wang Y Y,Chen Q X,Xue Y T ,2004).



The objective of this research was to study the hysteretic performance of X-damper with made in soft
steel. The performance experiment of the design model of the X-damper is conducted under low cyclic
and reciprocal loading. Based on the test results, the performance parameters and energy dissipation
capacity of the damper are investigated. With the use of PERFORM 3D software, the structure with
and without X-dampers structure are built, and nonlinear time history analysis under frequently and
rarely occurred earthquake are conducted to study the control effect of the X-damper.

2. PERFORMANCE TEST
2.1 Damper design

The X-dampers were made of soft steel with nominal yield strength fy=160Mpa, tensile strength
fu=250 Mpa. The corresponding measured values are illustrated in Table.1. The average values of
yield strength and tensile strength are 173.3 Mpa and 253.3 Mpa, respectively. The specifications of
Dampers for Vibration Energy Dissipation of Buildings required that fy/fu be equal to or less than 0.8
and that elongation rate be equal to or more than 60%, both these criteria were mat.

The damper is consisted of 15 sheet X-shaped steel plates and two sheet connection plates. The
outline dimension of the X-damper is 1350X180X220mm, as shown in Figure.l. The X-shaped
plates were flame cut form single plate elements using numerically controlled equipment. The
X-shaped edge is ground to achieve a smooth finish with no visible notching. The dimensions of the
X-shaped edge is 180X 150mm, and the width of the mid-location is 30mm, as shown in Figure.1.
The design X-damper photo is shown in Figure.2. Based on the material test results and the
correlative equation, the performance parameters of the X- damper can be drawn: yield force
Fy=18.3t, elastic stiffness K;=14820.99t/m, yield displacement A y=1.3mm.

Table.1 Parameters of the soft steel

Yield  strength | Tensile strength . . Elongation rate | Elastic
No (MPa) (MPa) Yield ratio (%) modulus(GPa)
1 175 255 0.686 65.5
2 165 245 0.673 66.0 211
3 180 260 0.692 62.0
Average 173.3 253.3 0.684 64.5
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Figure.1 Construction of the X-ADAS
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Figure.2 Photo of the X-ADAS
2.2 Test setup and loading program

The test setup adopted the electro-hydraulic servo loading system that comprised a self-balanced
reaction frames and a hydraulic actuator, as shown in Figure.3. The test specimens were loaded via
1000kN actuator with in-line load cell. The hydraulic actuator had a displacement capacity of +600mm,
horizontal maximum speed capacity of 1500mm/s and working frequency of 0.001Hz~5Hz. The
control displacement via a linear variable displacement transducer mounted on the actuator. The actual
displacement of the specimen in test process is measured by off-site displacement transducer of the
capacity of £150mm.

The two specimens were subjected to a loading program consisting of increasing amplitude elastic and
post yield cycles of displacement based on the specifications of Dampers for Vibration Energy
Dissipation of Buildings, The damper loading program for the two specimens were given in Table.2.

Wlial

Figure.3 The test setup

Table.2 Loading program

NO Control displacement/mm frequency /Hz Cyclic number
1 +0.84 0.04

2 +1.6 0.02

3 +3.08 0.015 4

4 +7.22 0.01

5 +11.63 0.007

6 +18.72 0.005
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2.3 Test results

Figure.4 presents the measured damping force-displacement hysteretic curves for two specimens.
Specimens behaved in a very similar manner, with stable and repeatable hysteretic response and
steadily increasing resistance over the entire test process. No visible damage could be observed until
completion of the tests, except that the paint in the X-shaped plate surface crack on large deformation
case, however the weld joint location no crack. The test photo of large deformation of the damper was
shown in Figure.5. It is evident that the X-shaped plate can yield almost entirely along their length,
and the strength of weld joint can meet the design requirement.
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Figure.4 Hysteretic curve

Figure.5 Test photo

Based on the obtained experimental curves, the maximum and minimum damping force were obtained
on the different displacement, which is plotted in Figure.6. The yield displacement, yield force and
plastic stiffness can be obtained by the Fig.6 and the correlative equations, the results are shown in
table.3.
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Figure.6 Skeleton curves

Table.3 Analysis results

No Elastic stiffness | Yield force (kN) Yield displacement | Plastic stiffness
(KN/mm) (mm) (KN/mm)

Specimen 1 126.1 181.5 1.44 3.23

Specimen 2 122.74 176.8 1.44 3.78

Average 1244 179.2 144 3.51

Error (%) -14 -0.5 +9.7 —

The performance parameters error between the design parameters and the experimental results was
shown in table.3. It appears that test elastic stiffness of the specimens was much lower than the design
value, and the yield displacement was more than the design value. But the error doesn't exceed 15%,
which can meet the design requirement of the Code for Seismic Design of Buildings. The cause of the
lower elastic stiffness and large yield displacement obtained from the bolt slippage in test.

3. STRUCTURAL ANALYSIS

3.1 Structural introduce

The project was three-story with stairhood on the top office building of reinforced concrete frame. The
total height is 13.75m, which the first and second story height are 3.6m, the third story height is 3.9m
and stairway height is 2.65m. The length is 42.8m and width is 15.82m. The plan configuration of the
building is given in Figure.7.

The column cross-section sizes of the first story are 600x600mm , and other story are 500x500mm.

All column reinforcement is 12922. The beam cross-section sizes and reinforcement of the building
were given in Figure.7. The floor slab is 90mm thick. Concrete with a grade C30 is adopted in all
members.

According to requirement of the Code for Seismic Design of Buildings, the building is
asymmetric-plan structure, so it is suggested to adopt X-dampers to control seismic response,
especially to reduce torsional response of the structure. The X-dampers were installed from first story
to third story, the installed locations in plan were shown in Fig.7. All dampers are set up in the form of
\-brace system, as shown in Figure.8. The damper parameters were listed in Table.3.
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3.2 Analytical model

In order to study the seismic performance of the structure with and without the X-dampers, three
dimensional mathematical models were prepared using program PERFORM 3D. The analysis on
structure with energy dissipation devices is very convenient to adopt the program, because it has
several element types, such as beam, column, wall, seismic isolator, viscous damper, etc
(COMPUTERS&STRUCTURES INC,2006).

No-bulking trilinear steel model is used to model the reinforcement in the RC frame. The yield
strength is 300N/mm?, limit strength is 335 N/mm?, elastic modulus is 200000N/ mm? and limit strain
is 0.2 of the H335. Mander concrete model is used to describe the stress-strain relation of the confined
concrete in uniaxial compression. Based on the Code for Design of Concrete Structures, the strength
design value of C30 is 14.3Mpa, limit stress is 17.9Mpa and limit strain is 0.02. The X-damper can be
well described by using the trilinear seismic isolator model (Wu C.Y, Wu C.X, Zhou Y,2010).

The program ETABS and Perform-3D have been used for a comparative analysis, so to ensure the
reliability of models. The model analysis results are shown in Table.4.

Table 4 Comparison of structural period and mass

1°7(s) 25T (s) 35T (s) Mass (T)
ETABS 0.52029 0.45578 0.42253 2122
PERFORM 3D 0.5155 0.448 0.406 2097

Nonlinear time history analysis under frequently occurred earthquake and rarely occurred earthquake
are carried after ensure the reliability of the models. Two natural seismic waves (Northridge wave and
Kobe wave) used in analysis process. The amplitude of each earthquake input record is adjusted to
correspond to frequently occurred earthquake and rarely occurred earthquake. The corresponding
acceleration amplitudes are 55gal and 310gal (PGA), respectively.

3.3 Analysis results

The average value of inter-story drift of structure with and without X-dampers under frequently
occurred earthquake and rarely occurred earthquake were given in Figure.9. The results show that the
maximum inter-story drifts of structure without X-damper under frequently occurred earthquake were
1/1280 in X-direction and 1/1176 in Y-direction, and were 1/1690 in X-direction and 1/1785 in
Y-direction of the structure with X-dampers. Compared the maximum inter-story drift of the structure
with X-dampers with the structure without X-damper, it can be reduced by 30%. The maximum
inter-story drifts of structure without X-damper under rarely occurred earthquake were 1/171 in
X-direction and 1/193 in Y-direction, and were 1/243 in X-direction and 1/259 in Y-direction of the
structure with X-damper, which can be reduced by 25%.
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Figure.9 Structural inter-story drift

The results of the members dissipated energy of structure with and without X-dampers under rarely
occurred earthquake were given in Figure.10 and Figure.11. The results show that: the earthquake
input energy of the structure without X-damper were dissipated by the column and beam members
damage, and were dissipated by X-dampers of the structure with X-dampers that the deformation
response and damage of structure can be reduced. About 55% the input total energy be dissipated by
the beam and column members inelastic deformation of the structure without X-dampers under Kobe
wave action of PGA=310gal, while the percentage is about 44% under Northridge wave. While about
30% the input total energy were dissipated by the beam and column members inelastic deformation
and about 32% energy were dissipated by X-dampers of the structure with X-dampers under Kobe
wave action of PGA=310gal, about 17% the input total energy be dissipated by the beam and column
members inelastic deformation and about 41% energy dissipated by X-dampers under Northridge
wave action.

100+
{ 100

] [ Dissipated inelastic energ
80 | 71 Modal damping energy

1 [ Strain energy 80
704 I Kinetic energy

[ Dissplated inelastic energy|
[ Modal damping energy
[ Strain energy

I Kinetic energy

Percentage( %)
3
1

5 10 15 20 25 30 35 40 45 50 0 10 15 20 25 30

t(s) t(s)
(a)Kobe wave (b) Northridge wave

Figure.10 Energy dissipation of structure without X-damper
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Figure.11 Energy dissipation of structure with the X-damper

4. CONCLUSION

The hysteretic performance of the X-dampers and seismic performance of the structure with and
without X-dampers were studied in this paper. Based on the results, it can be concluded that:

(1) The hysteretic curve of the X-damper is stable and repeatable. The X-dampers has good seismic
energy dissipation capabilities.

(2) The X-shaped plate can yield almost entirely along their length in shear deformation when the
X-shape plate is reasonable designed.

(3) Structural plastic damage of the structure with X-dampers can be reduced. The X-dampers is more
efficient to protect the member in main structure under earthquake.
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ARTICLE INFO ABSTRACT

Article history: This paper presents test results of two connections tested under cyclic loading. The testing

Available online 9 May 2014 programme addressed connection with reduced beam section (RBS) versus without RBS
moment connection. RBS connection is widely investigated and used in US, Japan and Eur-

Keywords: ope. However, design of such type of connection is not presented and used in India. This

Steel structures study is conducted to learn, the advantages and usefulness of RBS connection against con-

Moment connection
Welded joints
Reduced beam section

nection without RBS for Indian profiles. A theoretical model is also created with the finite
element method and the results are compared with those obtained from the experimental
study. The analysis observed that specimen without RBS performed poorly due to cracks

Cyclic loads
v started at the bottom flange weld. The specimen with RBS reached rotation capacity of
0.02 radians without damage in the welds.
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC
BY-NC-SA license (http://creativecommons.org/licenses/by-nc-sa/3.0/).
Introduction

The RBS (Fig. 1) connection is one of the most popular and most economical type amongst post Northridge (1994) and
Kobe (1995) connections. Number of analytical and experimental studies have been performed on RBS moment connection
to examine: flange cut reduction geometry, beam web to column flange connection detail, behaviour of panel zone, require-
ment of continuity plate, lateral and local instability of beam, effect of composite slab, and usefulness for retrofitting, etc.
Further, prequalified RBS connection details and guidelines are described in FEMA (Federal Emergency Management Acad-
emy) 350-351,355-D [1-3] and ANSI/AISC (American Institute of Steel Construction) 341-10 [4], ANSI/AISC 358-10 [5], ANSI/
AISC 360-10 [6], National Institute of standards and Technology-NEHRP Seismic Design Technical Brief No. 2 [7], EC8, Part 3
[8] AISC Steel design guide series-13 [9], NIST GCR 11-917-13 [10] and PEER/ATC 72-1 [11].

According to, Indian Standard (IS), IS 12778-2004 and IS 12779-1989 [12,13], hot rolled parallel flange I beam sections are
classified into 3 types namely as narrow parallel flange beams (NPB), wide parallel flange beams (WPB) and parallel flange
bearing pile sections (PBP). Although, Parametric analysis by Goswami et al. [14] has shown that Indian hot rolled I sections
having yield stress 250 MPa do not meet compactness requirements specified in Indian standards as well as of those coun-
tries with advanced seismic provision for frames used in high seismic zones. However, hot rolled I beam sections having
yield stress 250 MPa are most commonly available and used for steel structures in India. As RBS connection is studied
and used widely in US, Japan and Europe, however its study is quite limited with respect to Indian profiles and so not found

* Corresponding author. Fax: +91 20 27157534.
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Fig. 1. (A) RBS connection detail. (B) Typical geometry details of RBS.

mentioned in any Indian Standards for steel design 1S800-2007, IS808-1989, 1S1852-1985, IS 2062-1999, 1S8500-1991,
[S12778-2004 & 1S12779-1989, [15-19,12,13] It can be adopted in India for better performance in strong and intermediate
earthquakes [20].Considering the advantages of RBS moment connections and lack of knowledge of the performance of this
connection with respect to Indian profiles led to a study on this topic. The objective of this study was to investigate exper-
imentally the cyclic behaviour of welded moment connections with and without RBS. Two external joint specimens were
tested to compare and observe connection behaviour. Nonlinear finite element analysis of the connection models performed
using the computer programme, ANSYS/Multiphysics.

Design of specimen

Sections with 250 MPa grade were considered for this study. Two specimens were studied, designated as, connection
without RBS as ‘WRBS’ and with RBS as ‘RBS’. RBS connection was designed based on specifications given as per AISC and
FEMA codes. For panel zone as well as continuity plates, design shear strength, required shear strength & column web/flange
thickness limits were studied. The connection was representing an exterior strong-axis connection. Height of the column
considered was 975 mm and length of the beam from the centre of the column was 1000 mm. Other, geometrical details
are mentioned in Table 1. Table 2 shows the strength of the connection calculated according to AISC/ FEMA formulae. The
Mj/R,ZyF, ratio was within the limit (0.85-1) suggested by Engelhardt et al. [21]. Table 3 shows normalized limit states
for CP and PZ.

From normalized values (>1) (Table 3) it can be observed that doubler plates as well as continuity plates are not required.
Therefore, RBS moment connection without doubler plates and continuity plates was considered for the study.

Experimental study

Specimens were fabricated at Focus Robotomation Ltd. Pune, India and experimental procedure was carried out at Com-
posite Research Centre labs at R&D Engineers, Pune, India. Physical observation of members showed that, geometrical sizes
and weights were as recommended by with Indian Standards IS 808-1989 [16] and [S12778-2004 [12]. The sizes/weights of
the members considered to model the exterior connection are listed in Table 4. Coupon testing was performed for steel
shapes to establish the mechanical properties at Perfect Laboratory Service, Pune, India (see Table 5).

Each beam flange and web was welded at the face of the column using fillet welds. It should be noted that there were no
web access holes. The welds’ throats were 8 mm for all the specimens. Welds’ throat and quality were checked during fab-
rication. Test setup shown in Fig. 2, consisted of: Supporting frame, Test specimen (external subassemblage, Hydraulic actu-
ator (force rating +100 kN and stroke length +125 mm), Data acquisition system and strain gauges YFLA-5 of gauge
resistance120 Q. For the test specimens cyclic loads (Table 6) were applied to the tip of the beam following standard SAC
loading history Clark et al. [22].

Table 1
Select members for analysis.

Member (Sr. No. as per IS 12778-2004) Depth d (mm) Web Thk t,, (mm) Flange width by (mm) Flange Thk tf(mm) RBS dimensions (mm)
a b c R

WPB150(15) Column 162 8 154 11.5 N.A.
NPB200(9) Beam 200 5.6 100 8.5 60 160 25 140.5
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Table 2
RBS moment connection design parameters.
Specimen Column (Sr. No. as per code) Beam (Sr. No. as per code) Mpe (Nmm) My (Nmm) M, (Nmm) Mj/Mp. M,
M;,
RBS WPB150(15) NPB200(9) 67.65 x 106 59.68 x 106 45,56 x 10° 0.88 3.12
Table 3
RBS moment connection design parameters.
Specimen  Column (Sr. No. as per code) Beam (Sr. No. as per code) Panel zone Continuity Plates
FEMA AISC tp, ¢R,/R, LFB LWy WC WCB  AISC FEMA t
RBS WPB150(15) NPB200(9) 2.44 1.20 1.00 346 154 274 1.02
Table 4
Test specimens.
Test Specimen Column Beam
WRBS WPB150(15) NPB200(9)
RBS WPB150(15) NPB200(9)
Table 5
Steel mechanical properties.
Section WPB150(15) NPB200(9)
Yield Strength F, (MPa) 334 330
Tensile Strength F, (MPa) 486 484
[ DATA AQUISITION
- SYSTEM
EXTERNAL ! HYDRAULIC
JOINT ACTUATOR
Fig. 2. Test setup.
Table 6
Loading schedule.
Load cycles (number) 6 6 6 4 2 2 2 2 2
Interstory drift angle (radians) 0.00375 0.05 0.0075 0.01 0.015 0.02 0.03 0.04 0.05
Beam tip displacement (mm) +3.75 5 +7.50 +10 +15 120 +30 +40 +50

Finite element study

The ANSYS Multiphysics [23] finite element software was used to model the specimens for nonlinear analysis. An element
SOLID45 from ANSYS element library was used for the 3-D finite element modelling of the RBS moment connection (Fig. 3A
and B). The fundamental assumptions made to idealize steel mechanical properties are including: Young’'s modulus of
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Fig. 3. (A) Specimen modelling. (B) Finite element mesh. (C) Idealized uniaxial tensile response.

2x10° MPa, Poisson’s ratio of 0.3. Multi-linear stress strain curve are input directly as element material property for cyclic
analyses (Fig. 3C). The column was assumed as pin connected at both the ends and at the joint beam to column element con-
nection is configured as fully restrained. Each subassembly is loaded at the beam free end in the displacement control as per

details given in above section of experimental study.

Performance of the specimens

Observations of specimen without reduced beam section ‘WRBS’

For, specimen WRBS (Fig. 4A) column flange buckling was observed and it became more pronounced with each successive
loading cycle. From the flaking of the white wash in column panel zone it was observed that column panel zone yielding
above elastic limit had occurred in this area (Fig. 4B). During the first cycle of the 0.02 radians a crack was developed near
weld metal of beam bottom flange, no beam buckling was observed. Fig. 4C shows von Mises stress diagram of the specimen.
The von Mises contours shown Fig. 4C indicate the highest regions of stress contours (435-485 MPa) occur in panel zone as
well in the vicinity of weld element. Reasonable correlation was observed between analysis and experiment for all

specimens.

Observations of specimen with reduced beam section ‘RBS’

The column panel zone stayed in the upper envelop of elastic state for the specimen as the white wash stayed intact. Col-
umn flange or web buckling was not observed. No sign of failure of from welding was observed during the test (Fig. 5A, B and
C). The von Mises contours shown in Fig. 5B and 5C indicate the highest regions of stress contours (358-403 MPa) occur in
reduced beam section of the beam. This is approximately the upper envelop of an inelastic state. RBS connection reached
total interstory drift angle of 0.03 radians, which exceeds the FEMA and AISC requirements for intermediate moment frame
of 0.02 radians. Lateral displacement 21 mm was observed during cycles of 0.03 radians (Fig. 5A and B).

Hysteretic behaviour

The force-displacement hysteretic responses of the connections resulting from the experimental study are compared with
those of the finite element analysis (Fig. 6A and B). Reasonable correlation between the analysis and experimental results

(A) (8)

T
NODAL S0LUTION AN

JAN 18 2014

16:50:18

477839 218.531 325.407 32.283
50.2 271969 378.845 485.721

(©)

Fig. 4. (A) Specimen WRBS. (B) Panel zone yielding in Specimen WRBS. (C) von Mises stress distribution in the WRBS specimen at 0.02 radians.
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Fig. 5. (A) Specimen RBS with lateral displacement. (B) And (C) von Mises stress distribution in the specimen 3 at 0.03 radians.
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Fig. 6. (A) Force-displacement response of specimen ‘WRBS’. (B) Force-displacement response of specimen ‘RBS’.

was observed. With cyclic displacement increasing, both specimen share the almost same shape and curve slope decreases
continuously until attain the extreme limit loading. It showed that the structures remain elastic before yielding. The area of
hysteretic loops gradually increased and residual deformations were observed with the increase of displacement after yield-
ing. Inelastic deformation occurred mainly in RBS area for connection ‘RBS’ creating ductile fuse, whereas as it occurred in
panel zone and beam flanges for connection ‘WRBS’.

Conclusions

Both the experimental and numerical results observed that cyclic performance of the RBS moment connection was much
superior to the connection without RBS. No weld fracture was observed in RBS connection while there was a crack observed
near beam bottom flange weld for connection without RBS. A reduction in material and labour cost is possible due to elim-
ination of continuity/doubler plates for RBS moment connection. Numbers of tests conducted in above study are quite lim-
ited and more extensive testing is recommended to understand behaviour of RBS for Indian profiles.
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CDP Jss slysp 03 5)68) Oluogas :1-V Josa

Elastic
E=20 GPa v=0.25
Dilation Angle Eccentricity fb0/fc0 K Viscosity Parameter
20 0.1 1.16 1 0.001
Compressive Behavior Compression Damage

Damage Parameter  Inelastic Strain

Yield Stress ( N / mZ) Inelastic Strain
0 0

8622572.489 0
13730599.34 0.000323693 0 0.000323693
16411059.32 0.000691665 0 0.000691665
17714344.5 0.001127471 0 0.001127471
18263787.33 0.001600408 0 0.001600408

18400000 0.002093699 0 0.002093699

18308446.16
18091950.17
17808784.56
17492613.82
17163147.76
16831986.28
16188814.38
15882785.77
15588837.94
15307305.3
15038110.13
14780927.83
14535291.79
14300660.27
14076458.9
13862107.54
13657036.9
13460698.53
13272570.46
13092160.02
12919004.76
12752672.33
12592759.55
12438891.02

0.002598209
0.003108872
0.00362282
0.004138393
0.004654621
0.005170932
0.006202612
0.006717686
0.007232164
0.007746031
0.008259291
0.008771958
0.009284057
0.009795614
0.010306657
0.010817215
0.011327316
0.011836987
0.012346253
0.012855139
0.013363668
0.013871861
0.014379738
0.014887316

0.004975752
0.016741839
0.032131274
0.049314466
0.067220231
0.085218137
0.120173131
0.136805121
0.152780547
0.168081234
0.182711406
0.196688705
0.21003849
0.222790203
0.23497506
0.24662459
0.257769734
0.268440297
0.278664649
0.288469564
0.297880176
0.306919982
0.315610894
0.323973314

0.002598209
0.003108872
0.00362282
0.004138393
0.004654621
0.005170932
0.006202612
0.006717686
0.007232164
0.007746031
0.008259291
0.008771958
0.009284057
0.009795614
0.010306657
0.010817215
0.011327316
0.011836987
0.012346253
0.012855139
0.013363668
0.013871861
0.014379738
0.014887316
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12290717.64
12147914.86
12010181.02
11877235.73
11748818.21
11624685.85

0.015394615
0.015901649
0.016408433
0.016914981
0.017421306
0.01792742

0.332026215
0.339787236
0.34727277
0.354498058
0.361477271
0.368223595

0.015394615
0.015901649
0.016408433
0.016914981
0.017421306
0.01792742

11504612.75 0.018433335 0.374749307 0.018433335
11388388.47 0.018939059 0.381065844 0.018939059
11275816.77 0.019444604 0.387183871 0.019444604

11166714.53

0.019949978

0.393113341

0.019949978

11060910.68 0.020455189 0.39886355 0.020455189
10958245.32 0.020960246 0.404443189 0.020960246
10858568.8 0.021465156 0.409860392 0.021465156
10761740.96 0.021969925 0.415122774 0.021969925
10667630.41 0.022474561 0.420237478 0.022474561
10576113.85 0.022979068 0.425211204 0.022979068
10487075.49 0.023483454 0.430050245 0.023483454
10400406.46 0.023987723 0.434760518 0.023987723
10316004.35 0.02449188 0.43934759 0.02449188
10233772.68 0.024995931 0.443816702 0.024995931
10153620.54 0.025499879 0.448172797 0.025499879
10075462.17 0.026003728 0.452420534 0.026003728
9999216.584 0.026507484 0.456564316 0.026507484

Tensile Behavior
Yield Stress (N / mz) Cracking Strain

Tension Damage
Damage Parameter Cracking Strain

1417724.497 0 0 0
1205467.039 0.000138 0.15 0.000138
879399.608 0.000391 0.38 0.000391
814268.899 0.000486 0.426 0.000486
692359.003 0.000756 0.512 0.000756
617100.43 0.00102 0.565 0.00102
564406.288 0.00129 0.602 0.00129
524710.005 0.00155 0.63 0.00155
493333.525 0.00182 0.652 0.00182
467674.672 0.00208 0.67 0.00208
456470.037 0.00222 0.678 0.00222
446151.997 0.00235 0.685 0.00235
436606.707 0.00248 0.692 0.00248
427739.981 0.00261 0.698 0.00261
0.704 0.00274

419473.11 0.00274
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411739.726 0.00288 0.71 0.00288
404483.406 0.00301 0.715 0.00301
397655.824 0.00314 0.72 0.00314
391215.308 0.00327 0.724 0.00327
385125.703 0.0034 0.728 0.0034
379355.459 0.00354 0.732 0.00354
373876.898 0.00367 0.736 0.00367
368665.625 0.0038 0.74 0.0038
363700.034 0.00393 0.743 0.00393
358960.917 0.00406 0.747 0.00406
354431.124 0.00419 0.75 0.00419
350095.29 0.00433 0.753 0.00433
345939.598 0.00446 0.756 0.00446
341951.589 0.00459 0.759 0.00459
338119.987 0.00472 0.762 0.00472
334434.563 0.00485 0.764 0.00485
330886.01 0.00499 0.767 0.00499
327465.839 0.00512 0.769 0.00512
324166.287 0.00525 0.771 0.00525
320980.243 0.00538 0.774 0.00538
317901.171 0.00551 0.776 0.00551
314923.059 0.00564 0.778 0.00564
312040.362 0.00578 0.78 0.00578
309247.956 0.00591 0.782 0.00591
306541.1 0.00604 0.784 0.00604
303915.395 0.00617 0.786 0.00617
301366.76 0.0063 0.787 0.0063
298891.395 0.00644 0.789 0.00644
6 21
1.4 18
12 15
~ 1
= 06 i~
0.4 6
0.2 3
0 0
0 0.002 0.004 0.006 0.008 0 0005 001 0015 002 0025 003
Strain Strain
(&) all
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Implicit versus Explicit
Explicit only works when there is acceleration (dynamic) whereas an implicit approach can solve the
dynamic and the static problem. For dynamic problems, this means that we are solving the following

equation:

ma'+cv'+kd" = f" (t)

where 7= time step. A common terminology is to call the kd" part the internal force in the structure.

The basic problem is to determine the displacement at some future time or 4"*' , at time ¢"*'.

In conceptual terms, the difference between Explicit and Implicit dynamic solutions can be written as:
Explicit: d""' = g(d” Va,dm v ,)

All these terms are known at time state “72” and thus can be solved directly.
For implicit, the solution depends on nodal velocities and accelerations at state n+1, quantities which are
unknown:
Implicit: d"' = g(v”+1 ,a'™t . d" v ,)
Given these unknowns, an iterative solution at each time step is required.
Explicit is fast since it is a direct linear algebra calculation to arrive at all quantities for the future time.

It also means that you can't jump very far ahead. you have to calculate future entities and requires a

decomposition of the stiffness and mass matrices — pain in the ass and slow. But one can use large steps.

Implicit Method Explicit Method
- Matrix inversion is required - No matrix inversion
- Nonlinearities require equilibrium - Can handle nonlinearities easily (no convergence
iterations (convergence Problems) issues)
- Integration time step can be large but - Integration Time Step At must be Small (1le-6
maybe restricted by convergence second in typical)
issues - Useful for short duration transients such as wave
- Efficient for most problems except propagation, Shock loading and highly nonlinear
where At needs to be very small problem such as forming.
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ﬂsticity theories \

Most materials of engineering interest initially respond elastically. Elastic behavior means
that the deformation is fully recoverable: when the load is removed, the specimen returns
to its original shape. If the load exceeds some limit (the “yield load”), the deformation is
no longer fully recoverable. Some part of the deformation will remain when the load is
removed, as, for example, when a paperclip is bent too much or when a billet of metal is
rolled or forged in a manufacturing process. Plasticity theories model the material's
mechanical response as it undergoes such nonrecoverable deformation in a ductile
fashion. The theories have been developed most intensively for metals, but they are also
applied to soils, concrete, rock, ice, crushable foam, and so on. These materials behave
in very different ways. For example, large values of pure hydrostatic pressure cause very
Qe inelastic deformation in metals, but quite small hydrostatic pressure values may

cause a significant, nonrecoverable volume change in a soil sample. Nonetheless, the




fundamental concepts of plasticity theories are sufficiently general that models
based on these concepts have been developed successfully for a wide range of
materials.

Most of the plasticity models in Abaqus are “incremental” theories in which the
mechanical strain rate is decomposed into an elastic part and a plastic (inelastic)
part. Incremental plasticity models are usually formulated in terms of

e ayield surface, which generalizes the concept of “yield load” into a test
function that can be used to determine if the material responds purely
elastically at a particular state of stress, temperature, etc;

o a flow rule, which defines the inelastic deformation that occurs if the material
point is no longer responding purely elastically; and

e evolution laws that define the hardening—the way in which the yield and/or
flow definitions change as inelastic deformation occurs.

Stress and strain measures

Most materials that exhibit ductile behavior (large inelastic strains) yield at stress
levels that are orders of magnitude less than the elastic modulus of the material,
which implies that the relevant stress and strain measures are “true” stress
(Cauchy stress) and logarithmic strain. Material data for all of these models should,
therefore, be given in these measures.

If you have nominal stress-strain data for a uniaxial test and the material is
isotropic, a simple conversion to true stress and logarithmic plastic strain is

Gtrue = Gnom (1 + 8nom ) >
o)
pl _ true
&= ln(l +E o ) g

where E is the Young's modulus.
Example of stress-strain data input

The example below illustrates the input of material data for the classical metal
plasticity model with isotropic hardening (“Classical metal plasticity,” Section
23.2.1). Stress-strain data representing the material hardening behavior are
necessary to define the model. An experimental hardening curve might appear as
that shown in Figure 23.1.1-1.




Figure 23.1.1-1 Experimental hardening curve.
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First yield occurs at 200 MPa (29000 Ib/in?). The material then hardens to 300 MPa
(43511 Ib/in?) at one percent strain, after which it is perfectly plastic. Assuming that
the Young's modulus is 200000 MPa (29 x 108 Ib/in?), the plastic strain at the one
percent strain point is .01 — 300/200000=.0085. When the units are newtons and
millimeters, the input is

Yield Stress Plastic Strain

200. 0.

300. .0085

Plastic strain values, not total strain values, are used in defining the hardening

behavior. Furthermore, the first data pair must correspond with the onset of
plasticity (the plastic strain value must be zero in the first pair).
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Predicted material behavior

In the kinematic hardening models, the center of the yield surface moves in stress space
due to the kinematic hardening component. In addition, when the nonlinear isotropic/kinematic




hardening model is used, the yield surface range may expand or contract due to
the isotropic component. These features allow modeling of inelastic deformation in
metals that are subjected to cycles of load or temperature, resulting in significant
inelastic deformation and,possibly, low-cycle fatigue failure. These models account
for the following phenomena:

Bauschinger effect: This effect is characterized by a reduced yield stress upon
load reversal after plastic deformation has occurred during the initial loading. This
phenomenon decreases with continued cycling. The linear kinematic hardening
component takes this effect into consideration, but a nonlinear component
improves the shape of the cycles. Further improvement of the shape of the cycle
can be obtained by using a nonlinear model with multiple backstresses.

Cyclic hardening with plastic shakedown: This phenomenon is characteristic of
symmetric stress- or strain-controlled experiments. Soft or annealed metals tend
to harden toward a stable limit, and initially hardened metals tend to soften. Figure
23.2.2—4 illustrates the behavior of a metal that hardens under prescribed
symmetric strain cycles.

Figure 23.2.2-4 Plastic shakedown.
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Ratchetting: Unsymmetric cycles of stress between prescribed limits will cause
progressive “creep” or “ratchetting” in the direction of the mean stress (Figure 23.2.2—
5).

typically, transient ratchetting is followed by stabilization (zero ratchet strain) for
low mean stresses, while a constant increase in the accumulated ratchet strain is
observed at high mean stresses. The nonlinear kinematic hardening component,
used without the isotropic hardening component, predicts constant ratchet strain.




The prediction of ratchetting is improved by adding isotropic hardening, in which case
the ratchet strain may decrease until it becomes constant. However, in general the
nonlinear hardening model with a single backstress predicts a too significant
ratchetting effect. A considerable improvement in modeling ratchetting can be
achieved by superposing several kinematic hardening models (backstresses) and
choosing one of the models to be linear or nearly linear (y, < C, ), which results in a
less pronounced ratchetting effect.
Figure 23.2.2-5 Ratchetting.
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Relaxation of the mean stress: This phenomenon is characteristic of an
unsymmetric strain experiment, as shown in Figure 23.2.2—-6.

Figure 23.2.2-6 Relaxation of the mean stress.
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As the number of cycles increases, the mean stress tends to zero. The nonlinear
kinematic hardening component of the nonlinear isotropic/kinematic hardening
model accounts for this behavior.

Limitations

The linear kinematic model is a simple model that gives only a first approximation of
the behavior of metals subjected to cyclic loading, as explained above. The nonlinear




ﬂsotropic/kinematic hardening model can provide more accurate results in man}

cases involving cyclic loading, but it still has the following limitations:

o The isotropic hardening is the same at all strain ranges. Physical
observations, however, indicate that the amount of isotropic hardening
depends on the magnitude of the strain range. Furthermore, if the specimen
is cycled at two different strain ranges, one followed by the other, the
deformation in the first cycle affects the isotropic hardening in the second
cycle. Thus, the model is only a coarse approximation of actual cyclic
behavior. It should be calibrated to the expected size of the strain cycles of
importance in the application.

« The same cyclic hardening behavior is predicted for proportional and
nonproportional load cycles. Physical observations indicate that the cyclic

hardening behavior of materials subjected to nonproportional loading may
K be very different from uniaxial behavior at a similar strain amplitude. /
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This example shows that the combined isotropic/kinematic hardening model available
in Abaqus can predict ratchetting and that the results obtained using this model
correlate very well with experimental results.

The following Abaqus features are demonstrated:

- using the nonlinear isotropic/kinematic hardening model to predict deformation
in a specimen subjected to monotonic and cyclic loading; and

- modeling the effect of ratchetting (accumulation of plastic strain under a cyclic
load)

Application description
Qeventing ratchetting is very important in the design of components subiject to cycly




loading in the inelastic domain. The amount of plastic strain can accumulate
continuously with an increasing number of cycles and may eventually cause material
failure. Therefore, many cyclic plastic models have been developed with the goal of
modeling ratchetting correctly.

This example considers two loading conditions: monotonic deformation and uniaxial
cyclic tension and compression.

Geometry

The specimen studied is shown in Figure 1.1.8—1. All dimensions are specified in
the figure. For the experiments (Portier et al., 2000) the specimens were obtained
from a tube with an outer diameter of 130 mm and a wall thickness of 28 mm. The
specimens were heat treated to ensure the initial isotropy of the material.

Materials

The specimen is made of austenitic type 316 stainless steel. The material
mechanical properties are listed in Table 1.1.8—1. A detailed description of the
calibration of parameters is given in “Material parameters determination” below.

Boundary conditions and loading
The specimen is constrained at the bottom surface in the longitudinal direction, and
a load is applied to the top surface.

Abaqus modeling approaches and simulation techniques

In this example deformations of a specimen subject to monotonic and cyclic loads
are studied. In both cases static analyses are performed. Taking advantage of the
axial symmetry of the specimen, axisymmetric elements are used.

Summary of analysis case
Case 1 Static analysis of a specimen subject to a monotonic load.
Case 2 Static analysis of a specimen subject to an unsymmetric cyclic load.

Case 1 Monotonic load

The experimental monotonic load data are used to calibrate the kinematic
hardening model. The purpose of this case is to verify that the simulation results
agree with the experimental results and to compare the accuracy of the results
obtained using a model with one backstress and a model with two backstresses.
Analysis types

A static stress analysis is performed.

Mesh design
The specimen is meshed with CAX4R and CAX3 elements. The mesh is shown
in Figure 1.1.8-2.




Material model
The combined isotropic/kinematic hardening model is used to model the
response of the material. This material model requires that the elastic parameters
(Young's modulus and Poisson's ratio), the initial yield stress, the isotropic
hardening parameters, and the kinematic hardening parameters are specified.

Material parameters determination

The elastic parameters, the initial yield stress, and the isotropic hardening
parameters are assumed to be equal to those reported in Portier et al. (2000) for
the Ohno and Wang model. The kinematic hardening component is defined by
specifying half-cycle test data, where the data are obtained by digitizing the
results reported by Portier et al. The values of all the parameters, including the
kinematic hardening parameters obtained from the test data, are presented
in Table 1.1.8-1.

Boundary conditions
The specimen is fixed in the longitudinal direction at the bottom surface.

Loads
A displacement of 0.45 mm is applied to the top surface.

Results and discussion

The simulation and experimental results are presented graphically in Figure
1.1.8-3. The strains and stresses are computed by averaging the values in the
elements lying at the center of the specimen. The experimental curve shows
three distinct regions: a linear elastic region, an elastic-plastic transition zone,
and an almost linear response region at large strain values. The model with two
backstresses captures this response very well. One of the backstresses has a
large value of the parameter y, which captures the shape of the transition zone

correctly, while the second backstress with a relatively small value of y captures
the nearly linear response at large strains correctly. The parameter y in the

model with one backstress has a relatively large value, which results in large
discrepancies between the experimental and predicted responses at large
strains.

Case 2 Uniaxial tension and compression cyclic analysis
The objective of this case is to show that the combined isotropic/kinematic
hardening model can be used to predict the response of a material subject to a
cyclic load accurately and, in particular, to predict the ratchetting effect. In
addition, the results obtained using a model with one backstress are compared
to those obtained using a model with two backstresses.




Analysis types
A static stress analysis is performed.

Mesh design
The mesh is the same as in Case 1.

Material model
The material model is the same as in Case 1.

Boundary conditions
The specimen is fixed in the longitudinal direction at the bottom surface.

Loads

Acyclicloadof o, =11.0 MPaand Ac =15.4 MPa is applied to the top surface of

the specimen. This load produces an approximate cyclic load of o, =100 MPa

mean

mean

and Ao =140 MPa at the center part of the specimen.

Results and discussion

The simulation results obtained for the model with one backstress and the model
with two backstresses, together with the experimental results, are depicted
in Figure 1.1.8-4. The strains were computed by averaging the strains in the
elements lying at the center of the specimen. The figure shows that both simulation
models are capable of predicting ratchetting. It also shows that the results obtained
using the model with two backstresses correlate better with the experimental
results.

Discussion of results and comparison of cases
The results of the analyses show that the combined isotropic/kinematic hardening
model can be used to predict the ratchetting effect accurately. In addition, a
substantial improvement in the agreement between simulation and experimental
results can be achieved by using a model with multiple backstresses instead of a
model with a single backstress. The former model predicts more accurately the
shape of the stress-strain curve in the monotonic loading case and the ratchetting
strain in a cyclic loading case. In this example increasing the number of
backstresses from one to two produced a substantial improvement in the results.
However, further increasing the number of backstresses does not significantly
improve the results.




Table
Table 1.1.8—-1 Mechanical properties for 316 steel.
Material properties:

Young's modulus 192.0 GPa

Poisson's ratio 0.3

Initial yield stress 120.0 MPa

Isotropic hardening parameters:
Q- 120.0 MPa
b 13.2
Kinematic hardening parameters:
Model with one backstress
C 218.5 GPa
Y 1956.6
Model with two backstresses
Ci 2.067 GPa

Y1 447
C>  246.2 GPa
Y2 25514
Figures
Figure 1.1.8—1 Geometry and size of the Figure 1.1.8-2 Finite element
specimen. mesh of the specimen.
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Figure 1.1.8-3 Stress-strain curves for monotonic tensile loading.
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Abstract

This paper is concerned with the mechanical behaviour of 316 austenitic stainless steel
under multiaxial loadings and particular attention is paid to ratchetting under tension—torsion
non-proportional loadings. First, a series of uniaxial tests and biaxial tests has been carried
out in order to calibrate five different cyclic plasticity models based on an isotropic hardening
rule and a non-linear kinematic hardening rule. It is shown that this class of models gives
quite good agreement between the experimental and numerical results. Second, another series
of ratchetting tests has been carried out under tension—torsion loadings in order to test the
prediction capacities of the previous models. It is shown that whereas the models have been
calibrated with similar loading paths, four of the five selected models give poor predictions.
© 2000 Elsevier Science Ltd. All rights reserved.

Keywords: Multiaxial plasticity; Cyclic loading; Ratchetting; Metallic material; Mechanical testing

1. Introduction

In many engineering applications, structures in 316 austenitic stainless steel can be
subjected to cyclic loads in the inelastic domain which can create a cumulative
inelastic deformation. In such a case, it can lead to degradation and failure due to
accumulation of deformation or due to fatigue mechanisms. A good prediction of
the accumulation of deformation and of fatigue damage depends on the capacity of
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0749-6419/00/$ - see front matter © 2000 Elsevier Science Ltd. All rights reserved.
PII: S0749-6419(99)00056-X



304 L. Portier et al. | International Journal of Plasticity 16 (2000) 303—-335

the constitutive model used in the analysis to be able to reproduce the material
behaviour.

It is well known that under asymmetric cyclic loadings, 316 stainless steel exhibits
uni-directional and multi-directional ratchetting in a presence of a mean stress
(Chaboche, 1987, 1989; Chaboche and Nouailhas, 1989a,b; Ruggles and Krempl,
1989; Chaboche, 1991, 1992; Hassan and Kyriakides, 1992a,b; Ohno and Wang,
1992; Cabrillat and Gatt, 1993; Delobelle, 1993a,b; Ohno and Wang, 1993a,b;
Delobelle and Bocher, 1994; Hassan and Kyriakides, 1994a,b; Jiang and Sehitoglu,
1994a,b; Ohno and Wang, 1994; Delobelle et al., 1995; Geyer, 1995; McDowell,
1995; Bouchou and Delobelle, 1996; Corona et al., 1996; Jiang and Sehitoglu, 1996;
Bocher and Delobelle, 1997; Cabrillat et al., 1997; Ohno, 1997) and additional cyclic
hardening under non-proportional loading paths compared to proportional loading
(Lamba and Sidebottom, 1978a,b; Kanazawa et al., 1979; McDowell and Socie,
1982; Ohashi and Ohno, 1982; Krempl and Lu, 1983; McDowell, 1983; Cailletaud et
al., 1984; Krempl and Lu, 1984; McDowell and Socie, 1985; Ohashi et al., 1985a,b;
de los Rios et al., 1985; Tanaka et al., 1985a,b; Tokuda et al., 1986; Ohnami et al.,
1988; Benallal et al., 1989; Marquis, 1989; Murakami et al, 1989a,b; de los Rios et
al., 1989; Doquet and Pineau, 1990; Ellyin et al., 1991; Abdul-Latif, 1992; Ferney,
1992; Wang and Brown, 1994; Hopperstad et al., 1995; Calloch and Marquis, 1997,
1999). These two phenomena are observed in specific experiments.

These two aspects of the mechanical behaviour of 316 stainless steel have received
considerable attention over the last 20 years. It has lead to the development of a
significant number of models of cyclic plasticity to predict the hardening and the
ratchetting of metallic materials. In addition, several types of ratchetting tests and
tests to characterize cyclic hardening have been developed to elaborate these models.
Up to now, such models have exhibited quite good agreement with simple ratchet-
ting tests and hardening tests under complex loadings, but they usually fail to
describe the ratchetting observed when the loadings are more complex (Corona et
al., 1996).

The purpose of the present work is first to build a large experimental data base
under uniaxial and multiaxial loading stress states to establish the mechanical
behaviour of 316 stainless steel at different temperatures; second, to present tension—
torsion tests at different temperatures which involve simultaneous cycling of the
axial stress (primary loading) and the shear strain (secondary loading); and third, to
test a class of constitutive models. Indeed, the last part of the present paper is con-
cerned with the modelling of ratchetting and hardening under complex loadings. We
evaluate the performance of different cyclic plasticity models in predicting the rate of
ratchetting measured experimentally. The cyclic constitutive equations are studied in
terms of a hierarchy of various models. The basic model for the simulations is a
cyclic plasticity model with isotropic hardening and a non-linear kinematic hard-
ening rule of the type originally proposed by Armstrong and Frederick (1966). Then,
we study four modifications in the kinematic and isotropic hardening rules in this
base model to improve the description of ratchetting and additional hardening: the
models are those proposed by Burlet and Cailletaud (1987), Chaboche (1989), Ohno
and Wang (1993a), Tanaka (1994). Finally, we simulate the experiments with the
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models combining these different kinematic and isotropic hardening rules. The per-
formance of each of the different models are analysed and some recommendations for
using of such models in structural engineering applications are made.

2. Experimental investigations under uniaxial loadings characterising the mechanical
behaviour of material

2.1. Experimental equipment

The material chosen for this study is the austenitic type 316 stainless steel. The
chemical composition of the material is given in Table 1. The material is available as
a tube with outer diameter of 130 mm and a wall thickness of 28 mm.

Tensile specimens for uniaxial load tests were machined from the pipe in the
longitudinal direction. The geometry of tensile specimens is given Fig. 1. After

Table 1
Chemical composition of Type 316 autenitic stainless steel (% in weight)

C S P Si Mn Ni Cr Mo Co Fe
0.018 0.002 0.024 0.35 1.62 11.08 16.7 2.13 0.20 Balance
8+0.05
8+0.1

R 60
15.4+0.1 ™

1250, . ® 620.01
I
15.4+0.1
. ® 10=0.1
8+0.1 ‘ i
8+0.05
® 180.1

Fig. 1. Geometry and sizes of the uniaxial specimen (in mm).
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machining, all specimens were heat treated to ensure the initial isotropy of the
material. The heat treatment included 1 h soaking at 1050°C followed by a water
quench. In order to characterise the mechanical behaviour of our material under
uniaxial loading, a series of uniaxial tests were performed on a MTS 810 servohy-
draulic test machine operating in axial strain control or in axial stress control. A 12
mm extensometer (MTS 632.53F-14) was used to monitor axial strains (Fig. 2).
Axial stress was obtained by a uniaxial load cell. The tests were performed at room
temperature and at 250°C. In the case of the tests performed at 250°C, the homo-
geneity of the temperature field was controlled with three thermocouples divided up
on the central part of the specimen. A Macintosh Quadra 950 computer equipped
with a NB.MIO.16.XL card, a NB.AO.6 card and LabView software controled the
acquisition operations and command signal generation.

2.2. Description of the loadings and experimental results

A series of uniaxial tests were performed in order to characterise different aspects
of the mechanical behavior of our material. First, the strain hardening of the mate-
rial under monotonic loading was characterized using a total strain rate of
&' =3.10"%s7!. Fig. 3 shows the corresponding strain—stress curves. We can observe
the classical influence of the temperature on the monotic response.

Fig. 2. Experimental equipment.
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The cyclic hardening of the material was characterized with symmetric tension—
compression tests under axial strain control. Three levels of strain amplitude were
considered (0.5-0.65% and 0.8%). Figs. 4 and 5 show the corresponding strain—
stress responses at cyclic saturation. We can observe that the cyclic hardening of the
material decreases when the temperature increases and on the other hand that the
stabilisation rate increases when the temperature increases.

300 WMaterlal 316L SS—+——

H : H T——250C
250 . — .- ]

T—250°C

200
150

100 [ ------------

Axial stress, c,, (MPa)

of

IIIIIIIIIIX!I}[I

Ii]llllllllllllllllllll

0
0 0.5 1 1.5 2 25
Axial strain, €, (%)

Fig. 3. Stress—strain curves for different temperatures under tension loading.
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300 ? ? :
200
100
0
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=200 g : |
-300 e — T25°C
_400 1 | L | L L 1 )
-1 -0.5 0 0.5 1
Axial strain, €, (%)

Axial stress, o, (MPa)

Fig. 4. Axial stress—strain loops at cyclic saturation at room temperature.
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Ratchetting behavior was studied with tension—compression tests under axial
stress control. Fig. 6 shows the loading for the two temperatures considered. Fig. 7
shows the evolution of the maximum axial strain versus number of cycles.

Finally, the effect of strain rate was studied. Monotonic tests with a variable strain
rate during the tests were performed for this purpose. Fig. 8 shows corresponding
strain—stress curves. It can be observed that the material is rate-dependent at room
temperature and that the strain rate sensitivity decreases when the temperature is
increased up to 250°C.

400 ———Material : 316L SS——
300 : : i
200

—
)
=)

Axial stress, c,, (MPa)
o

O B B~ e
'400-1 -0.5 0 0.5 1

Axial strain, €, (%)

Fig. 5. Axial stress—strain loops at cyclic saturation at 250°C.

T T l\l!I“l‘IlVl

Axial stress, ¢, (MPa)

L1 11 IOIlllllllllll

0 5 10 15 20
Time, t

Fig. 6. Description of the loading.
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Fig. 7. Maximum axial strain versus number of cycles at 25 and 250°C.
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Fig. 8. Tension tests at different axial strain rates at 25 and 250°C.

3. Experimental investigations under biaxial tension—torsion loadings
3.1. Experimental equipment

The experiments were conducted on 316 stainless steel tubular specimens with 25.4
mm outer diameter and 1.27 mm wall thickness. Fig. 9 shows the geometry of the
tubular specimens. After machining, all specimens were heat treated. The heat
treatment is the same as that prescribed for the uniaxial specimens.
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Fig. 9. Geometry and sizes of the tension—torsion specimen (in mm).

The experiments involved cyclic axial loading with simultaneous variations in the
shear strain to provide predetermined cycles in the (&!,, ¥,/ V/3) plane or in the
(8’12, 011) plane. This series of biaxial loadings were performed on"a MTS axial-tor-
sional servohydraulic testing machine. The data acquisition operations and com-
mand signal generation were made by a Macintosh Quadra 950 equipped with a
NB.MIO.16XL card and a NB.AO.6 card and LabView software. Axial and shear
strains were measured by a biaxial extensometer (see Fig. 10). The axial and shear
stress were obtained by a biaxial load cell.

3.2. Tension—torsion loadings: cyclic hardening under non-proportional loadings at 25
and 250°C

Two series of tests at 25 and 250°C were performed in order to characterise the
influence of the non-proportionality of the loading path on the mechanical behavior
of our material. Two loading path shapes were studied. Their representation in the
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&lls %) plane and their parametric equations are given in Fig. 11. The command

signal was generated during the test so that the total equivalent strain rate was
constant , where ééq is defined by the following equation:

!
. . )4
by = e+ 2 M

V3

Fig. 10. Experimental equipment.
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The strategy to hold éz,q constant was described in detail by Calloch and Marquis
(1997).

One specimen was used to perform the two tests at one temperature. Each speci-
men was subjected initially to “elliptic” strain loading up to the cyclic stabilisation.
Then, a 90° out-of-phase (circle) strain loading path was applied up to cyclic stabi-
lisation (Fig. 12). Figs. 13 and 14 show the stress and strain responses of the material
for the two loading path shapes at the two temperatures in different planes. These
experimental results are now somewhat classical for studying additional hardening
under multiaxial cyclic loadings. It is well known that the equivalent stress resulting
from 90° out-of-phase loading is higher than that measured after an elliptic loading

600 _——v—r—TMaterlal 316 SSﬁ—v—vf
< C » ]
S s00C =
% 400/, AREDIIT s
) 1/ %ellxpse ]
8 300
7 u i f .
§ 200 g .
s b | ——T=25C ]
> - ~
5 100 T=250°C |
- 0 E L1 L0 L T ]

0 20 40 60
Number of cycles

e8]
(o]

Fig. 12. Evolution of the maximum equivalent stress versus the number of cycles at 25 and 250°C.
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for a 316 stainless steel (Benallal et al., 1989). Moreover, the steady state 90° out-of
phase loading is not affected by the prior test insofar as the elliptic loading path
induces a lower cyclic hardening than the 90° out-of-phase loading (Tanaka et al.,
1985a,b). From a physical point of view, the supplementary hardening due to the non-
proportionality of the loading path shape is related, on one hand, to the activation of
new slip systems which are favourably oriented and, on the other hand, to the inter-
actions between the different activated slip systems (Clavel et al., 1989; Cailletaud et
al., 1991; Doong and Socie, 1989; Ferney, 1992). These experimental results confirm
that the additional hardening is a decreasing function of the temperature (Delobelle,
1993a,b).

3.3. Tension—torsion loadings. classical tensile—torsion ratchetting at 25 and 250°C

The experimental sequence consist of application of a constant primary axial
stress, 011, and superposition of a secondary cyclic shear strain of constant ampli-
tude, Agl,, for a given temperature. The loading path shapes and the characteristics
of the loadings are given in Fig. 15. Two levels of temperature and two levels of axial
stress were considered. Fig. 16 shows the history of the loadings.

The response of the stainless steel to these types of loading is characterised by the
appearance of a progressive axial strain and by a cyclic hardening along the shear
component. The evolutions of the maximum axial strain versus the number of cycles
are given in Fig. 17. It can be noted that for each stage of amplitude shear strain, a
primary phase characterised by large ratchet strain increments per cycle is followed
by a second phase characterised by small progressive ratchet strain accumulation.

3.4. Tension—torsion loadings. other tension—torsion ratchetting at 25°C

The two studied paths are a “bowtie” type. Each of the two paths consists of three
sequences at different mean stresses with a constant shear strain amplitude of 1%.
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Fig. 16. Description of the loading history.

The difference between path 1 and path 2 is depicted in Fig. 18. Namely, path 1
begins with an increase of the axial stress (OABCD), conversely, path 2 begins with
a decrease of the axial stress (OBADC). In the first phase, a zero mean stress is
imposed for 25 cycles up to the steady-state (phase 1). Next, the shape of the path is
kept but a mean stress of 55 MPa is imposed for 100 cycles (phase 2). Finally, the
shape of the path remains unchanged and the mean stress is suppressed at zero mean
stress for 50 cycles (phase 3).

Figs. 19a and b show a plot of the maximum axial strain over each cycle versus the
number of cycles for both paths 1 and 2. Figs. 20-23 show the axial strain-shear
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strain response for paths 1 and 2 during phases 1 and 2 and Figs. 24 and 25 show the
response in the stress plane for paths 1 and 2 during phases 1 and 2.

Though a zero mean stress is imposed in phase 1, path 1 produces a small ratch-
etting in the axial direction and path 2 leads to a small negative ratchetting of the
axial strain (see Fig. 19a). During this phase the specimen is cyclically stabilised in
20 cycles. Next, due to their non-zero mean stress during phase 2, both path 1 and
path 2 produce ratchetting of the axial strain (see Figs. 21 and 22). This ratchetting
is somewhat faster for path 1 (see Fig. 19b). During this phase we observe no hard-
ening of the shear stress (see Figs. 24 and 25). Finally, we observe in phase 3, for
both paths 1 and 2 a partial recovery of the axial strain at the same rate (see Fig. 19b).
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4. Constitutive modelling

Different constitutive equations have been used with the aim of checking their
abilities to describe the experimental data. The base model for the simulations is a
cyclic plasticity model with one nonlinear isotropic hardening rule and two non-
linear kinematic hardening rules (Armstrong and Frederick, 1966) (NLK model). It
has been shown that the nonlinear Armstrong-Frederick rule leads to a broad
overestimation of ratchetting in tension—torsion tests conducted on 316 stainless
steel specimens (Chaboche, 1989, Chaboche and Nouailhas, 1989a) and does not
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consider non-proportional hardening. Therefore, the four other models tested are
derived from this base model and propose either modifications of the kinematic
hardening rules to improve the description of ratchetting (i.e. the model proposed by
Burlet and Cailletaud, 1987 and used by Geyer, 1995 — the BCG model and the
model proposed by Ohno and Wang, 1993a — the OW model) or modifications of
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the isotropic hardening rule to improve the description of the non-proportionality
effect (i.e. the model proposed by Tanaka, 1994 — the TANA model). The last
model tested is a combination of the modifications proposed by Ohno and Wang
and the modifications proposed by Tanaka (model OW-TANA). The corresponding
constitutive equations are presented in the following five tables.

In these tables, &' is the total strain tensor, €¢ is elastic strain tensor, &’ is the
plastic strain tensor, v is the Poisson ratio and E is the Young’s modulus.

4.1. Material parameters identification at room temperature

For the identification of the NLK, OW and BCG model, the following tests have
been used:

e monotonic tensile test,

e cyclic uniaxial tension—compression tests for increasing strain ranges (0.5—
0.65% and 0.8%),

e tension—torsion ratchet tests for two values of tensile tests (80 and 100 MPa)
and increasing shear amplitudes (0.1%-0.2% and 0.5% for 80 MPa; 0.1-0.2%
and 0.35% for 100 MPa). These tests are simulated separately.

For the identification of the TANA and the OW-TANA models, we used the same
experimental data base completed by the tension—torsion out-of-phase test in order
to characterise the over-hardening observed under non-proportional loading.
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Table 2
Constitutive equations of the NLK model

Strain decomposition: g = &° +

Hooke’s law: g = 5- (1

2u \= T

g
1® i) to with p = 2(]5»\*)

Yield function: f(g, R X) = /2(¢ — X) = R~k

=A% T M 3
2 »(5-x)

Kinematic hardening rule: X =

X=X +X, /\" 2C£ —)/,(p(p)pX (i=1,2)
with ¢(p) = o + (1 — o )e™ ™"
Isotropic hardening rule: R = b(Qo — R)p

with k, O, b, 9o, o, C1, Ca, y1, > material parameters

Table 3
Constitutive equations of the BCG model

e+l

%i@i) s o with p = 5

v

Strain decomposition: ¢ =
1—

1
2n\=

Yield function:f(g, R, é) =J, (g -

Hooke’s law: g =

f ey

Kinematic hardening rule: X = X, + X, é/’_ =2Cip(p)e’ — v; (Si):(i +(1-34) ():(l : Q)g)}) (i=1,2)
with @(p) = 1+ (¥ — 1)e 7

Isotropic hardening rule: R = b(Qs — R)p

with k, Q. b, ¥, o, C1, Ca, y1. 72, 81, 8, material parameters

For the identification of the NLK and TANA models we take one kinematic
hardening variable as quasi-linear in order to reduce the ratchet strain which is
much too large with two nonlinear kinematic hardening variables (Chaboche, 1989;
Chaboche and Nouailhas, 1989a). The parameters of the OW-TANA model are the
parameters identified for the OW model and for the TANA model.

Material parameters’ identification was performed with the help of the software
SiDoLo (optimisation program) (Pilvin, 1988). Parameters values obtained for each
model are given in Tables 7-11.

Figs. 26-30 show comparison between experiments and simulations.

The tangent hardening modulus for the monotonic tensile curve is overestimated
by the NLK model because of the use of a quasi-linear kinematic variable to reduce
the ratchetting rate in tension-torsion tests (Chaboche, 1989). Conversely, the use of
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Table 4
Constitutive equations of the OW model

Strain decomposition: g = &° + &’
Hooke’s law: g = 5- (Lf v l®i) s o with p = 5~

2

Yield function: f(cr R, X) hla—X)-R-k

(&

and [; =

3
volp) 2= V2

Kinematic hardening rule: X = X, + X, X =2Cig” — hip(p) (%)IH' <é : é)l_ (i=1,2)

with ¢(p) = ¢os + (1 — poc)e™™”

=i

where < > are the Max Cauley brackets: <u>=0if u>0and <u>=0if u<0

Isotropic hardening rule: R = b(Qs — R)p
with k, O, b, o, ®, C1, Ca, v1,y2, m;, mp material parameters

Table 5
Constitutive equations of the TANA model

Strain decomposition: g = & + &”

Hookeslaw.g :i(lf%l@)l) o with p = 5£~

Kinematic hardening rule: X = X + X =21C¢ - vie(P)PX,

with @(p) = @os + (1 — pc)e™™”
Isotropic hardening rule: R = d(Q — R)p

0 = A(gn(q) — qr(9)) + gr(q)
y=n(E-y)p

-1z

qr(q) = apq + ap(l —e~77) E =&

gn(g) = ang +an(1 —e™9) = L
EZ:T_;[%*EZJ

A 4 . YA

C=c||Eroir]| —Clpwith £ = By =274

- LNl el Eom 2%

R

Es =25

(i=1,2)

with C a structural tensor, 4 a non-proportionality parameter, Q a strain hardening variable, U the nor-

malised inelastic strain vector, ¥ the center and ¢ the range of an index surface in the plastic strain space.

K, ¢, 0, Cy, Ca, y1, v2, du, ap, bp, cp, an, b, ¢, cc, 1y are material parameters

1rsiadedaaag
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Table 6
Constitutive equations of the OW-TANA model

Strain decomposition: & = g° + &”

Hooke’s law: £ = ziﬂ (1 -=1® i) to with = z(li‘,)

= l+v=

Kinematic hardening rule: X = X + X, (i=1,2)

. . v\ M /.

):(i = .%C@p - Vi‘ﬂ(P) (%) <é : éi>):(i

where < > are the Mac Cauley brackets: <u>=0if u>0and <u>=0if u<0

with ¢(p) = ¢oo + (1 — @0 )™

and I; = X; =

G
7i9(p)
Isotropic hardening rule: R = dy(Q — R)p
0 = A(gn(9) — qr(9)) + qp(9)

)}:ry Epfyp

o=l

{Rziat oy (aea
(o B-jfire]

C=c|| o | -Clpwith £ = Bs=23%

A \-f’H) ‘} Fo— 2%

u= £ A = Tr(ng),nggz

,*H = W

with C, a structural tensor, A a non-proportionality parameter, Q a strain hardening variable, U the
normalised inelastic strain vector, Y the center and ¢ the range of an index surface in the plastic strain
space with k, ¢, w, C1, Ca, y1, ¥2, 81, 82, du, ap, bp, cp, an, bx, N, cc, ry material parameters

Table 7
Material parameters of the NLK model at room temperature

E v k O b [ w C G, b2 2]

192 000 0.3 165 165 13.2 0.2 13.2 70 037 6360 2555 0.039

a quasi-linear kinematic variable make it possible to represent the progressive
hardening observed in tension-compression tests as the amplitude of the imposed
axial strain increases. This model is not able to represent the non-proportional
hardening and therefore underestimates the stabilised stress response of the 90° out-

1rsiadedaaag
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Table 8
Material parameters of the BCG model at room temperature

E v k Ox b v ® C, (&) 7 V2 8 53

192000 0.3 163 163 10 02 132 356828 33600 4822 224  0.0002 1

Table 9
Material parameters of the OW model at room temperature

E v k O b Doo w C, C, Vi %) m my

192000 0.3 120 120 132 0.6 13.2 100 125 6546 1051 81 21 6

Table 10
Material parameters of the TANA model at room temperature
E v k 7 ® C, G 7 72
192 000 0.3 165 0.32 5.9 100 705 4001 3334 0.031
dy ap by p an bn N Ce Iy
16 0 0 1 73 000 53.27 6570 2.1 40.75
Table 11
Material parameters of the OW-TANA model at room temperature
E v k Po 0) C G 4! V2 m ny
192 000 0.3 120 0.6 13.2 100 125 6546 1051 81 21 6
dy a, by I an bn N Ce Ty
7 0 0 1 78 147 56.7 6672 2.1 40.75

of-phase test (see Fig. 26f). This model gives a poor prediction of the uniaxial load-
ing as well as the tension-torsion ratchetting tests, (see Fig. 26¢, d and e): there is a
quasi-accommodation in the uniaxial test; in tension—torsion ratchetting tests, we
observed a progressive saturation of the axial strain as the amplitude of the imposed
torsional deformation is increased. The saturated value depends on the axial stress
imposed. This behaviour is a consequence of the use of a quasi-linear hardening
variable.

The prediction of the monotonile tensile curve obtained with the BCG model is
very close to the experimental results. Cyclic uniaxial behaviour is fairly well repro-
duced as shown in Fig. 27b. Since no plastic memory effect is considered in this
model, we can see a saturation of cyclic hardening for the simulation of tension-
compression curves. Surprisingly, the BCG model overestimates the stabilised stress
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state (see Fig. 27f). But the model responses in the (gf;,0;) plane or in

vi5/ V3, \/5112> plane are very poorly reproduced (see Fig. 27g and h). On the
contrary, ratchetting simulations of tension—torsion tests are in relatively good
agreement with experimental results. This model leads to accommodation when
simulating the uniaxial ratchetting test.

As for the NLK model, we use one kinematic hardening variable as quasi-linear for
the identification of the TANA model to reduce the ratchet strain accumulation rate
in tension—torsion tests. Therefore, the simulations of the monotonic tensile test, the
cyclic tension—compression tests, the uniaxial ratchetting test and the tension—torsion
ratchetting tests obtained with the TANA model are similar to those obtained with
the NLK model. Conversely, this model can describe the non-proportional hardening
and the simulations of the two out-of-phase tests are very well (see Fig. 28f, g and h).

The monotonic behaviour is slightly overestimated when simulating with the OW
model. Besides, the simulation of cyclic tension—compression tests obtained with the
OW model are piece-wise linear. This could be improved by using more nonlinear
kinematic hardening variables. Ratchetting simulations of tension-torsion tests are
in relatively good agreement with experimental results. But, this model fails to cor-
rectly describe the uniaxial ratchetting test and leads to a quasi-accommodation as
in the other models. As for the NLK and BCG models, the simulations of the out-
of-phase tests underestimate the stabilised stress responses of the experiments.

In order to improve the performance of this model in simulating out of phase tests, we
combine the modifications proposed by Ohno and Wang and the modifications pro-
posed by Tanaka (model OW-TANA). This OW-TANA model is the only one which
reproduces most of the experimental facts: namely, monotonic and cyclic uniaxial
behaviour, cyclic tension-torsion out-of-phase test and tension—torsion ratchetting
tests (see Fig. 29). Nevertheless, it is not able to describe the uniaxial ratchetting test.

In summary, the OW and the BCG models can describe both the uniaxial motonic
and cyclic hardening behaviour and the tension-torsion ratchetting behaviour of the
material. They cannot represent the non-proportional hardening. On the contrary, the
TANA model can describe both the uniaxial and bi-axial proportional and non-pro-
portional hardening tests, but it fails to describe tension-torsion ratchetting tests.
Combining the modifications proposed by Tanaka and Ohno and Wang, we obtain
one model (OW-TANA model) which can describe the whole experimental identifi-
cation data base. Nevertheless, none of the models is able to simulate correctly the
uniaxial ratchetting test.

4.2. Prediction of the bowtie tests

For the bowtie loading histories we evaluate the performance of the five models
studied, comparing the maximum axial strain over each cycle measured experimen-
tally and obtained by simulations. The predictions obtained by the five models are
summarised in the e, max versus N plot in Fig. 31.

For both paths 1 and 2, the BCG model gives very poor predictions of the experi-
mental results: it overestimates the experimental rate of ratchetting during the three
phases for path 1 and even predicts accumulation of compressive axial strain for path 2.
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the first and the last cycle of phase 1 (OBADC) and the last cycle of phase 2 (O’'B’A’D’C’) — path 2.

The four others models give a quite good prediction of phase 1 for paths 1 and 2.

The simulations of the second phase with the NLK and TANA models are satu-
rated curves very close to the simulation of the equivalent tension-torsion identifi-
cation test (80 MPa 0.5%).

Conversely, the OW and OW-TANA models reproduce the experimental results
fairly well for both paths 1 and 2 (see Fig. 31c and e). The axial-shear stress paths
are predicted well, although the amplitude of axial stress is overestimated for phase
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1 as shown in Fig. 32c. All features of the axial-shear strain response are reproduced
but the strain accumulation rate is overestimated during the first cycles (see Fig. 32
for OW-TANA model). The predicted strain accumulation rate is faster than the
experimental at the begining of phase 2. The predicted axial strain-shear strain respon-
ses for phase 2. But, they fail to describe correctly the third phase of the tests. In fact,
they give a complete recovery of the axial strain unlike the experimental results.

The best overall agreement with the experiment was achieved with OW and OW-
TANA models.

5. Conclusion

e A large series of uniaxial and biaxial tests has been carried out at 25 and
250°C. These tests bring out some general characteristics of the isothermal-
mechanical behavior of 316 austenitic stainless steel: hardening under tensile
loading, cyclic hardening under tension-compression cyclic loading, ratchetting
under uniaxial stress loading, over-hardening under multiaxial nonpropor-
tional cyclic loading and ratchetting under multiaxial stress loading.

e Five sets of constitutive equations are selected (NLK, BCG, TANA, OW and
OW-TANA) and their material dependent parameters are identified on the
previous large experimental data base.

e In order to test the validity domain of the five models, another series of ten-
sion-torsion ratchetting tests has been carried out.

e The comparison of the test results and the simulations clearly shows that the
OW-TANA model is more robust than the others.

The previous procedure shows some general conclusions. First, models based on
non-linear isotropic hardening and non-linear kinematic hardening rules are not
able to reproduce both ratchetting under uniaxial condition and ratchetting under
multiaxial condition. Second, the model based on the Ohno-Wang’s model and
Tanaka’s model is in good agreement with a large part of the experimental results.
Finally, more work must be done in order to improve the capacity of the models to
predict the life of structures subjected to elasto-plastic cyclic loadings. The intro-
duction of the distortion of the yield surface in the formulation of constitutive
equations may be an answer to some of the problems met in the present work. This
issue will be considered in future investigations.
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SUMMARY

It has been desired to develop such braces as can permit choosing the
required rigidity, yield strength independent of the susceptibility to buckling.
The brace presented in this paper is a buckling-resistant structural member
consisting of a steel core members enclosed in a concrete-filled square steel
tube. This brace shows stable hysteresis if the yielding load working on the
core member is smaller than the buckling load of the steel tube. This paper
reports the results of the tension and compression tests and numerical amnalysis
of these structures.

INTRODUCTION

Rational arrangement of braces in a steel frame is very effective in
reducing the deformation and response of a building frame of steel-frame
structure caused by earthquake and increasing the resistance to horizontal
forces during a strong wind and earthquake. The deformation of a rigid frame
structure occurs mostly as the bending of columns and girders; the degree of
elastic deformation 1is large and the plastic deformation capability is also
large. A frame fabricated by incorporating in this frame structure braces have
the following character and problems. When braces of high slenderness ratio are
used, the deformation capability exists unless joints are broken when tensile
forces work on the braces. However, when these braces undergo compressive
deformation, lateral deformation occurs easily and they cannot bear compressive
forces, with the result that they show hysteresis of the slip type wunder
repeated loads. When their slenderness ratios are sufficiently small, these
braces also bear compressive forces and buckling is not apt to occur to some
degree. As a result, they show good dynamic behaviors, However, because the
rigidity of the braces is higher than that of the surrounding frame, they are
sometimes required to bear excessive horizontal forces. For a frame in which
braces with slenderness ratios intermediate between those of above-mentioned two
kinds of braces are incorporated, it is difficult to design in which the energy
absorption by plastic deformation is expected, because buckling is of an
embrittling nature especially under compressive forces. From the foregoing, it
may be judged that it is difficult to design a frame structure containing braces
by making the most of the high toughness peculiar to steel-frame structures. If
the problem of buckling is solved, it is possible to design the required
rigidity, .yield strength and deformation at yield point freely to some extent
because the yield stress and sectional area of steel products can be
appropriately selected.
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Against this background, the authors designed an brace that has a stable
forth-deflection characteristic and enables compressive yield strength to be
considered equal to tensile yield strength in order to further materialize the
above-mentioned various ideas. In this brace, a core steel member with a
rectangular section is restrained at its ends by the concrete encased in a steel
tube insulate from frame to restrain buckling and coating materials are used
between the concrete and the core member to prevent the transmission of axial
forces to the concrete by friction. This paper deals on an experiment using
five specimens of this brace, a buckling analysis in which elasto-plasticity is
considered, and the buckling strength of the steel tube required against the
yield load of the core member.

TEST SPECIMENS AND EXPERIMENT METHOD

As shown in Fig.l, all the core members used as specimens are 19 x 90 mm in
size. The core members.were coated with concrete encased in a steel tube. The
steel $S41(JIS:Japanese Industrial Standard) was used as the material for the
core members and the yield stress in the material test was 2,880 kg/cm2. the
steel TSK50(JIS) was used as the material for the steel tubes and the yield
stress in the material test was 3,700 kg/cm2. The cross—-shaped core member is
exposed at the ends of a specimen and a cross—shaped buckling prevention steel
member is embedded in the concrete encased in a steel tube at both ends.
Furthermore, in view of the effect of Poisson's ratio, vinyl/mastic tape was
used in the thickness direction on both sides between the core member and the
concrete and 3mm thick foaming polystyrol was also used in the width direction
on both sides between the core member and the concrete.

The experiment was conducted on a total of five specimens with the ratio of
Euler load, Pe, of the steel tube to the yield load, Py, working on the core
member, i.e. Pe/Py between 0.55 and 3.82 by varying the sectional dimensions of
the steel tube with the size of the core brace kept constant. Calculated
strength values of each specimen are shown in Table 1.

In the experiment, horizontal forces were applied to the frame using a 110-
t actuator. The core brace was tested by repeated loading on both direction at
8 cycles until the allowable permanent and temporary design loads and
displacement angles between stories of 1/400 to 1/50 were reached.

RESULTS OF EXPERIMENT

Results of the experiment are shown in Table 1. In specimens in which the
buckling strength of the exceeded the yield stress of the core member (No.l to
No.3 specimens), buckling did not occur even on the compression loading and, as
shown in Figs 5 to 7, much energy was absorbed. Thus the hysteresis -
characteristic was stable in these specimens. The hysteresis curves on the
tension loading are such that loads increase at gradients corresponding to the
rigidity in the elastic range of the core member and the bracing member also
yields when the yield load of the core member is reached. The displacement
angle between stories at yield point is about 1/500. A stable hysteresis
characteristic is observed even at the displacement angle between stories at
final deformation of 1/50. It may be said, therefore, that these three
specimens have hysteresis characteristics which coordinate sufficiently with the
deformation of general rigid frames between 1/200 to 1/50.

Because the initial rigidity corresponds almost to the rigidity of the core

member only and because the axial force transmitted to the concrete encased in
the steel tube was about 5% of the total even on the compression loading, it
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might be thought that the bond between the core member and the concrete encased
in the steel tube could be eliminated. It may be said that the effect of the
coating materials (vinyll/mastic tape plus foaming polystyrol) used in the
experiment was ascertained.

In specimens in which the buckling yield strength of the concrete encased
in the steel tube was lower than that of the core member (No.4 and No.5
specimens), buckling occurred before the yield of the core member during
compression and the yield strength decreased abruptly as shown in Figs 8 and 9.
The condition of the specimens after the experiment is shown in Photo 2. The
specimens shown are No.l to No.5 from left to right.

ANALYSTS

In the no-nlinear analysis method adopted in this paper, the composite
structural member is such that the displacement of the concrete encased in the
steel tube and that of the core member only in the normal direction relative to
the axis of the structural member, after their deformation, are caused to be
equal to each other and they deform independently in the tangential direction.
The analysis was made in the step-by-step process. Specimens of three different
sections (No.l, No.2 and No.4 specimens) were analyzed. In this analysis, the
effects of the concrete on increases in the rigidity and yield strength in the
axial direction of the structural member were ignored and only the effects
contributing to causing the normal-direction displacement of the core member to
be equal to that of the steel tube were taken into consideration.

Symmetrical conditions were used. The specimen has a fixed end and a
free end, and half the structural member length (1 = 164.5 cm) was divided into
56 elements. Each section of the core member and steel tube was divided into 20
smaller sections and the stress—strain relationship was investigated.

RESULTS OF ANALYSIS

1. Differences in characteristics due to the ratio of Euler load of the steel
tube to the yield load of the core member (Fig. 10)
[ No.1, 2 and 4 specimen, initial deflection:1/1,000]

When Euler load of the steel tube was heavy, yielding occurred at the yield
load of the core member owing to the buckling-restraining effect of the steel
tube and a stable hysteresis characteristic was shown after that, as the
results of the experiment. Furthermore, the phenomenon that only the core
member contracts and slips.into the area of the steel tube could be reproduced.
When the buckling load of the steel tube was smaller than the yield load of the
core member, buckling occurred and the yield strength decreased due to
insufficient flexural rigidity before the yielding of the core member.

2. Effect of the initial deflection (Fig. 11)
[ No.2 specimen, initial deflectiom: 1/1,000,1/500,1/100 ]

As shown in Fig. 13, the effect of the initial deflection is great when the
buckling load of the steel tube is somewhat high to the yield load of the core
member. When the initial deflection was small, yielding occurred on the core
member and a stable hysteresis characteristic was exhibited. However, the
initial rigidity decreases with increasing initial deflection; at an initial
deflection of 1/100, buckling occurs before the yielding of the core member and
the yield strength decreases.
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CONCLUSION

It was found that when this brace is actually incorporated in a frame and
the ends of the structural member are subjected to the effects of the bending
moment, buckling of the whole structural member does not occur if Euler load of
the steel tube is greater than the yield strength of the core member to some
extent. Furthermore, it became apparent that a stable hysteresis characteristic
is exhibited even after the yielding of the core member. In making actual
designs, it seems necessary that the brace member should be encased in a steel
tube having Euler load about 1.5 times the yield load of the core
member. Furthermore, the concrete in the steel tube also contributes to the
flexural rigidity of the steel tube, buckling could be prevented also in the
No.3 specimen in the present experiment. In terms of design, it is also
possible to reduce the section and wall thickness of the steel tube in
consideration of the effect of the concrete. In this case, however, the effect
of the concrete was ignored and considered to be a surplus effect. With this
new bracing method, it is possible to determine the initial rigidity and yield
strength of the bracing member from the behaviors of the core member under
compressive and tensile loads independently of the problem of buckling and it is
also possible to ensure a stable hysteresis characteristic even during
substantial deformation of the frame. As a result, designs can be made in a
simple manner. In addition, because a stable behavior is exhibited even after
the yielding of the core member, it is possible to utilize this for hysteresis
attenuation.

50 100 50 50 165
[T T7T11
SR -~ L
= == oo 12
A e s e = S S S Ry = e 1)
SR u}
= : — - T X '". _-Né“‘é}"é S
i L | Forming of Polystyrol
21! 3290 215 _'“
[ 50 3820 50 ] 3230
3390 3820
Fig. 1 Test Specimen Configation Fig. 2 Ditail of Ends

~~ Forming of Polystyrol
mm Yinyl/Mastic Tape

4'59' 3.2
- 7\ |
/\1\8351 Tu})e 4.51[01" 3;2
JCore Memberi"‘ S / Jube
Ty aapydle " [Care Nemberf) i
E}concrete y. 90%#2¥J
[1-150X150%4.5 INoZ[:]]SO I 2
No.1 [F150X150%¥4. -2 [J-150X100X4.5 No. 4 [FI50X75X4.
No.3 (150 X100X3.2 No.5 150X 23,2

Fig. 3 Section of Specimens

Iv-722



4000

d Pin
Pin Y <
Actuator .{_. B
- q}_l .
il ||| g
~ . 2K
= 1 Specimen l o
N s
|~ 171 X : H m
Pin I =
Fig. 4 Loading of System Photo 1 Loading System
Table 1 Culculated strength values and Result of Experiment
parameter culculated strength experimental strength
steel tube core member tensiﬁ buckling
- yie
No. {steel tube |morment|{ Euler | area |yield
size . of of load | Pe load | Pt load | Per | Per
inertia| load |section / / /
BxDxt I Pe A Py Py Pt Py Per Py Pe
mm cmd ton cm2 ton ton ton
1 |150x150x4, 5| 896 171.0 | 16,84 | 48,50 3.53 | 48.6 | 1.00 - - -
2 [150x100x4.5| 352 67.4 | 16,84 | 48.50| 1.39 | 48.3 | 1.00 - - -
3 | 150x100x3.2] 262 50,2 | 16,84 | 48.61| 1.03 | 47.6 | 0.98 - - -
4 | 150x75x4.5 183 35,0 | 16,88 | 48,50 0.72 | 48,3 | 1.00 | 46.5 | 0.96 | 1.33
5 |150x75x3.2 137 36.2 | 16.62 | 17.87 0.55 | 47.9 | 1,00 | 43.1 [ 0.90 | 1.65
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Analytical Methods for
Determining Fire Resistance
of Steel Members

Introduction

Traditionally, fire resistance has been evaluated by
subjecting a structural member to a standard test for a
specified duration.! All members performing acceptably
are rated and listed for the duration period of the test (e.g.,
1 hr, 2 hr). Assemblies not listed are assumed to be unable
to meet the test criteria and, thus, have no rating, unless
proved otherwise. Providing proof of acceptable perfor-
mance can be accomplished in one of three manners:

1. Conduct the standard test.!
2. Conduct a special experiment.?
3. Apply an analytical technique.3

The standard test can involve an appreciable turn-
around time in order to specify, schedule, and analyze the
results of the test. An experimental program can require a
substantial amount of effort in order to obtain accurate
data. The costs involved in sponsoring a standard test or
experimental program can be appreciable. In the case of
archaic structural assemblies, materials may no longer be
available to reconstruct the design for possible testing.

Because of these drawbacks, calculation methods
have been developed to analyze structural designs for fire
conditions. The calculation methods have been formu-
lated based on analyses of data from standard tests, exper-
imental programs, and theoretically based investigations.

Analytical methods for fire resistance must consider
three basic aspects of the problem:

1. Fire exposure
2. Heat transfer
3. Structural response

The fire exposing the structure must be characterized
using methods described in other chapters of this hand-

James A. Milke is an associate professor in the Department of Fire
Protection Engineering at the University of Maryland. His recent re-
search activities have included the impact of fires on the structural
response of steel and advanced composite members.

James A. Milke

book for the case of a real fire, or by assuming the fire ex-
posure specified in the standard test. The thermal re-
sponse of the structural member can be addressed using
principles of heat transfer. Heating within the member is
treated by conduction heat transfer analysis (radiation and
convection heat transfer may also need to be considered, if
voids or porous insulation materials are present within the
assembly). Typically, radiative and convective boundary
conditions are present. Finally, the structural response is
examined by comparing some or all of the following: de-
flections, strains, and stress levels to established limits.
The following types of calculation methods are avail-
able to assess the fire resistance of steel structural members:

1. Empirical correlations
2. Heat transfer analyses
3. Structural analyses

Empirical correlations are based on the analysis of
data resulting from performing the standard test numer-
ous times. A limitation of the empirical correlations is that
they can only be applied when considering the fire expo-
sure, loading, and span provided in the standard test. If
other conditions apply, then another approach is needed.

The second group of calculation methods consists of
heat transfer analyses. The heat exposure conditions may
be those associated with the standard test or a specified
fire. The purpose of the heat transfer analysis is to deter-
mine the time required for the structural member to attain
a predetermined critical temperature or to provide input
to a structural analysis. The temperature endpoint criteria
cited by ASTM E119! are often accepted as the critical
temperatures. Typically, inaccuracies of this method are
related to the temperature dependence of the material
properties or the description of the heating conditions.

Many of the structural analysis-based calculations
are similar to those conducted for structural engineering
purposes, except the material properties are evaluated at
elevated temperatures and thermal expansion is consid-
ered. In structural analyses, the loading and end condi-
tions must be known or assumed. Limitations result from
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Figure 4-9.1. ASTM E119 standard time-temperature
curve.’

uncertainties in characterizing the end conditions and the
material properties at elevated temperatures.

This chapter provides an overview of the available
calculation methods for determining the fire resistance of
steel structural members. The basis of each method will
be presented along with sample applications.

Standard Test for Fire Resistance
of Structural Members

The standard test method in the United States for de-
termining the fire resistance of columns, floor and roof as-
semblies, and walls is ASTM E119.*1 Basically, the test
involves subjecting the structural component to a heated
furnace environment for the desired duration. If the end-
point criteria are not reached prior to the end of the test
period, the assembly passes the test and is rated.

Gas burners are used to heat the furnace in testing
laboratories throughout North America. The furnace is
heated so that the temperature inside the furnace follows
the time-temperature curve illustrated in Figure 4-9.1. In
principle, the time-temperature curve is intended to relate
to a severe exposure from a room fire. Thus, the applica-
bility of the test method to examine the fire resistance of
exterior structural members exposed to fires outside of
the building is questionable.

Assemblies may be tested with or without load. If
tested under load, the assembly is subjected to maximum

*Versions of the test method are also published as NFPA 2515 and UL
263.6

design stress levels, based on common structural analysis
procedures for ambient temperature design. Floor and
roof assemblies and bearing walls are always tested un-
der load. Columns are tested with or without a loading.
Steel beams and girders may be tested without load if the
design loading cannot be achieved in the laboratory.

Structural assemblies may be restrained or unre-
strained against thermal expansion. The effect of restraint
on the fire resistance of assemblies has been investigated
by Bletzacker.* The degree of restraint in structural mem-
bers varies with the geometry, connection method, and
framing system, among other factors. The descriptions
presented in Table 4-9.1 relate actual construction condi-
tions to the restrained and unrestrained designation
noted in the ASTM E119 test method.

The minimum dimensions of the structural compo-
nents for testing are specified in ASTM E119. A maxi-
mum set of dimensions is established by the size of
available test furnaces. While the test is large-scale, the
test cannot be considered full-scale, given the stipulation
of the maximum permissible dimensions. The conse-
quence of not testing full-scale members means that con-
tinuous beams, actual floor/roof ASTM assemblies, and
long columns are not tested. Consequently, this test is
only comparative in nature and cannot be used to assess
actual performance.

The ASTM E119 endpoint criteria for building assem-
blies consider structural integrity, temperature, passage of
flame, ignition of cotton waste, and in some cases, re-
sponse to the hose stream. For the tests without loading,
the structural integrity endpoint criterion is relaxed to re-
quire that the component only remains in place. The struc-
tural integrity criterion addresses the need for members to
remain in place (supporting self-weight of member) and to
continuously support any applied loads. The ignition-of-
cotton-waste endpoint addresses the ability of the struc-
tural assembly to prevent the transmission of flame and
hot gases to the side not exposed to the furnace fire.

The temperature endpoint criteria are noted in Table
4-9.2. In principle, the endpoint temperatures are based
on the maximum allowable reduction in load-bearing
capacity of the structural member, based on the reduction
in strength experienced at elevated temperature and the
maximum permissible loads stipulated by structural de-
sign standards.

Fire Resistance of Steel Members

Several calculation techniques are available to deter-
mine the fire resistance of steel members, including steel
columns, beams in floor and roof assemblies, and
trusses.”"10 Three types of techniques are available: empir-
ically derived correlations, heat transfer analyses, and
structural analyses.

The equations and models do not eliminate the need
for all future testing. Testing is still required, at least to
validate the calculation techniques and assess the interac-
tion and mechanical behavior of the constituents of the
assembly, such as the steel structural member, insulating
materials, or other components. However, the calculation
techniques can be used to extend the application of test
results and reduce the number of required tests. In addi-
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Table 4-9.1

Restrained and Unrestrained Construction Systems (from ASTM E119 Table X3.1)!

Wall bearing:
Single span and simply supported end spans of multiple bays:a

Open-web steel joists or steel beams, supporting concrete slab, precast units, or metal decking

Concrete slabs, precast units, or metal decking
Interior spans of multiple bays:

Open-web steel joists, steel beams or metal decking, supporting continuous concrete slab
Open-web steel joists or steel beams, supporting precast units or metal decking

Cast-in-place concrete slab systems

Precast concrete where the potential thermal expansion is resisted by adjacent construction®?

Steel framing:
Steel beams welded, riveted or bolted to the framing members

unrestrained
unrestrained

restrained
unrestrained
restrained
restrained

restrained

All types of cast-in-place floor and roof systems (such as beam-and-slabs, flat slabs, pan joists, and waffle slabs)

where the floor or roof system is secured to the framing members

restrained

All types of prefabricated floor or roof systems where the structural members are secured to the framing members
and the potential thermal expansion of the floor or roof system is resisted by the framing system or the adjoining floor

or roof constructiont

Concrete framing:
Beams securely fastened to the framing members

restrained

restrained

All types of cast-in-place floor or roof systems (such as beam-and-slabs, flat slabs, pan joists, and waffle slabs) where the

floor system is cast with the framing members

restrained

Interior and exterior spans of precast systems with cast-in-place joints resulting in restraint equivalent to that which

would exist in condition 111(1)

restrained

All types of prefabricated floor or roof systems where the structural members are secured to such systems and the potential

thermal expansion of the floor or roof systems is resisted by the framing system or the adjoining floor or roof construction®

Wood construction:
All types

restrained

unrestrained

aFloor and roof systems can be considered restrained when they are tied into walls with or without tie beams, the walls being designed and detailed to resist thermal

thrust from the floor or roof system.

bFor example, resistance to potential thermal expansion is considered to be achieved when:

1. Continuous structural concrete topping is used

2. The space between the ends of precast units or between the ends of units and the vertical face of supports is filled with concrete or mortar, or
3. The space between the ends of precast units, and the vertical faces of supports, or between the ends of solid or hollow core slab units, does not exceed 0.25%
of the length for normal-weight concrete members or 0.1% of the length for structural lightweight concrete members.

Table 4-9.2 ASTM E119 Temperature Endpoint Criteria’

Maximum
Structural Temperature
Member Location °C (°F)*
Walls/partitions 1. Unexposed side
(bearing and Average 139 (250)a
nonbearing) Single point 181 (325)a
Steel columns 1. Average 538 (1000)
Single point 649 (1200)
Floor/Roof 1. Average 538 (1000)
assemblies and Single point 649 (1200)
loaded beams 1. Unexposed side
Average 139 (250)a
Single point 181 (325)a
2. Steel beam
Average 593 (1100)
Single point 704 (1300)
3. Pre-stressing steel 426 (800)
4. Reinforcing steel 593 (1100)
5. Open-web steel joists 593 (1100)
Steel beams/ 1. Average 538 (1000)
girders (not Single point 649 (1200)

loaded)

*Maximum temperature cited refers to the maximum temperature rise above
initial conditions

tion, experimental methods are essential in determining
the material properties at elevated temperature of the
protection materials.

Steel Material Properties

The principal material properties of interest are yield
strength, ultimate strength, modulus of elasticity, coeffi-
cient of thermal expansion, density, specific heat, and
thermal conductivity. The effect of temperature on steel
properties has been examined by many researchers.!! For
steel, all of the properties, except for density, are strongly
influenced by temperature.

The thermal properties of ASTM A36 steel are pro-
vided in the following correlations: 7121314

for0 =T =900°C
for900°C < T

for0 =T = 650°C

for 650°C < T = 725°C
for 725°C < T = 800°C
for800°C<T

k = —0.022T + 48
k=282

¢, = 0.51T + 420

¢, = 8.65T + 4870
c, = —10.9T + 9340
¢, =579

p = 7860 kg/m?3
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Figure 4-9.2. Temperature effects on properties of
ASTM A36 steel.1215

The influence of temperature on the mechanical
properties of A36 steel is presented in Figure 4-9.2. At
538°C (1000°F), the yield strength is approximately 60 per-
cent of the value at normal room temperature. The Amer-
ican Institute for Steel Construction’s Specification for the
Design, Fabrication, and Erection of Structural Steel for Build-
ingste limits the maximum permissible design stress to
approximately 60 percent of the yield strength. Thus, for
structural members at 538°C (1000°F) designed to carry
the maximum permissible stress, the applied stress is ap-
proximately the same as the strength of the member. It
should also be noted that at 538°C (1000°F) the modulus of
elasticity has decreased appreciably from the value at
normal room temperature.

Mathematical expressions describing the relationship
of the yield strength, modulus of elasticity, and coefficient
of thermal expansion on temperature are”.17.18

For 0 < T = 600°C,
g1
Oy = 900 In (T /1750) |°v0

~ T
Er= [1 * 2000 In (T/1100) ]EO

For T > 600°C,
340 — 0.34T
Oy =TT 240 ©°w
E, - 690 — 0.69T E,

T —535

ap = (0.004T + 12) X 10-6

where
o,r = yield strength at temperature T (MPa) (psi)
0,0 = yield strength at 20°C (68°F) (MPa) (psi)
E; = modulus of elasticity at temperature T (MPa) (psi)
E, = modulus of elasticity at 20°C (68°F) (MPa) (psi)

ar = coefficient of thermal expansion at temperature T
(m/m°C)
T = steel temperature (°C)

T'— 68

1800 T'in °F
T -20 e
o000 T'in °C

T' = steel temperature

In addition to the changes in material properties that
occur at elevated temperatures, the crystalline structure of
steel also changes, as noted in Figure 4-9.3.1° However, for
the low-carbon steels typically used in building construc-
tion, significant changes in crystalline structure only begin
to occur at temperatures in excess of 650°C (1200°F),20
above the temperature typically associated with failure.

Creep, the time-dependent deformation of a material,
may be significant in structural steel at temperatures in ex-
cess of 460°C (860°F).2! The rate of creep increases approxi-
mately 300 times for ASTM A36 structural steel, when the
steel temperature is increased from 460 to 520°C (860 to
968°F). Since creep is a complex phenomenon depending
on the stress level, rate of heating, and other factors, often it
is included implicitly in the mechanical properties to sim-
plify the fire resistance calculations.’320 In-depth discus-
sions of creep have been prepared by Harmathy.22.23

Methods of Protection

The basic intent of the various methods of protection
is to reduce the rate of heat transfer to the structural steel.
This is accomplished by using insulation, membranes,
flame shielding, and heat sinks.

Insulation

Insulation of the steel is achieved by surrounding the
steel with materials that preferably have the following
characteristics:24

1. Noncombustibility and the added attribute of not pro-
ducing smoke or toxic gases when subjected to ele-
vated temperatures

2. Thermal protective capability when tested in accor-
dance with the standard fire test ASTM E119

3. Product reliability giving positive assurance of consis-
tent uniform protection characteristics

4. Availability in a form that permits efficient and uni-
form application

5. Sufficient bond strength and durability to prevent ei-
ther dislodgement or surface damage during normal
construction operations

6. Resistance to weathering or erosion resulting from at-
mospheric conditions

In addition to the insulating qualities of the protec-
tion materials, chemical reactions may occur in the insu-
lation, further reducing the rate of heat transfer. The
chemical reactions include calcination, ablation, intumes-
cence, thermal hydrogeneration, and sublimation.
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Figure 4-9.3. Influence of elevated temperatures versus carbon content in steel.?

Insulating methods include the use of board prod-
ucts, spray-applied materials, and concrete encasement.
A brief review of each method is presented below.

Board products:

Four types of board products are com-

monly used to protect structural steel: gypsum board, fiber-

reinforced calcium silicate board, vermiculite-sodium sili-
cate board, and mineral fiber board. In each case, the means
of attachment of the boards surrounding the steel is a criti-
cal parameter affecting the performance of the assembly.
Two commonly used methods of attachment of gypsum
wallboard with and without steel covers are illustrated in
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Figure 4-9.4. Detailed descriptions of the attachment mech-
anisms for the other board products are provided else-
where.>27 Also, board products can be used in wall
assemblies to provide an envelope around steel trusses.

Spray-applied materials: Several types of spray-applied
materials are commonly used. These include cementitious
plasters, mineral fibers, magnesium oxychloride cements,
and intumescents. Sufficient data has been obtained to
characterize spray-applied cementitious and mineral fiber
materials for the purpose of estimating the fire endurance
of structural steel protected with these materials. An illus-

% in.
(9 mm)

Snap-lock

tration of a steel column protected by a spray-applied ma-
terial is presented in Figure 4-9.5.

Concrete encasement: Concrete encasement of steel
members to surround and insulate the steel is illustrated
in Figure 4-9.6. As indicated in Figure 4-9.6, the concrete is
cast to fill in all re-entrant spaces. Alternatively, concrete
column covers may be used, as illustrated in Figure 4-9.7.
The concrete is assumed to act only to thermally protect
the steel. Some empirical correlations implicitly account
for the load-bearing capacity of the concrete and possible
steel-concrete composite action.

No. 8 x 12 in. sheet
steel screws.
Spaced 12 in. (0.3 m) O.C.

S — ]

16 in. min. 4in.
(8 mm) (19 mm)
Pittsburg seam Lap

Corner Joint Details (A)

7—> C

3 Layers = 1-7& in. (48 mm) or 1-1%in. (38 mm)

7—> B

4 Layeré =2-%in. (64 mm) or 2 in. (50 mm)

Figure 4-9.4. Attachment mechanisms of gypsum wallboard to steel columns.25
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Figure 4-9.5. (a) Sprayed insulation; (b) Metal lath and
plaster encasement.?4

Membrane: Suspended ceiling assemblies are used as
membranes to protect structural steel in floor and roof as-
semblies. The ceiling panels and tiles comprising the ceil-
ing assembly may consist of gypsum, perlite, vermiculite,
or mineral fibers.

The membrane method of protection is illustrated in
Figure 4-9.8. Heat transfer to the structural steel is re-
duced due to the air space above the membrane and the
insulating characteristics of the membrane. Also, mem-
branes help prevent the direct impingement of flame on
the structural steel.

Flame shield: Flame shields are intended to reduce the
incident radiant heat flux on the steel by preventing direct
flame impingement. The effectiveness of flame shields to
protect exposed spandrel beams was first examined by
Seigel 228 In this instance, 14-gage sheet steel was used as
the flame shield.

Heat sinks: The heat sink approach delays the heating of
steel by absorbing heat transferred through the steel. The
heat sink approach usually involves liquid- or concrete-

Figure 4-9.6. Steel column with concrete encasement.?4

filling of the interior of hollow steel members (tubular and
pipe sections). Liquid-filling can be used to provide a suf-
ficient level of protection for the columns, without any ex-
ternally applied coating. The liquid used for protection is
an aqueous solution. Additives are provided primarily for
antifreeze, corrosion protection, and biological reasons.

A diagram of a typical design for a liquid-filled col-
umn fire protection system is presented in Figure 4-9.9.
The components of this system include the hollow struc-
tural steel columns, piping to connect the columns, a wa-
ter storage tank, and associated valves.

The system operates on the principle that heat inci-
dent on the column is removed by circulation of the lig-
uid. If sufficient heat is delivered to the liquid,boiling can
be expected, which enhances the efficiency of the heat-
removal process. In many tests with liquid-filling, steel
temperatures have been observed to be well below those
required for failure, as long as the column remains full of
the liquid.

Another heat-sink approach consists of filling the inte-
rior of hollow steel columns with concrete. If the concrete is
reinforced, load transfer from the steel to the concrete can
be expected as the steel weakens with increasing tempera-
ture. Calculation methods to determine the fire resistance
of concrete-filled steel columns are available.10.12

f—r {7«
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Figure 4-9.7.
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(b) (c)

Concrete-protected structural steel columns. (a) Square

shape protection with a uniform thickness of concrete cover on all
sides; (b) Rectangular shape with varying thickness of concrete cover;
and (c) Encasement having all re-entrant spaces filled with concrete.
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Figure 4-9.8. Membrane method of protection,?4 (a) Cross-section of a floor-ceiling system with conventional
sheet steel fusible-link damper for protecting typical ceiling outlets in galvanized sheet ducts; (b) Sprayed con-
tact fireproofing applied directly to the underside of formed-steel decking and to a supporting steel beam.

Empirically Derived Correlations

Numerous, easy-to-use, empirically derived correla-
tions are available to calculate the fire resistance of steel
columns, beams, and trusses. The correlations are based
on data from performing the standard test numerous
times on variations of a particular assembly. Curve-fitting
techniques are used to establish the various correlations.
In some cases, a best-fit line has been drawn for the data
points, whereas in other cases, lines were placed to pro-
vide conservative estimates of the fire endurance by con-
necting the two lowest points.?

Steel Columns

The correlations to estimate the fire endurance of un-
protected and protected steel columns are given in Table
4-9.3. Present in each of the equations is W/D for wide-
flange sections and A/P for hollow sections. The W/D

and A/P ratios are comparable. The W/D ratio is the
weight per lineal foot to the heated perimeter of the steel
at the protection interface (or the perimeter of the steel if
unprotected). The A/P ratio is the cross-sectional area di-
vided by the heated perimeter. Essentially, the W/D ratio
relates to the product of the density of the steel and the
A/ P ratio.

The relevance of the W/D and A/P ratios was first
noted by Lie and Stanzak.3® W/D ratios for commonly
used wide-flange and tubular shapes for columns and
beams are available elsewhere.?>3132 The two factors in
the W/D ratio that affect the rate of heat transfer to the
steel (and consequently the rise in temperature of the
steel) are (1) shape of the fire protection system, D, and
(2) steel mass per unit of length, W.

The parameter that characterizes the shape of the fire
protection system is D, the heated perimeter expressed in
inches, which is defined as the inside perimeter of the
steel at the fire protection material interface. Figure 4-9.10
illustrates the method for determining D in four typical
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Figure 4-9.9. Schematic layout of a typical piping arrangement
used in a liquid-filled column fire-protection system.4

cases. As can be seen from the figure, the heated perime-
ter depends on the size of the column and also on the pro-
file of the protection system. Two different commonly
used profiles are: (1) contour profile, where all surfaces of
the steel column are in contact with the protection mater- b c b
ial and (2) box profile, where a rectangular box of protec-
tion material is built around the column.

A large value of W refers to a column with a large
weight per lineal foot. A given amount of energy will
raise the temperature of the massive column to a lesser |
degree than that of a light column. Less surface area is I
available for heat transfer if the heated perimeter, D, is D=2(a+b) D=4a+2b-2c
small, thereby inhibiting the temperature rise in the steel.
The greater the W/D ratio, the greater the inherent fire re-
sistance of the assembly is.

Because steel elements with larger W/D ratios are in-
herently more fire resistant, substituting shapes with
greater W/D ratios for shapes identified in the listed de- b b
signs in the UL Fire Resistance Directory3 is permitted
while maintaining the same thickness of protection. How-
ever, such substitution yields inefficient designs, because
shapes with large W/D ratios actually require less fire — —
protection material than shapes with small W/D ratios |
for the same level of fire resistance.

The equation for gypsum wallboard protection is non- D=2(a+b) D=4b
linear. The weight of the gypsum wallboard is included
because the heat capacity of gypsum has a considerable Figure 4-9.10. Heated perimeter for steel columns.?>

I I I
a a
I I I
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Table 4-9.3 Empirical Equations for Steel Columns?20,26.27

Member/Protection

Solution

Symbols

Column/Unprotected

R =10.3 (W/D)°7, for W/D < 10
R = 8.3 (W/D)°8, for W/D = 10
(for critical temperature of 1000°F)

R = fire endurance time (min)
W = weight of steel section per linear foot (Ib/ft)
D = heated perimeter (in.)

' 0.75
R= 130<_th;/D>
Column/Gypsum Wallboard where
50hD
w = W+(—)

144

h = thickness of protection (in.)
W' = weight of steel section and gypsum wallboard
(Ib/ft)

Column/Spray-applied materials
and board products—wide
flange shapes

R =[C,(W/D) + C,)h

C, & C, = constants for specific protection material

R-= c1<§)h + G,

Column/Spray-applied materials
and board products—hollow
sections

C, & C, = constants for specific protection material
The A/P ratio of a circular pipe is determined by

Hd-1)
d

A/P pipe =

where
d = outer diameter of the pipe (in.)
t = wall thickness of the pipe (in.)

The A/P ratio of a rectangular or square tube is
determined by

Ha+ b — 2t)

A/P tube = 2+ b

where

a = outer width of the tube (in.)

b = outer length of the tube (in.)

t = wall thickness of the tube (in.)

R = Ry(1 + 0.03m)

where

h6
R, = 10(W/D)°7 + 17(—k 02
C

Column/Concrete cover

D = 2(b, + d)

R, = fire endurance at zero moisture content of
concrete (min.)

m = equilibrium moisture content of concrete (% by
volume)

b = width of flange (in.)

H 0.8} d = depth of section (in.)
{red s

k. = thermal conductivity of concrete at ambient
temperature (Btu/hr-ft-°F)
h = thickness of concrete cover (in.)

for concrete-encased columns use

PcCe
H=011W+ {44 (bd — A

Column/Concrete encased D=2(b, + d)

L= (b;+ d)2

H = thermal capacity of steel section at ambient
temperature (= 0.11 W Btu/ft-°F)
¢, = specific heat of concrete at ambient temperature
(Btu/lb-°F)
L = inside dimension of one side of square concrete
box protection (in.)
A, = cross-sectional area of steel column (in.2)

impact on the fire resistance of the assembly. The thickness
of wallboard required to achieve a particular level of fire re-
sistance as a function of the W/D ratio of the column is pre-
sented in Figure 4-9.10.

Based on an elementary heat transfer analysis, Stan-
zak and Lie conducted a parametric analysis that resulted
in correlations of the following form to estimate the thick-
ness of material required to achieve a particular level of
fire resistance:2527

R=(C,W/D + Cy)h

where
R = fire endurance (hr)
W= steel weight per lineal foot (Ib/ft)

D = heated perimeter of the steel at the insulation inter-
face (in.)

h = thickness of insulation (in.)
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The constants C; and C, need to be determined for
each protection material. The constants take into account
the thermal conductivity and heat capacity of the insula-
tion material. Constants for some materials are included
in listings in the UL Fire Resistance Directory.

Considering the equation for the concrete cover col-
umn protection method (see Table 4-9.3), R, is the fire en-
durance of the assembly if the concrete has no moisture
content. However, because the fire resistance of concrete-
cover over steel columns is known to increase by approx-
imately 3 percent for each 1 percent of moisture, R is
multiplied by the (1 + 0.03m) factor where m is the equi-
librium moisture content of concrete. The parameters h
and L noted in the equation are shown in Figure 4-9.7. If
the protection thickness or column dimensions are not the
same in the vertical and horizontal directions, average
values are used for  and L.

The heat capacity of the concrete must be accounted
for in the determination of H if all re-entrant spaces are
filled. (See Figure 4-9.7.) If specific data on the concrete’s
thermal properties are not available, values given in Table
4-9.4 may be used. Typical densities for normal-weight
and lightweight concrete are 145 and 110 1b/ft3 (2320 and
1760 kg/m3). Also, the typical equilibrium moisture con-
tent (by volume) for normal-weight concrete is 4 percent
and lightweight concrete is 5 percent.

Many of the equations cited in Table 4-9.3 are limited
to a range of shapes or protection thickness. Before apply-
ing any equation from this table, users should consult the
original reference and confirm that the equation is being
applied properly.

EXAMPLE 1:

Determine the thickness of spray-applied cementi-
tious material to obtain a 2-hr fire endurance when ap-
plied to a W12 X 106 column.

SOLUTION:
From UL X772, the applicable equation is

R = (63W/D + 36)h

Solving for h,

R

h= Gaw/D+ 36

where
R = 2 hrs = 120 min

W/D = 1.44 1b/ft-in. for a W 12 X 106 with contour pro-
file protection

Table 4-9.4 Thermal Properties of Concrete at 70°F

Normal-Weight Structural
Concrete Lightweight Concrete
Thermal conductivity (k)2 0.95 0.35
Specific heat (c)? 0.20 0.20

aExpressed as Btu/hr-ft*°F
bExpressed as Btu/lb*°F

Substituting,

120

h= G3 %144+ 36

=095in.

EXAMPLE 2:

Determine the fire endurance of a W 8 X 28 column
encased in lightweight concrete (density of 110 Ib/ft3
[176.2 kg/m3]) with all re-entrant spaces filled. The con-
crete cover thickness is 1.25 in. (31.8 mm).

SOLUTION:
From Table 4-9.3, the appropriate equation is

R=Ry(1 + 0.03m)
where
Ry = 10(W/D)07 + 17(h1¢/k02){1 + 26[H/p.c h(L + h)]08}
Referring to Figure 4-9.7,

hy=h; =h=125in. (31.8 mm)
by = 6.535 in. (166 mm)

d = 8.060 in. (204.7 mm)
W/D = 0.67 Ib/ftin. (39.3 kg/m?2)(contour profile)
A =825in.2 (0.0053 m2)

From Table 4-9.4,

k, = 0.35 Btu /hr-ft-°F
¢, = 0.20 Btu/Ib-°F
p. = 110 Ib /3

1 .
L= (b;+d)=730in.

PcCe

H=011W + 755 (b;D — A)
H=011x28 + % (6.535 X 8.060 — 8.25)

=9.87

1.2516
= 07 =~
Ry = 10(0.67)07 + 17(0.35042>

9.87 08
it 26[ TI0 X 02 X 1.25(730 T 1.25)]
Ry =99 min

Assuming a moisture content of 5 percent for light-
weight concrete,

R=99(1 + 0.03 X 5) = 114 min

Steel Beams

As in the case of columns, the W/D ratio is an impor-
tant parameter affecting the fire resistance of a beam.
Beams with larger W/D ratios may be substituted for
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beams with lesser W/D ratios for an equivalent rating
with no change in the protection thickness. However, as
with columns, designs resulting from the direct substitu-
tion of larger beams without reducing the protection
thickness may be inefficient.

In 1984, an empirically derived correlation was de-
veloped to calculate the required thickness of spray-
applied material protection.3! Correlations of the form
for steel columns are not possible, given the deck’s role
as a heat sink. Thus, the thickness of protection for
steel beams is determined based on the following scaling

relationship:
_ (W,/D, + 0.6
I = (Wl/Dl + 0.6)h2 M

where
h = thickness of spray-applied fire protection (in.)
W= weight of steel beam (Ib/ft)

D = heated perimeter of the steel beam (in.) (See Figure
4-9.11)

and where the subscripts
1 = substitute beam and required protection thickness

2 = the beam and protection thickness specified in the ref-
erenced tested design or tested assembly

Limitations of this equation are noted as follows:

1. W/D =0.37

2. h =3/gin. (9.5 mm)

3. The unrestrained beam rating in the referenced tested
design or tested assembly is at least 1 hr

It should be noted that the above equation only per-
tains to the determination of the protection thickness for a
beam in a floor or roof assembly. All other features of the
assembly, including the protection thickness for the deck,
must remain unaltered.

EXAMPLE 3:
Calculate the thickness of spray-applied fire pro-
tection required to provide a 2-hr fire endurance for a W12

D =3b,+2d-2t,

(a) Contour protection

(b) Box protection

Figure 4-9.11. Heated perimeter for steel beams.3'

X 16 beam to be substituted for a W 8 X 17 beam requiring
1.44 in. (36.6 mm) of protection for the same rating.

SOLUTION:
The beam substitution correlation, presented as
Equation 1, is used.

+ 0.
h (Wz/D2 oe)h2

W,/D; + 0.6
where
W,/D, = 0.54 for W8 x 17
W, /D, = 0.45 for W12 X 16
h, =144
(054 +0.6 _ .
h = (70145 N 0.6) X 144 =1.6in.

Steel Trusses

There are three types of trusses used in buildings:
transfer, staggered, and interstitial trusses. Because of the
inherent features of each type of truss, some fire protec-
tion systems are more appropriate than others.33

Aload-transfer truss (see Figure 4-9.12) supports loads
from more than one floor. The loads may be suspended

N . Roof
17
1 115§
I 114
1 1 F Suspended
I 112
] 111 Interior columns
1 170 omitted
I 1o
I 18
I 17
I e
1 1 5_ Supported
I 14 .
3
2
Grade
1 -y
—
Existing
New Existing New
caisson subway structure caisson
Figure 4-9.12. Vierendell truss providing support from

above and below.33
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from a transfer truss or the transfer truss can be used to
eliminate columns on lower floors.

A staggered truss is illustrated in Figure 4-9.13. Gen-
erally, staggered trusses are used in residential occupancy
buildings. Staggered trusses carry loads from two floors.

Interstitial trusses are used to create deep floor/ ceil-
ing concealed spaces containing mechanical and electrical
equipment, as shown in Figure 4-9.14. Interstitial trusses
support only those loads from the equipment enclosure
and the floor above. Interstitial trusses are typically used
in health-care facilities with heavy mechanical equipment
needs.

Three methods of fire protection are often used for
trusses: membrane, envelope, and individual element
protection. Some fire protection methods are more appro-
priate than others for the specific truss types. The fire pro-
tection methods typically used for each truss type are
indicated in Table 4-9.5. Membrane protection is accom-
plished through the use of a fire-resistant ceiling assem-
bly. Design parameters for such an assembly can be
determined from listings of fire-rated designs.33* No em-
pirical correlations are available to assess the design of
membrane protection systems.

The envelope means of protection is illustrated in
Figure 4-9.15. The truss is enclosed in layers of a board
product, with the number of layers determined by the re-
quired fire endurance. Some practical rules of thumb
based on test results are noted in Table 4-9.6.

Truss

e ——— —

Truss framing plan

Section A-A
I |F— Truss
— Truss
— Truss
| | |
Section B-B

Figure 4-9.13. A typical truss and positionings in a
staggered truss system.33

Figure 4-9.14. Hospital interstitial truss system.33

Table 4-9.5 Typical Fire Protection Methods for Steel

Trusses
Fire Protection Method
Individual
Truss Type Membrane Envelope Element
Transfer X X
Staggered X X
Interstitial X X X

Table 4-9.6 Practical Guidelines for Thickness of
Gypsum Wallboard for Steel Truss
Envelope Protection33

Fire Gypsum Wallboard
Endurance X Type
60 5/g" (16 mm) 5/g" (16 mm)
120 11/," (32 mm) —
180 — 11/," (38 mm)

Individual element protection is generally accom-
plished using a spray-applied material. Since critical truss
elements perform structurally as columns, that is, in
tension or compression (as opposed to bending), the
applicable equations for determining the thickness of
spray-applied material for columns is used. In order to
use these equations, the W/D ratio must be calculated
for each element. Unlike columns and beams, the ratio
may not be readily available. The diagrams in Figure
4-9.16 are provided for assistance in calculating the
heated perimeter.
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Top chord
of trust

Gusset
plate

Secondary
truss
members

Cont-horizontal
steel stud
at mid-height

Steel studs

Gusset
plate

Bottom chord
of truss

Figure 4-9.15.

Heat Transfer Analyses

Heat transfer analyses are applied to determine the
time period required to heat structural members to a
specified critical temperature or to provide temperature
data as input to the structural analysis of the heated mem-
ber. The time required to heat the member to a specified
critical temperature is often defined as the fire endurance
time of the member.

The critical temperature of a structural member can
be determined by referring to the temperature endpoint
criteria cited in ASTM E1191 or by a structural assessment,
as is discussed later in this chapter.

The available types of heat transfer analyses can be
grouped into the following categories:

1. Numerical methods
2. Graphical solutions
3. Computer programs

Numerical Methods

Many numerical methods are available to estimate the
temperature rise in steel structural elements. The equa-
tions are derived from simplified heat transfer approaches.

Unprotected steel members: The temperature in an un-
protected steel member can be calculated using a quasi-
steady-state, lumped heat capacity analysis. This method
assumes that the steel member is at a uniform tempera-
ture. The equation for temperature rise during a short
time period, At, is!

y .
Third layer may be
placed horizontally

Required number of layers of
fire-resistant gypsum wallboard

Staggered truss protection with envelope protection.33

AT,

L= vy T~ DA @

where
AT, = temperature rise in steel (°F)(°C)

a = heat transfer coefficient from exposure to steel
member (Btu/ft2:s-R)(W/m?2-K),

D = heat perimeter (ft)(m) (see Figure 4-9.16)
c, = steel specific heat (Btu/1b-°F)/(J /kg-°C)
W = steel weight per lineal foot (Ib/ft)/(kg/m)
T = fire temperature (R)(K)

T, = steel temperature (R)(K)

At = time step (s)
where

o=a,+a,
a, = radiative portion of heat transfer

Ci&f
———J (T4 _T4

o =7 =1

where C; = 4.76 X 10713 Btu/s*ft2-R*(5.77 X 10~8 W/m3-K*%)
and &, the effective emissivity, can be evaluated from
Table 4.97.

a, = convective portion of heat transfer
9.8 X 107%to0 1.2 X 1073 Btu/ft2-s (20 to 25 W/m?2-K)
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D

D=3b,+2d-2t,

t,

D= b;+2d

o

fe—b—>]

D= 4b;+2d-2t,

D=4a+2b+2c

!
l

o

b~ <b;—>
a—»| a <

D=8b;+2d+2a-4t, D=4b,+2d+2a

Figure 4-9.16. Heated perimeter for steel truss shapes.33

The quasi-steady assumption dictates that the time
step should be small, that is, on the order of 10 s.5°

Equation 2 is successively applied up to the time du-
ration of interest. Correlations for the time-temperature
curve associated with standard fire resistance tests are in-
cluded by Lie, in another chapter of this handbook. For
the ISO 834 test, ".I} at any time, ¢, can be estimated by the
following expression:2!

T = Crlogy(0.133t + 1) + T 3)
where
Cr = 620 with Ty, Ty in °F
345 with Ty, Ty in °C

Protected steel members: For protected members, the
thermal resistance provided by the insulating material
must be considered. If the thermal capacity of the insula-
tion layer is neglected,?!

AT,

- = op (T~ DAt 4)

where all parameters are as defined in Equation 2, and

Table 4-9.7 Effective Emissivity35

Resultant
Type of Construction Emissivity
1. Column exposed to fire on all sides 0.7
2. Column outside facade 0.3

3. Floor girder with floor slab of concrete, only

the underside of the bottom flange being

directly exposed to fire 0.5
4. Floor girder with floor slab on the top flange

Girder of 1 section for which the width-depth

ratio is not less than 0.5 0.5
Girder of 1 section for which the width-depth

ratio is less than 0.5 0.7
Box girder and lattice girder 0.7

k; = thermal conductivity of insulation material (Btu/ft-
5-°F) (W/m-°C)
h = protection thickness (ft) (m)

Malhotra suggests that the thermal capacity of the in-
sulation material may be neglected if the following in-
equality is true (see parameter definitions for Equation 2):2!

¢, W/D > 2c;p;h

If the thermal capacity must be accounted for, as in the
case of gypsum and concrete insulating materials, then

K I~ T
AL =7 | c.ow/D) + 1/2c0 | ©®)

where all parameters are as defined for Equation 2, and
¢; = specific heat of insulating material (Btu/1b-°F) (J /kg-°C)
p;= density of insulating material (Ib/ft3) (kg/m3)

An evaluation of the predictive capability of the
lumped heat capacity approach using Equation 5 for pro-
tected steel sections was conducted by Berger for steel
columns protected with a spray-applied cementitious ma-
terial 36 The analysis consisted of comparing predicted
versus measured temperatures for steel columns exposed
to the standard fire exposure. A comparison of the pre-
dicted versus measured times for the steel column to
reach 538°C is provided in Table 4-9.8. A comparison of
the predicted temperature with that measured for one
protected steel column assembly is provided in Figure
4-9.17.

Predictions of temperature rise in steel beams by the
lumped heat capacity approach are prone to be inherently
less accurate than those for steel columns.3” As noted pre-
viously, a steel beam in contact with a slab only has three
sides exposed to a fire and also will lose heat to the slab.38
Consequently, the temperature of a steel beam exposed to
fire is likely to vary appreciably from the bottom flange to
the top flange, stretching the validity of the uniform tem-
perature assumption. Nonetheless, for many engineering
applications, the lumped heat capacity approach can pro-
vide a conservative estimate of the average temperature
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Table 4-9.8 Comparison of Predicted Time from
Lumped Heat Capacity Analysis and
Measurements for Protected Steel Column

to Reach 538°C
h Test Calc.
Shape (cm) (min) (min)
We6 x 16 1.9 58 56
3.8 112 119
7.6 210 251
W8 x 28 3.5 122 121
8.3 291 298
9.5 355 352
W10 X 49 1.9 70 62
5.6 217 220
W12 X 106 3.8 200 203
W14 X 228 1.4 123 140
W14 x 233 2.9 225 251
700 - ¢ Test
Calc
600

500

400

Temperature (°C)

300

200

100

0 prvr v b b b b braaad
0 10 20 30 40 50 60 70

Time (min)

Figure 4-9.17. Predicted steel column temperature.36

rise of a steel beam.3 Heat losses to the slab may be com-
pensated for by reducing the effective flame emissivity to
0.5.35 However, if the temperature gradient across the
beam is important, another analytical approach will need
to be applied.?”

Exterior steel columns and steel spandrel beams: A
design guide is available for calculating the exposure of
exterior steel columns and steel spandrel beams.*0 The
guide is based on research by Law and basic radiation
heat transfer principles.#! A similar calculation procedure
is available in the Eurocodes.?

The temperature of the steel member is calculated
from a steady-state conduction analysis. The exposure
boundary conditions consist of radiant heating from a
fully developed room fire and flames emitting from win-
dows near the steel member. For this method, a specific
design is considered unacceptable if the steel temperature
exceeds 1000°F.

Liquid-filled columns: The design calculations for lig-
uid-filled columns are based on the thermal capacity of
the liquid. The design of a liquid-filled column fire pro-
tection system consists of three major steps:

1. Heat transfer analysis
2. Determination of volume of liquid required
3. Pipe network design

The heat transfer analysis is used to assess the impact
of fire exposure on the liquid-filled column. The heat trans-
fer analysis considers radiation and convection heat trans-
fer from the fire to the column surface, conduction through
the column wall, and convection with localized boiling into
the liquid. Both temperature of the steel column and total
amount of heat transferred to the liquid causing evapora-
tion are determined as a result of this analysis.

The liquid volume calculation is important to ensure
the column remains full of liquid for the entire fire expo-
sure period. Since heat transferred to the liquid will cause
some evaporation, a supplemental amount of liquid must
be provided in a storage tank.

The final step in the design method is a hydraulic
analysis of the tubular column and pipe network. This
analysis assesses the ability of the liquid to circulate based
on friction losses, elevation changes, and buoyancy of the
heated liquid.

A comprehensive design aid for liquid-filled columns
is available.#> Since the procedure is rather lengthy, it will
not be reviewed here.

Graphical Solutions

Because heat transfer analyses can be very tedious
and may involve the use of complex computer programs,
graphic solutions have been formulated to simplify the
estimation of steel temperature. Graphs of the tempera-
ture of protected steel members have been developed by
Malhotra,?! Jeanes,!2 Lie,!> and others.

The series of graphs developed by Malhotra,?! pre-
sented in Figure 4-9.18, for estimating the temperature of
steel members exposed to the standard exposure are
based on the lumped heat capacity approach described in
the previous section. Steel temperatures are plotted ver-
sus the D/A ratio (analogous to the inverse of W/D) for
selected time periods of exposure and thermal resistances
of the insulating material. Time periods of 30 to 120 min
are noted in the graphs. The range of thermal resistances
of the insulating material covered by these graphs is 0.01
to 0.30 (W/m?2-°C)-1 (0.003 to 0.10) (Btu/ft?-hr-°F)-1.



Analytical Methods for Determining Fire Resistance of Steel Members

4-225

1100
1000 - h o t=120 min
—=.05 — o t=90 mi
900 | k; — ) 60"1{“
| o (= min
9 328 / — /./
= .
5 600 / / / o
= S o t=30min
5 500 // ./
Q L)
E 400 [ / o /
() /. / M
= s -f
200 </° e
100 o
0 L1 Il Il Il Il Il Il
50 100 150 200 250 300
D/A
1000
90 h_., \—*"T=120min
wop BT e
§ 700 |- ./' /'/t=60 min
© 600 [ /. _—
g .
5 500 | . .
2 400 //‘/ ,/'/tzso min
5 ./ / ./
€ 300 /7. _—
200 —,/‘,-/ /
100 o o
0 R | | | | |

50 100 150 200 250 300
D/A

1000
900

L ,
soor & /'/t=120 min

8 700 17 /./'/t=€;0min

o 600 . .

2 /./ —

© 500 - ./ _— t =60 min

qé 400 - /. ./o

& 300 |- . / — \—*"t=30min
200 - ,/:5: /./

100 s o —"
o LT I I I I I
50 100 150 200 250 300
D/A
1000
900 i:O.S
800 - Ki

g di /°/=1.20 min

o 600 . /o .

g / __— t =90 min

£ 500 - // .

S 400 | / /-/t= 60 min

E .

& 300 %// .
200 ./25: ././-/ t =30 min
100 [-sfese” s _—*

ge-e
0 I | | | | | |

50 100 150 200 250 300
D/A

Figure 4-9.18. Relationship of heated area to steel weight with temperature.?’

Based on the application of FIRES-T3, a heat transfer
computer program which will be described in the next sec-
tion, Jeanes formulated a series of time-temperature graphs
of protected steel beams.!2 The steel beams are protected by
a proprietary specific spray-applied cementitious material
with a range of thicknesses of 0.5 to 1.5 in. (12.7 to 38.1
mm). Graphs are available for a variety of common wide-
flange beam shapes.!? Examples of these graphs are pre-
sented in Figure 4-9.19 with graphs addressing the average
and single-point steel temperatures relating to the maxi-
mum endpoint criteria from ASTM E119.1 Average and sin-
gle-point steel temperatures are represented by the dashed
lines. These graphs can be used to determine the thickness
of protection material required to provide a desired level of
fire resistance. Alternatively, the fire endurance can be esti-
mated for a particular steel beam and insulation thickness
design which has not been tested.!2

Information from numerous applications of FIRES-
T3 examining the time-temperature response of steel
beams protected with a spray-applied cementitious mate-
rial exposed to the standard fire exposure is summarized
in Figure 4-9.20. Using this graph, the fire endurance of
protected steel beams with a W/D ratio of 0.4 to 2.5 1b/ft-
in. can be determined for thicknesses of the spray-applied
protection between 1.3 to 3.8 cm (0.5 to 1.5 in.).

Lie provides graphical representations of the exact
solutions of the governing differential equations for the
temperature of protected steel members exposed to the

standard fire.!> The heat transfer is assumed to be one-
dimensional through the insulation layer. A uniform
temperature throughout the steel cross section is assumed.
The two graphs presented in Figure 4-9.21 are applicable
to a wide range in the Fourier number, Fo, for the insula-
tion layer. In order to use the graphs, the following dimen-
sionless parameters must be defined:

ot
Fo = 7z
__ picih
N=w/D
T—-T
0= 0
Tm - TO

where
o = thermal diffusivity of insulation (ft2/hr) (m2/hr)
t = heating time (hr)
h = thickness of insulation (ft) (m)
p; = density of insulation (Ib/ft3) (kg/m3)
¢; = specific heat of insulation (Btu/Ib-°F)
cs = specific heat of steel (Btu/1b-°F)
T = temperature of steel at time ¢ (°F) (°C)
Ty = initial temperature of steel (°F) (°C)
T,, = mean fire temperature (°F) (°C)
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Average Section Temperature of Steel Beam,
W12 x 14 (W/D = 0.40), for Various Thicknesses
of Direct-Applied Fire Protection
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Figure 4-9.19. Predicted steel beam temperature by
FIRES-T3.12
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Figure 4-9.20. Fire endurance of steel beams versus
fire protection thickness for average section tempera-
ture of 1000°F (538°C). (Based on FIRES-T3 analysis of
ASTM E119 fire exposure.)?
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Figure 4-9.21. Dimensionless steel temperature versus
Fourier numbers.!5
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The mean fire temperature associated with a heating
time, t, for these graphs is calculated from the standard
time—temperature curve, where

m

_ [150(n480¢t — 1) — 30/t T°C
| 270(1n 480t) — 238 — 54/, T°F

EXAMPLE 4:

Determine the fire resistance of a W 24 X 76 steel
beam based on the temperature endpoint criteria noted
in ASTM E119. The beam is protected with 0.50 in. (12.7
mm) of spray-applied cementitious material, by three
methods:

1. Graphical approach from Jeanes!?
2. Graphical approach by Liel>
3. Quasi-steady-state approach by Malhotra?!

SOLUTION:

A W 24 X 76 steel beam has a W/D ratio of 1.03 Ib/ft-
in. or 12.36 Ib/ft2. The material properties are evaluated at
mean temperatures expected during the exposure. The
fire resistance can be assessed using the temperature end-
point criteria in ASTM E119. Mean temperatures of 500°F
(260°C) and 750°F (400°C) are selected (arbitrarily) for the
steel and insulation, respectively, to determine the ther-
mal properties. The following material property values
are assumed:12

Steel Insulation
Thermal conductivity (Btu/ft-hr-°F) 25.6 0.067
Specific heat (Btu/lb-°F) 0.132 0.304
Density (Ib/ft3) 490 15

Jeanes’s graph: Using Figure 4-9.21 with a W/D of
1.03 Ib/ft'in. and an insulation thickness of 0.50 in. (12.7
mm), the fire endurance is estimated to be 1.33 hr or 80 min.

Lie’s graph: Evaluating the dimensionless parameters,

ot
Fo =17z
where
k; 0.067
= =D _ 2
a pc. 15 % 0304 0.0147 ft2/hr
_0.0147t .
Fo = 057122 8.47t (tin hr)

Referring to Figure 4-9.22 and using a trial and error
approach with a critical temperature selected as 1000°F
(538°C), the fire endurance time is estimated as approxi-
mately 75 min.

Quasi-steady-state approach: First, a check is per-
formed to determine if the thermal capacity of the insula-
tion material must be considered.
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Figure 4-9.22. Comparison of calculated and measured
steel temperatures.43

¢, W/D>2c;p;h
0.132 X 12.36 > 2 < 0.304 X 15 X 0.50/12
1.63 > 0.38



4-228

Design Calculations

Disregarding the thermal capacity of the insulation,
Equation 4 is used to predict the steel temperature rise for
each time step.

0.067 /3600
AT = 50132 x 050/12 x 12.36 (r ~ 1AL
=274 X 10—4(1} — T)At
Steel Fire Fire-Steel

Temperature  Temperature  Temperature W/m2-K AT

Time (°C) (°C) (°C) Kh (°C)
10 20.0 46 26 9.13 0.1
20 20.1 72 51 9.13 0.2
30 20.3 96 76 9.13 0.3
40 20.5 120 99 9.13 0.3
50 20.8 143 122 9.13 0.4
3220 534.2 888 353 9.13 1.2
3230 535.3 888 353 9.13 1.2
3240 536.5 888 352 9.13 1.2
3250 537.7 889 351 9.13 1.2
3260 538.9 889 350 9.13 1.2
3270 540.1 890 350 9.13 1.2
3280 541.2 890 349 9.13 1.2

Thus, the fire endurance is 54 min.
The fire endurances calculated by the three methods
can be compared as follows:

Jeanes (FIRES-T3) 80 min
Lie 75 min
Quasi-steady-state 54 min

The agreement between the fire endurance times de-
termined by Jeanes’s and Lie’s graphs is very good. The
significantly reduced fire endurance calculated using the
quasi-steady-state approach is attributable to the approx-
imate nature of the lumped heat capacity method assum-
ing an adiabatic surface at the beam-slab interface.

Computer-Based Analyses

Several computer-based analyses are available to es-
timate the temperature rise of steel members. The analy-
ses range from a spreadsheet procedure to perform the
iterative calculations for the quasi-steady-state approach
to finite element models.

Spreadsheets are one example of providing a frame-
work to perform the iterative, quasi-steady calcula-
tions.3637:44 Typically, the spreadsheet procedures mimic
the quasi-steady analysis procedure described previously,
including the evaluation of material properties at a mid-
range temperature for the exposure of interest. Although
temperature-dependent material properties can be in-
cluded within the spreadsheet framework, the accuracy
implied by considering temperature-dependent proper-
ties is not consistent with the first-order nature of the
quasi-steady approach.

Another framework for conducting computer-based
analyses includes the numerous mathematical-equation-
solver software packages. This software can be used to

conduct the iterations associated with the quasi-steady ap-
proach or to solve the partial differential equations exactly.

Harmathy and Lie developed a two-dimensional fi-
nite difference model to predict the temperature rise in
protected steel columns.#3 The two-dimensional network
is formulated over the cross-section of the insulation
layer, assuming the temperature to be independent of
length. The steel is assumed to be a perfect conductor (i.e.,
the temperature is uniform throughout the steel). Heat
transfer via radiation is considered across any air spaces
enclosed by the insulation and steel.

The boundary conditions included by Harmathy are
those associated with the ASTM E119 test.! To simplify the
model, convection is disregarded, since convection com-
prises a minor portion of the heat transfer process in the
furnace test. A flame emissivity of 0.9 is selected. A com-
parison between the calculated and experimental steel
temperatures is presented in Figure 4-9.22. As is evident,
the agreement is very good for three insulating materials.

Pettersson et al.3% include a finite difference formula-
tion to predict the temperature rise of steel beams pro-
tected with a suspended ceiling exposed to a specified
fire. The formulation uses a one-dimensional approxima-
tion accounting for conduction through the suspended
ceiling and floor slab (above the beam), and radiation and
convection in the air space between the slab and beam.
The temperature of the steel is assumed to be uniform.
The assembly is divided into several elements as depicted
in Figure 4-9.23.

A system of simultaneous equations is derived for the
temperature rise in each of the assembly elements. A
numerical integration technique such as Runge-Kutta is
used to obtain the solution. A comparison of the calcu-
lated versus experimentally observed temperatures for a
steel beam is presented in Figure 4-9.24.

General heat-transfer finite-element programs have
been available for many years.*> FIRES-T3, TASEF-2,
SAFIR, and SUPER-TEMPCALC, among others, have been

Oy,
‘60 (XLI |

9y ——

0

Figure 4-9.23. Division of the floor slab into elements.35
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400
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Temperature (°C)

Time (hr)

Figure 4-9.24. Calculated (--) and measured (—) steel
temperature-time (6 — t) curve for a floor girder IPE 140
with insulation in the form of a suspended ceiling of 40-
mm-thick mineral wool slabs of density y = 150 kg/m3.
The figure also gives the calculated (-o—) and measured
(—x-) temperature-time curve for the top of the 50-mm-
thick concrete floor slab.35

developed specifically to address the heating of assem-
blies with steel structural members exposed to fire condi-
tions.46-48

TASEF-2 examines the conduction heat transfer
through assemblies.#6 Assemblies may include internal
voids, in which convection and radiation heat transfer
modes are considered. Two time-temperature curves are
available: (1) the ISO 834 standard time-temperature
curve and (2) a time-temperature curve from a ventila-
tion-controlled fire.

SUPER-TEMPCALC can also be used to analyze the
conduction heat transfer through assemblies with air gaps.
Numerous fire curves are included within the software.

FIRES-T3 was specifically developed to examine the
heating of structural members exposed to fire conditions.*”
FIRES-T3 has been applied successfully to predict the
temperature rise in protected steel beams and columns.124
Almand used a finite-difference heat-transfer model to es-
timate the protection thickness of spray-applied cementi-
tious material required for tubular steel columns.50

The input data requirements for the heat transfer
computer models can be grouped into two categories:

1. A description of the assembly
2. A description of the fire exposure

The information necessary to describe the assembly
includes geometric factors (dimensions, shape of mem-
ber) and material property values (thermal conductivity,
specific heat, and density). The fire exposure is character-
ized in terms of the temperature of the surrounding envi-
ronment and appropriate heat transfer coefficients. The
geometry of the assembly is established by formulating
an element mesh for the assembly of interest. Required
material property data consists of the density, specific
heat, and thermal conductivity of the steel and insulation.
Material property data is available for a limited number
of insulation materials.125! The exposure associated with
the ASTM E119 test! may be selected as the fire exposure
to be simulated by FIRES-T3.124% A pre-processor routine
for FIRES-T3 was recently developed by Stubblefield and
Edwards.52 TASEF and SUPER-TEMPCALC also includes
a post-processor to generate graphs of the output.

For models using an explicit transient solution tech-
nique, such as FIRES-T3, caution must be exercised in se-
lecting the time step and mesh size to obtain correct results
that are numerically stable. TASEF-2 internally determines
a numerically stable time step. Most heat transfer models
do not address the effects of phase changes or chemical re-
actions that may influence the heating process. Phase
changes and chemical reactions have been accounted for
by altering the value of the material properties. Milke ad-
dressed the evaporization of free water in a spray-applied
cementitious material by increasing the specific heat in a
narrow temperature region around 100°C (212°F).#

Agreement between the predicted and experimental
average steel temperatures is quite good in both applica-
tions of FIRES-T3 by Jeanes and Milke. A comparison of
the temperature history for a steel column protected with
a spray-applied cementitious material subjected to the
ASTM E119 test is presented in Figure 4-9.25. A similar
comparison is presented in Figure 4-9.26 for steel beams
protected with the same material.1?

FIRES-T3 has also been used to conduct a prelimi-
nary analysis of the heating of partially protected steel
columns (i.e., where a portion of the spray-applied pro-
tection is missing).>® The analysis indicated that even a
small portion of missing protection significantly de-
creased the fire resistance of the column, especially for
cases involving small columns. Results of the analysis are
indicated in Figure 4-9.27.

Structural Analyses

The structural analysis methods calculate one of
three parameters: deflection, critical temperature, or criti-
cal load. In several of the methods, all three of the para-
meters may be considered, since they are interrelated.
Algebraic equations, graphs, and computer programs are
available to perform a structural analysis for the purpose
of addressing fire resistance.

General Discussion of Three Parameters Addressed
in Structural Analysis

Deflection: The total deflection and rate of deflection
can be calculated for loaded and heated steel beams by
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Figure 4-9.25. Comparison of predicted and measured
average steel column temperature.4”

considering all sources of strain. The total strain com-
prises components of the elastic and plastic strains due to
the applied loads, thermal strain (due to thermal expan-
sion), and creep stain.

The calculated deflection and rate of deflection can
be compared with established maximum limits of each.
The Robertson-Ryan criteria have been widely accepted
for this purpose.?05455 However, calculation of the de-
flection of unheated beams is difficult except for simple
loadings, geometries, and end conditions. Adding the
thermal expansion and creep components further com-
plicates the calculation, virtually requiring computer
solution.

Critical temperature: As mentioned earlier in the chap-
ter, the material properties of steel change with increasing
temperature. The most important material properties for
critical-temperature calculations are yield strength, ulti-
mate strength, and modulus of elasticity. The critical
temperature is defined as the temperature at which the
material properties have decreased to the extent that the
steel structural member is no longer capable of carrying a
specified load or stress level. In this context, the factor of
safety of the member is considered to be reduced if the
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Figure 4-9.26. Comparison of experimental data and

FIRES-T3 analysis.?

member reaches unacceptable stress levels, buckling be-
comes imminent, or deflections exceed maximum limits.
The critical temperature can be calculated as long as the
dependence of the material properties with temperature
is known. There are numerous algebraic equations to cal-
culate the critical temperature of steel structural mem-
bers.5¢ Often, the critical temperature is defined based on
temperature limits stated in the standard test. However,
in recent tests steel members experienced temperatures in
excess of 800°C (1470°F) without collapse.5”
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Figure 4-9.27. Fire resistance versus percent protec-
tion loss for W 10 X 49 column, flange exposure.

Critical load: The critical load is defined as the mini-
mum applied load that will result in failure if the struc-
tural member is heated to a temperature, T. The critical
load can be expressed as a point load or distributed load.
As with critical temperature, the critical load calculation
requires the material properties at elevated temperatures.
Critical load calculations can be conducted with algebraic
equations or with a computer program.

Algebraic Equations: Critical Temperature

Beams

The critical temperature of Grade 250 steel beams with an
allowable stress of 20,000 psi (138 Mpa) can be determined
using equations by Lie and Stanzak.30 The Lie and Stanzak
equations account for creep strain and assume the beam is
simply supported and thermally unrestrained.

Similar approaches have been developed by Malho-
tra,2! Vinnakota,® and Kruppa.5® Differences in the per-
cent reduction in yield stress or modulus of elasticity are
related to design method (elastic or plastic), factor of
safety, and end conditions. Equations for the ratio of yield
stress at elevated temperature with yield stress at ordi-
nary room temperature are presented in Table 4-9.9. Typi-
cal values of Z/S are between 1.13 and 1.15 for I sections,?!
and 1.5 for rectangular sections.

Another example of the second approach is the
analysis of the critical temperature of beams by European
Convention for Constructional Steelwork (ECCS).56:> The
ECCS guide addresses the maximum allowable reduction
in yield strength by considering the applied loading,
beam geometry, structural end conditions, and whether
the applied loading results in stresses in the elastic or
plastic range. Critical temperature calculations based on
the ECCS analysis are presented in Table 4-9.10.

EXAMPLE 5:
Determine the critical temperature of a simply sup-
ported W12 X 26 steel beam supporting a 53-in.- (1.35-m-)

Table 4-9.9 Critical Stress Equations?!

Design Basics Critical Yield Stress

or 1 2

Elastic design oy = F _p
o or 1
Plastic design ?Y =F

where
oy = critical yield stress at elevated temperature, T
oy = yield stress at ordinary room temperature

F, = factor of safety, elastic design
F, = factor of safety, plastic design
Z, = elastic section modulus
Z, = plastic section modulus

©

thick rectangular slab. The applied moment is 41,750 ft-1b
(15,480 N'm). The rectangular slab is 8 ft (2.4 m) wide. The
section properties of the beam are

7, =334 in3 (547 X 103 mm?)
=204 in4 (84.9 X 106 mm?4)

Assume 6, = 36,000 psi (248 MPa).

SOLUTION:
Using Lie and Stanzak’s equation for a beam,
_ 70,000 _
T = 3562 — 423(1,7) ~ 460
3
I =220 =216 ins
T 70,000 — 460 = 1,240°F

= 15.62 — 4.23(216/204)

Columns. Lie and Stanzak calculated a critical tempera-
ture of 941°F (505°C) for slender, axially loaded col-
umns.?0 The calculation was based on the temperature for
the onset of elastic buckling for columns under maximum
permissible applied stress conditions.

The Euler buckling stress at which elastic buckling is
imminent is given by

m2E
O = }\‘ZT (6)

where
6., = Euler buckling stress (MPa) (psi)
E; = modulus of elasticity at temperature T (MPa) (psi)
A = slenderness ratio = KI/r
r = radius of gyration (ft)(m)
KI = effective length of column (ft)(m)
Included in the ECCS guide® are dimensionless

buckling curves for steel columns at elevated tempera-
tures. These curves are presented in Figure 4-9.28.
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Table 4-9.10 Critical Temperature of Steel Beams37

factor kq resp.ﬂ
qe qp
Static System 0.3 0.4 0.5 0.6 0.7
Base of structural design Theory of plasticity Statically determinate 585 540 490 430 360
at room temperature Statically indeterminate
Theory of elasticity Statically determinate 605 565 525 475 425

Statically indeterminate

640 605 575 545 510

N
§74§ 605 565 525 475 425
N
M 650 615 590 560 535
N

§7 615 580 545 505 465
N l
m 650 615 590 560 535

©=1.33
0=1.0
0=1.47
0=1.12
0=1.47
g, = Ultimate plastic load
q* = Applied load
k = Load multiplier
© = Factor addressing plastic reserve of beam from redistribution of moments.
N6

Figure 4-9.28. Dimensionless buckling curves for steel
columns.59

Equation 6 is only valid for columns that buckle in
the elastic range. Generally, slender columns having a
slenderness ratio in excess of approximately 90 can be ex-
pected to buckle elastically. Buckling stresses for stout
columns (slenderness ratio less than 90) are in the plastic
range, requiring a more complex analysis. The failure
mode for columns with a slenderness ratio between 80
and 100 cannot be reliably predicted.®® The tangent mod-

ulus can be used instead of the modulus of elasticity in
Equation 6 for stout columns. However, predictions of the
critical temperature using Equation 6 may not be accu-
rate, due to residual stresses from the steel fabrication
process.®0 Thus, for stout columns, a conservative esti-
mate for the critical temperature of steel columns may be
obtained by determining the temperature at which the
yield stress is equal to the applied stress.

General

Malhotra has observed that critical temperatures de-
termined from the structural analysis algebraic equations
will be somewhat low when compared to experimental
data.?! Thus, the following correction factors, V, are sug-
gested by Malhotra to improve the prediction capabilities
of the approach:

1. Columns: V = 0.85

P
2. Statically determinate beams: V = 0.77 + 0.15 P—S

u

P
3. Statically indeterminate beams: V = 0.25 + 0.77 FS

where
P, = service (applied) load (N or N/m) (Ib or Ib/ft)

P, =load to induce ultimate stress at midspan (N or
N/m) (Ib or Ib/ft)
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EXAMPLE é6:

Determine if the following steel column is expected
to buckle if it achieves an average temperature of 1100°F
(593°C). The column is simply supported, 15 ft (4.6 m)
long and has an applied load of 12,000 psi (82.8 MPa). As-
sume the yield stress is 36,000 psi (248.4 MPa) and the
modulus of elasticity is 30,000,000 psi. The characteristics
of the column are

A =8231in.2 (5310 mm?)
I'=21.61in% (8.99 X 106 mm?2)
Kl =180 in. (4572 mm)

At 1100°F (593°C):
T
Er =1+ 5600 1n (7/1100)
E, =156 x 106
SOLUTION:

Calculate the slenderness ratio to determine the fail-
ure mode.

X=£l=110
r

Since the slenderness ratio exceeds 90, the column is sus-
ceptible to buckling. The buckling stress at 1100°F (595°C)
is 12,700 psi (87.6 MPa). Thus, the column does not buckle
due to the applied load and elevated temperature.

Critical Stress

Columns: Sample expressions for determining the criti-
cal stress for steel columns30 are noted below.

2 2 -5 1 TC2Et —
P2 =~ Pf 6,0 + E(48 X105+ 55 ) | + 05,7455 =0

where

P_. = critical point load (N) (Ib)

o,r = yield stress at temperature T (Pa) (psi)

E; = modulus of elasticity at temperature T (Pa) (psi)
A =KIl/r

In order to improve the prediction capabilities of the
critical stress approach for slender columns, the modulus
of elasticity should be replaced by the reduced modulus
of elasticity.!> The reduced modulus is defined as

£ __ AEEr
TP

where
E, = tangent modulus

In addition, the 0.2 percent proof stress may be re-
placed by the 0.5 percent proof stress in the yield stress
parameter.6l

Results of a buckling analysis on concrete-filled
square hollow sections are provided in Figure 4-9.29.

Beams: The expressions for the critical loads for beams
assume at failure that the beam is in a state of full plas-
ticity at the location of the maximum moment.6! Obvi-
ously, in order to calculate the critical stress, the material
property—temperature relationships must be known.

The critical distributed load for a simply supported
beam is>®

_ 80,1Zp
or = 12

where
g = critical distributed load (N/m) (Ib/ft)
Zp = plastic section modulus (m3) (in.3)
L = span of beam (m) (ft)
o,r = yield stress at elevated temperature (MPa) (psi)

Considering a cantilever beam with a point load ap-
plied one-third of the span from the fixed end, plastic
hinges can be expected at the point of load application and
at the fixed end. The critical load can be determined by

756,17
P T

The above equations in this section do not account for
creep strain. Based on an analysis of the deflection history
of heated, loaded beams, Pettersson et al. include a load
ratio, B, to determine the critical distributed stress.3

86,12
Qor = ﬁ EZ

where the yield stress is evaluated at ordinary room tem-
perature, relaxing the need to know the yield stress—
temperature relations. f is defined as the ratio of the load
causing a maximum allowable deflection under fire condi-
tions to the load inducing stresses equal to the yield stress
at ordinary room temperature. Thus, the parameter
takes into account the dependence of both the yield stress
and creep on temperature. Graphs of B are available for a
variety of thermal restraint and structural end conditions.
The Eurocodes include a method of analysis using
algebraic equations to consider the moment capacity of
steel beams which have a temperature gradient through the
depth of the beam.” The method involves dividing the
beam into small isothermal sections and treating these
isothermal sections as a composite beam (see Figure 4-9.30).
In this case, the moment capacity of the beam is given as

n
Mcap = Z GiAiZi
i=1

where

M., = moment capacity (N-m) (Ib-ft)
c; = applied stress in isothermal element (Pa) (psi)
A; = area of isothermal element (m?) (ft2)

z; = distance from neutral axis to centroid of isother-
mal element (m) (ft)
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Hollow Steel Hollow Steel
structural grade Fe 360 structural grade Fe 360
section 400 x 10 Reinforcing section 400 x 10 Reinforcing
Fire class R60 bars S 400 % Fire class R90 bars S 400
7000 (1) C20 1.0 6000
9 (2) C20 2.5
T — (3) C20 4.0 ©)
6000 — T
®) (4) C30 1.0 5000 <
—
©) \\\ (5) C30 25 ® N
T (6) C30 4.0 —
5000 7) ——] (6) T
~ | (7) C40 1.0 ~
= (5) — 1 T ~ 4000 7 ]
Z @ ~—1 (8) C40 25 Z ) \\\
Py T (9) C40 40 o ~—

. 4000 @) — < @) _— ~1
Zo o \\\ Zo —— \
> () — 1 [T~ 3 3000 (4) ~
IS ~—— @

S — k) (2) \\\

2 3000 ™ g T~
= T =
[ —— o
S 3 (1)

@ @ 2000 =
2000
1000 1000
0 0
1 2 3 4 1 2 3 4
Buckling length L, 6 (m) Buckling length L, 6 (m)

Concrete
/ (C20, C30, C40)

> Reinforcing
bars S 400

<«—— Hollow structural
section 400 x 10

Figure 4-9.29. Design graphs for ISO fire resistance requirements R60 and R90. For the concrete-filled square hollow
structural section 400 X 10, the axial buckling load is a function of the buckling length, of the concrete quality, and of
the percentage u of reinforcement; this design diagram is based on a simple calculation model.?

Computer Programs

Several finite element computer models are available <«~——— 1000°F (538°C)
to assess the structural response of fire-exposed structural
members or frames. Sullivan et al. indicate that most of 1025°F (552°C)

the existing finite element models used for structural fire -
protection analyses were developed originally for re-

icati 1060°F (571°C)
search applications.6? [ |
FASBUS-II is an example of a finite element model 1110°F (600°C)
developed in the United States to evaluate the structural
response of complex building assemblies such as floor as- ]
1150°F (620°C)

semblies consisting of a two-way concrete slab, steel deck,
and steel beam.®3 Input for FASBUS-II includes the tem-
perature distribution, temperature-dependent mechani- | < 1200°F (650°C)
cal properties, geometry, end conditions, and loading.

The output of FASBUS-II includes deflections, rotations, Figure 4-9.30. Isothermal sections of beam.
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and stresses in the components of the assembly, which
then need to be compared to performance limits.

Sullivan et al. and Franssen et al. provide extensive
reviews and comparisons of existing finite element mod-
els for structural fire protection applications.6264 Accord-
ing to Sullivan et al. all of the models make the following
assumptions:

¢ Planesections remain plane (Navier-Bernoullihypothesis).

* Perfect composite action is assumed for steel-concrete
assemblies, disregarding any slippage between the
steel and concrete.

¢ Torsion is disregarded.

e Moisture effects are disregarded.

¢ Large displacements are not accurately modeled.

G=94.2 kN/m

6000 mm

Traditionally, analysis of the response of the structure
exposed to fire has been limited to an analysis of the re-
sponse of single members. However, in structural frames
comprising many members, load transfer or membrane
action may occur to permit the steel member to maintain
its integrity, despite achieving a temperature in excess of
that typically associated with failure.

Load transfer allows stronger members to support ad-
ditional loads not capable of being carried by heated,
weak members. In order to capture this phenomenon, a
frame analysis is required.** Numerous software packages
are available to conduct the frame analysis. Results of a
frame analysis are presented in Figures 4-9.31 and 4-9.32.

The frame analyses range from algebraic-equation-
based methods to finite element analyses. Pettersson et al.
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Figure 4-9.31. Deformations measured and calculated by a numerical model for a composite frame.8
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Figure 4-9.32. Fire resistance times measured and calculated by a numerical model for columns, beams, or frames of

any cross section types (bare steel, protected steel, composite).6

include a frame analysis via algebraic equations used to
determine displacement.3> The frames consist of beams
supported by one or two columns at mid-span. The analy-
sis assumes that each beam or column has a uniform tem-
perature (though the temperature of the beam is not
required to be that of a column). A pinned connection be-
tween the structural members is assumed. The analysis
considers the compatibility of the deformation of each
member by requiring that the change in length of the col-
umn is equal to the beam deflection at the point of contact.
Schleich et al. describe the application of CEFICOSS
for a frame analysis.®566 The frame consists of a single
beam and column, where one end of the column is con-
nected to an end of the beam. Reasonable agreement is in-
dicated between predicted and measured results.
El-Rimavi et al. describe the application of another
finite element model, NARR2, for the evaluation of a
large building frame involving numerous beams and
columns.®” The large frame is divided into several sub-
frames for computational ease. Good agreement is noted

between predictions of deflections and force resultants
obtained involving simulations of the full building frame
and subframes. Slightly greater failure temperatures were
determined for semi-rigid connections as compared to
rigid connections.

Nomenclature
a  characteristic dimension
A cross-section area of steel tube, steel column
A, cross-section area of steel column
b characteristic dimension
bf width of flange
¢ characteristic dimension
¢, specific heat of concrete
¢; specific heat of protection material

¢, specific heat of steel
constant
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C, constant
d  outer diameter of steel pipe
d depth of section
D heated perimeter of steel section
E, modulus of elasticity at ambient temperature
reduced modulus
E, tangent modulus
E; modulus of elasticity at temperature T
F  factor of safety
F, factor of safety, elastic design
E, factor of safety, plastic design
Fo Fourier number
thickness of protection material

h
H thermal capacity of steel section at ambient tempera-
ture

thermal conductivity of steel

thermal conductivity of concrete

thermal conductivity of protection material
end condition factor

unsupported length of column

inside dimension of one side of square concrete box
protection

span of beam
moisture concrete of concrete

ratio of thermal capacity of protection material to that
of steel

P perimeter of steel tube
P_. critical point load

P, service (applied) load
PM

R

z3 -

ultimate load
g Ccritical distributed load
v radius of gyration
R fire resistance
R, fire resistance with zero moisture content of concrete
t  wall thickness of steel pipe
t  time
width of web
At time step
T steel temperature
Ty fire temperature
mean fire temperature
T, ambient temperature
steel temperature
change in steel temperature
correction factor
weight of steel section per unit length
Z, elastic section modulus
Zp plastic section modulus

=<

Greek

o  thermal diffusivity (when used with Fourier number)
o  heat transfer coefficient

Pi

GCl”

convective heat transfer coefficient
radiative heat transfer coefficient
coefficient of thermal expansion at temperature T

ratio of distributed load causing maximum allowable
deflection to distributed load inducing yielding

fire emissivity

slenderness ratio
dimensionless temperature
density

density of insulation material
critical stress for buckling

0,0 yield strength at ambient temperature
o,r yield strength at temperature T

10.

11.

12.

13.

14.

15.

16.

17.

18.
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Mechanical response of metallic honeycomb sandwich panel structures to high-intensity dynamic
loading
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Abstract

Explosive tests were performed in air to study the dynamic mechanical response of square honeycomb core sandwich panels made
from a super-austenitic stainless steel alloy. Tests were conducted at three levels of impulse load on the sandwich panels and solid plates
with the same areal density. Impulse was varied by changing the charge weight of the explosive at a constant standoff distance. At the
lowest intensity load, significant front face bending and progressive cell wall buckling were observed at the center of the panel closest to
the explosion source. Cell wall buckling and core densification increased as the impulse increased. An air blast simulation code was
used to determine the blast loads at the front surfaces of the test panels, and these were used as inputs to finite element calculations of the
dynamic response of the sandwich structure. Very good agreement was observed between the finite element model predictions
of the sandwich panel front and back face displacements and the experimental observations. The model also captured many of the
phenomenological details of the core deformation behavior. The honeycomb sandwich panels suffered significantly smaller back face

deflections than solid plates of identical mass even though their design was far from optimal for such an application.

© 2007 Elsevier Ltd. All rights reserved.

Keywords: Air blast testing; Blast loading; Finite element simulation; Impulse loads; Sandwich panels

1. Introduction

The need to protect structures from the high-intensity
dynamic loads created by explosions has stimulated
renewed interest in the mechanical response of metallic
structures subjected to localized, high rate loading [1,2].
One promising approach utilizes sandwich panel concepts
to disperse the mechanical impulse transmitted into
structures, thereby reducing the pressure applied to a
protected structure located behind the panel [1-3].

A schematic illustration of the basic concept is shown in
Fig. 1. Consider a sandwich panel consisting of a pair of
solid metal faces and a cellular metal core that is rigidly
edge supported and an explosive charge is detonated above
the system. Several groups have examined the dynamic
response of sandwich structures to impulse loading [1-5].
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Detailed finite element calculations using fully meshed
geometries with a square honeycomb, prismatic corruga-
tions and pyramidal truss topologies made from materials
defined by their yield strength, strain hardening rate and
strain rate sensitivity have been conducted. These studies
indicate a complex dynamic structural response.

For near-field air blasts, a shock wave propagates from
the source of the explosion to the front face and is reflected.
The pressure resulting from the shock wave decays with
distance (from the explosion source) and time. When the
shock is incident on a rigid surface, the shock wave front
undergoes a reflection. This requires the forward-moving
air molecules comprising the shock wave to be brought to
rest and further compressed, inducing a reflected over-
pressure on the wall that is of higher magnitude than the
incident overpressure [6-8]. An impulse is imparted to the
front face of the structure (Fig. 2a), causing it to acquire a
velocity, Fig. 2b. In the acoustic limit, the pressure pulse
applied to the sample front face during this process is twice
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Fig. 1. Air blast mitigation concept using a sandwich panel.
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Fig. 2. Response of sandwich beams to blast loading. (a) Impulse loading
(stage I); (b) core crushing (stage II); (c) panel bending (stage III).

that of the free-field shock (large stand-off distances and
for weak explosions). In the near field where non-linear
effects are present in the shock front, the pressure reflection
coefficient can rise to a value of eight (under an ideal gas

assumption). Even larger pressure reflection coefficients
result when real gas effects (dissociation and ionization of
the air molecules) occur in the free-field shock [6,7].
Deshpande and Fleck [9] refer to this initial phase of the
blast shock—structure interaction as Stage 1.

For an ideal blast with no delayed (reflected) shock
arrivals (e.g. due to the ground), a front face of mass i will
be moving at a velocity V; towards the back face sheet, and
will have acquired its full momentum (m¢V7) at the end of
stage 1. For sandwich panel structures, this front face
motion is resisted by compression of the cellular core.
A region of densified core is then created at the front face
and this propagates at the core plastic wave speed
towards the back face (Fig. 2b). This plastic wave speed
V, is given by

Vo = VE/P, (1)

where E; is the tangent modulus of the material used to
make the core structure and p is its relative density. V,, is
typically ~500m/s for stainless steel alloys subjected to
plastic strains of around 10%. It is about a tenth of the
elastic wave speed of the materials used to make the
structure.

Core crushing occurs at a characteristic pressure and this
crushing resists the front plate movement and slows the
front face motion (Stage II). For weak explosive shocks, it
is possible to arrest the densification front within the core
[10]. The pressure that is transmitted to the support
structure is controlled by the dynamic crush strength of
cellular material during densification [11]. This crush
strength depends on the core relative density, cell topology
and properties of the material used to make the cellular
structure [12].

For large, spatially localized shock loadings, the impulse
transmitted to the back face sheet can be sufficient to cause
an edge-supported panel to bend. During this panel
bending (Stage III), Fig. 2c, further mechanical energy
dissipation occurs by a combination of core collapse and
core/face sheet stretching. In a well-designed system, the
restraining forces accompanying this plastic dissipation are
sufficient to arrest the motion of the panel before the loads
applied to the support structure exceed design objectives,
or tearing of the front face plate occurs. It is important to
recognize that core crushing continues to play an
important role during Stage III because highly crush-
resistant cores maintain a larger face sheet separation and
therefore a higher panel bend resistance [13].

Efforts to implement these blast shock wave protection
concepts require a detailed understanding of the dynamic
structural response and core collapse mechanisms, the
development of a design science that enables preferred core
topologies, core relative densities and core materials to be
identified, and manufacturing approaches for the materi-
als/topologies of interest. Recent studies indicate that a
square honeycomb topology with the webs aligned
perpendicular to the face sheets has the highest crush
resistance [14]. The dynamic response of this core to
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a shock wave has been simulated using the finite element
method [14]. Significant quasi-static core strength enhance-
ments can be achieved by constructing such cores from
metals with a high yield strength and tangent modulus.
This causes web buckling to control the core strength and
the critical strength for this buckling mode can increase by
increasing the web material’s tangent modulus. During
dynamic loading, additional core strengthening has been
predicted to occur by inertial buckling stabilization and
strain rate hardening [14]. Materials with a high strength,
tangent modulus and strain hardening rate are then best
suited for blast wave mitigation applications. Many
austenitic and super-austenitic stainless steels have a
desirable combination of these properties [15].

Recent cellular manufacturing developments now enable
the fabrication of many cellular metal core structures from
stainless steels. These include the fabrication of triangular
and square honeycombs [16], prismatic corrugations [17],
lattice truss structures with pyramidal, tetrahedral, three-
dimensional Kagome architectures [17,18], and lattice
structures with hollow truss or wire mesh lay-ups [19].
These cellular metal cores can be attached to face sheets
using transient liquid phase bonding methods to create
sandwich panel structures.

Here, we describe a method for making square honey-
comb sandwich cores from super-austenitic stainless steels
and use it to construct large sandwich panels with a core
relative density of around 5-6%. The panels were then
exposed to shock waves created by close proximity air
blasts and the resulting deformation and structural collapse
mechanisms were characterized. The panel’s distribution of
mass between the top face sheet, core and bottom face
sheet was around 2:1:2, somewhat different from distribu-
tions obtained from preliminary optimization studies [5].
Thicker panel faces than the optimized mass distributed
design were used to deliberately avoid face sheet tearing so
that the core collapse behavior under very high intensity
loadings could be examined. We also tested and character-
ized solid plates of equivalent mass per unit area subjected
to identical explosive loadings. The pressure fields applied
to the panels were estimated using an air blast simulation
code [8], and finite element simulations were then
performed using ABAQUS/Explicit [20] to investigate the
dynamic deformation sequence and the core collapse
mechanisms controlling the overall response. The non-
optimized sandwich panels tested here suffered significantly
smaller back face deflections than their equivalent areal
density solid counterparts.

2. Air blasts

When an explosive charge is detonated in air, the rapidly
expanding gaseous reaction products compress the sur-
rounding air and move it outwards with a high velocity
that is initially close to the detonation velocity of the
explosive (~7200m/s). The rapid expansion of the detona-
tion products creates a shock wave with discontinuities in

Pressure
A
P, = (ps— p,) = blast overpressure
Ps ~
Pa
<— tOI —)
f » Time
t, t+y

Fig. 3. Characteristic air blast pressure response.

pressure, density, temperature and velocity [6]. The pre-
and post-shock states are described by conservation
equations for mass, momentum and energy, and are
collectively referred to as the Rankine-Hugoniot jump
equations [6].

The shock wave that travels through the air consists of
highly compressed air particles that exert pressure on all
surfaces they encounter. There is a discontinuous “jump”’
of the shock front pressure, with the pressure rising from
ambient (p,) to ps. The pressure difference (ps—p.) is
referred to as the blast overpressure (Fig. 3). At a fixed
location in space, the pressure decays exponentially with
time and is followed by a negative (i.e. suction) phase. An
ideal blast wave pressure pulse has a very short time
duration, typically measured in fractions of milliseconds.
The free-field pressure—time response can be described by a
modified Friedlander equation,

20 = (s — po) [1 - %} &=/, @)

where ¢, is the arrival time, 4 the time duration of the
positive phase and 6 the time decay constant [8].

The air blast load intensity on a target surface depends
on the explosive material, the mass of the explosive (m) and
the standoff distance between the explosive and the target
surface (r). The free-field peak pressure of the blast wave
(P) for a given explosive can be approximated by

p [z

where K is an explosive material parameter [21].

When the shock wave encounters a surface, it is reflected,
amplifying the incident overpressure. The magnification
can be highly non-linear and depends on the incident shock
strength and the angle of incidence. For a weak shock, the
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resultant blast loads are doubled on reflection of the shock
wave. For strong shocks, reflection coefficients of 8 have
been reported assuming ideal gas conditions and up to 20
when real gas effects such as the dissociation and ionization
of air molecules have been considered [6].

The impulse load (I) delivered to the structure can be
calculated by the time integration of the applied pressur-
e—time response during the positive phase:

tattq
I= / pdr, )
ty

where p is the incident pressure multiplied by the pressure
reflection coefficient. The pressure and impulse loads
applied to the surface of the test structures examined here
were estimated using ConWep, a blast simulation code
developed by the US Army Corps of Engineers [8].

3. Sandwich panel fabrication

Fig. 4(a) shows the design of the flat test panel structure
used for the study. For a square honeycomb core geometry
with straight webs, the core relative density is determined
by the thickness of the honeycomb cell walls () and the
spacing between the webs (/). The test panels used here are
subjected to large bending loads, and it is important to
create high-strength joints between the core webs and face
sheets. To enable this, a small top and bottom L-shaped

Front face sheet

Square honeycomb core
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flange was used to ensure a larger contact area between the
core webs and the face sheet.

The core relative density, g, of the flange-modified
square honeycomb can be calculated from the unit cell,
Fig. 4(b).

pe _ 2t(h+2w)

p= P_s h (5)

where ¢ is the cell wall thickness, / the cell spacing, / the
core height, w the flange width, p, the core density and p,
the parent alloy density. Recent studies have shown that
sandwich core relative densities in the 3-10% range are of
most interest for blast resisting structures [2]. In this study,
square honeycomb core panels were designed with a core
relative density of approximately 6%. These cores had a
0.76 mm web (wall) thickness, a Smm flange width and a
cell wall spacing of 30.5 mm.

Selections of the face sheet thickness and core height
were dictated by a desire to avoid face sheet rupture and
the retention of the ability to compare the performance of
the sandwich panel with an equivalent solid plate with the
same areal density. The sandwich panel equivalent mass
solid plate thickness, ¢, is given by

2t + phe = . (6)

For the series of tests reported here, a thickness of S mm
was used for the front and back face plates and a thickness
of SImm for the core. With a 6% core density, the

All dimensions in mm

[[ nnnnii ——— =
(0.76mm web thickness) W

ck face sheet

il

\ Unit cell
(shown
dashed)

Fig. 4. Square honeycomb core sandwich panel design for air blast tests.
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Fig. 5. Square honeycomb core fabrication using a slotted assembly
approach.

calculated equivalent solid plate thickness (#;) was found to
be 13.1 mm, and for the baseline solid plate experiments, a
12.7mm thick solid plate was used.

The square honeycomb core and face sheet were
fabricated from a high-ductility stainless steel alloy with
an approximate composition of 49Fe-24Ni-21Cr—6Mo
(Wt%). A slotted metal sheet assembly approach was
used for fabrication. Fig. 5 schematically illustrates the
fabrication sequence. First, a two-dimensional profile was
generated with a laser on a sheet metal strip incorporating
the slots needed for the interlocking strip assembly and
with allowances for bending the top and bottom flanges.
The flanges were then bent at 90 degrees to the core web.
Finally, the core was assembled by slip fitting the laser cut
and bent strips to form a square grid pattern. The core
consisted of an assembly of 38, 0.76 mm thick (22 gauge)
strips spaced 30mm apart to form an 18 cell x 18 cell
square grid. A brazing method was used for bonding the
face plates to the core. One side of each face plate was
sprayed with Wall Colmonoy Nicrobraz 31 braze alloy

powder. Three 610 x 610 x 61l mm square honeycomb
panel assemblies were then brazed in a vacuum furnace
(Solar Atmospheres, Souderton, PA). The furnace chamber
was evacuated to a pressure of 0.133 Pa and the tempera-
ture was raised to 550°C and held for approximately
30min to remove the polymer binder used with the
braze alloy. The temperature was then raised to 925°C at
5°C/min and the temperature was allowed to equilibrate
for 30 min. The temperature was then raised at 3 °C/min to
the brazing temperature of 1155°C and held for 60 min,
before cooling to ambient.

4. Air blast experiments

As indicated by equation (3), selection of an explosive
charge mass (m) and/or standoff distance () enables a test
panel to be subjected to a range of blast load intensities.
We chose to fix the standoff distance, r, and vary the
intensity of loading by varying the explosive charge weight.
Three experiments with center detonated, TNT cylindrical
charges of 1, 2 and 3 kg at a standoff distance of 10 cm were
conducted with the sandwich panel test samples. An
identical set of explosive charges was also used for three
solid plate tests whose areal density was very close to that
of the sandwich panels.

For each test, a cylindrical charge with a length to
diameter aspect ratio close to 1 was mounted on a platform
with its axis aligned with the center of the test panel. Its
front was 10 cm from the front face of the sandwich plate,
Fig. 6. Each test sandwich panel or plate was attached to

‘/‘—‘-\

| - beam supports

Test panel —-{

Cylindrical shape ®
explosive charge, m

Test panel

Clamping plate
\

Spacer plate

Back support plate
(19 mm thick steel)

Fig. 6. Schematic arrangement for air blast test.
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a 19 mm thick steel plate that was bolted onto two I-beam
vertical channels. The I-beam channels were restrained
from movement by a heavy back support structure. The

400 T T T T
350
300
250
200 —

150 —

Pressure (MPa)

100

50

0

0.00 0.05 0.08 0.12

Time (ms)

Fig. 7. Reflected pressure and impulse response for an air blast for a 1 kg

TNT charge and 0.1 m standoff distance.

Table 1

Peak reflected pressure and reflected impulse calculated from ConWep

blast simulation code

25

Impulse (kPa-s)

Test panel Peak pressure (MPa) Impulse (kPas)
1 366 21.5
2 458 28.4
3 506 33.7

Fig. 8. Half sectioned square honeycomb core test panels: impulse load is
(a) 21.5kPas, (b) 28.4kPas and (c) 33.7kPas.
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19 mm thick steel support plate had a 410 x 410 mm square
hole cut out at the center to allow open space for the
sandwich panel to deform. The 610 x 610 x 60 mm sand-
wich panel was placed vertically against the flat plate,
centered on the flat plate opening. A square frame
consisting of four flat bars and four 51 x 51 mm square
tubes were used to hold the test panel in position. The
square tubes were used as spacers between the flat bar
frame and the panel support plate. In the test arrangement
used, the flat bar strips providing the picture frame effect in

a 160
- T T T T T T T
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\\33.7 kPa.s
o
120 \ -
\
E A
< 100 5 28.4kPas \\ .
8 0 \e
E \‘ \
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€ s \
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\ .
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b
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Fig. 9. (a) Front face sandwich panel profile measurements. (b) Back face
sandwich panel profile measurements.
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front of the test panel were bolted to the back support plate
and the bolts tightened to a 34 Nm torque level. The
process of test panel assembly, explosive charge placement
and detonation was repeated for each sandwich panel and
solid plate. A quadrant of each panel was wire EDM cut
after the explosion tests to examine the deformation
mechanisms at the center of each panel.

5. Results

By specifying charge weight, standoff distance and target
panel surface area as input information, the ConWep blast
simulation code [8] could be used to calculate the spatial
distribution of the pressure and impulse loading on a target
surface. Although ConWep assumes a spherical air burst or
a hemispherical-shaped surface burst adjacent to a reflect-
ing ground plane, we feel that with our center detonated,
nearly 1:1 aspect ratio cylindrical charges, it provides a
reasonable “estimate’ of the pressure loading. Fig. 7 shows
the reflected pressure and impulse load response at 10 cm
for the 1kg TNT charge calculated from ConWep. The
reflected pressure (which is the “‘effective” loading on
the structure) was found to be ~12 times larger than the
incident pressure for this standoff distance and explosive
charge, as well as for the 2 and 3 kg charges. Table 1 shows
the peak reflected pressures and impulse loads.

Fig. 8 shows the wire EDM cut sandwich panels after the
explosion tests. It clearly illustrates the degree of face sheet
bending/stretching and core crushing at each impulse load
level. In Fig. 8(a), the honeycomb core is only partially
crushed at the lowest intensity load. At the next intensity
load (Fig. 8b), the core at the center of the panel is

160 T T T T T T T
140 _
oo,
‘e,
120 - Impulse load N
e 337 kPa.s
3 ™,
% 100 ‘\. -
3 .,
= 80 -
o ®
28.4 kPa.s S

g o K)
a 60 [ O . -
=2 x, e
(% Q‘-o ‘\

40 L 21.5kPas 0. \. =

“o.. -
\_\.\ 0. .
20 = ~e “ -
.\-\l e
\.\.\.-\‘2‘~
0 | 1 ] | I ‘ﬁ |

0 50 100 150 200 250 300 350 400

Distance from center of plate (mm}

Fig. 10. Solid plate profile measurements.

completely crushed. Fig. 8c shows that at highest intensity
load, core debonding from the front face plate occurred,
resulting in a greater separation between the front and back
plates (compared with the mid-level intensity loaded panel)
indicative of a “‘spring back” effect of the front plate.
Measurements of the sectioned half profiles are plotted
in Fig. 9 for the sandwich panels and in Fig. 10 for the
equivalent areal density (12.7 mm thick) solid plates tested
at the same impulse load levels. The difference in the front
plate (Fig. 9a) and back plate deflections (Fig. 9b) along
the length (or width) of the sandwich panel gives a measure
of the relative core crushing effect of the square honey-
comb core. Core strains of 59% and 87% are deduced from
the relative deflections of the front and back face plates for

Fig. 11. Cross-sections of square honeycomb cores showing core crushing,
cell wall folding: impulse load is (a) 21.5kPas, (b) 28.4kPas and
(c) 33.7kPas.
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the 21.5 and 28.4 kPas load intensities. A higher densifica-
tion strain occurred for the 33.7kPas impulse, consistent
with the flattened appearance of the core at the center of
the panel.

The failure mechanisms of the square honeycomb core
under the dynamic loading conditions can be observed
from the cross-sections shown in Fig. 11. In Fig. 11(a), cell
wall buckling is predominantly observed. A progressive
transition from elastic buckling and plastic buckling to cell
wall folding (with an increasing number of folds) is clearly
seen moving from the outer edge to the center of the panel.
Figs. 11(b) and (c) show transverse shear behavior of the
core and face sheet stretching with the appearance of core
shear bands. Fig. 11(c) also shows a core debonding effect
at very high intensity loads.

6. Numerical simulations

Air Dblast tests are one way of understanding the
performance of sandwich panels under dynamic load
conditions. Present-day finite element codes allow simula-
tions under these dynamic conditions to be performed
without the need for destructive air blast experiments
[22,23].

Three-dimensional dynamic finite element calculations
were performed using ABAQUS/Explicit [20] to simulate
the tests. The faces of the sandwich panels were fully
meshed using eight-node linear brick elements with reduced
integration. Such elements are capable of accurately
capturing the stresses and strains. Each face sheet was
discretized with five layers of elements through the
thickness. The honeycomb core members were meshed
using four-node shell elements with finite membrane
strains. Five section integration points with Simpson’s
integration rule were used in each shell element. These
elements allow large rotations and finite membrane
deformation, making them particularly well suited for
post-buckling analyses. Thirty layers of elements were

Welded

X - symmetry

Panel facesheet

uniformly distributed through the core thickness. As
schematically shown in Fig. 12, the core webs were
“welded” to the face sheet at their connections. Support
structures were simply modeled as rigid surfaces and the
front and back faces of the sandwich panels were assumed
to be “welded” to the corresponding rigid wall at all ends.
Effects of the contact between the core cell wall and the
face sheets due to the plastic buckling, as well as the self-
contact of the core wall due to cell wall folding, were taken
into account in the model. The contact was taken to be
frictionless. A failure criterion was not included in the
calculations, so neither fracture of the plate nor core
debonding from the front face was captured. Pressure was
applied on the surface of the front face as time varying and
spatially distributed functions from calculations made with
ConWep for the explosive material, charge weight and
standoff distance values used for the experiment. Although
ConWep assumes a spherical air blast (and not a
cylindrical charge), it is believed that with center detonated
cylindrical charges with length to diameter aspect ratios
close to 1, it provides a reasonable estimate of the blast
wave pressure loading profile. For any point on the surface
of the front face, its distance to the center of the front face
surface is noted as d, and then the pressure on that point
can be expressed as a function of d and ¢, such that

p(d, 1) = p(r) e~ W, @)

where d,, the reference distance, is determined by fitting the
results from calculations made with ConWep, and p(t) is
given by Eq. (2). Fig. 13 shows that, when d, is set as
0.12m for all levels of applied impulses, Eq. (7) provides
very good estimates of peak pressure applied to the panel
for the whole range of distance from the center to any
location of interest. Finally, because of the symmetry of the
structure and loading condition, only one quarter of the
panel was analyzed for simplification, where the symmetry
boundary conditions were imposed to the sandwich panel
as illustrated in Fig. 12.

Clamped
rigid surface

Y - symmetry

Fig. 12. Schematic diagram of the finite element model geometry (1/4th of geometry modeled due to symmetry).
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Fig. 13. Spatial distributions of peak pressure exerted on the surface from
1 and 3kg TNT explosions at a 0.1 m standoff distance.

Simulations were carried out with strain rate dependence
for the stainless steel alloy. This material has substantial
strain hardening that is nearly linear and moderate strain
rate sensitivity. In tension, the relation between true stress
and true strain is taken to be strictly bilinear for each value
of plastic strain rate, &, as

oy
SE
oy
E>—

E

Ee,

oy (1 + (ipi0)") + Eq (a - ‘%(1 + (& /go)m)),

g =

Here, Young’s modulus E = 200 GPa, Poisson’s ratio
v = 0.3, initial yield stress oy = 300MPa and tangent
modulus E; = 2.0 GPa. Dynamic measurements on stain-
less steels are well represented using the values & =
49165~ and m = 0.154 [15,24].

Additional three-dimensional finite element calculations
were performed for equivalent mass solid plates and the
results are presented in Section 7. The solid plates were fully
meshed using eight-node linear brick elements with reduced
integration. The material properties and boundary condi-
tions were similar to those imposed on the sandwich panels.

7. Discussion

Fig. 14 shows the center deflections of the sandwich
panel front face, back face and the equivalent solid plate
plotted as a function of the impulse load. The finite
element-predicted deflections after panel spring back are
also plotted for comparisons with the experimental
measurements. The benefits of a sandwich panel construc-
tion over a solid plate to withstand blast loads are clearly
evident by the lower back plate deflections compared with
the equivalent weight solid plates subjected to the same
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Fig. 14. Measurements and simulations of panel deflections after ““spring
back”™ as a function of impulse loading. The deflections of the front and
back faces of the sandwich panel are compared with the solid plate center
deflections.

loads. The benefits of sandwich construction are particu-
larly evident at low impulse levels (I = 21.5kPa's), wherein
the center deflection of the back face is only about 40% of
those for the solid plate. At high impulse levels
(I = 33.7kPas), the benefits diminish, the deflections of
the sandwich panel being about 90% of the solid panel.

(14 (Ep/20)"),
(1+ Gp/i0)™).

®)

Figs. 15(a)—(c) illustrate deformed sandwich panels for
each impulse load level predicted by finite element
simulations. Compared with the corresponding experimen-
tal measurements and observations (Fig. 8), the simula-
tions capture most of the details of the deformation
patterns quite realistically, including shearing of the core
and buckling of the lateral webs. Moreover, the center
displacements deduced from the calculations, when super-
posed on Fig. 14, are very similar to the measurements for
both sandwich panel and equivalent solid plate at two
lower impulse levels (I = 21.5 and 28.4 kPas). It is notice-
able in Fig. 8(c) that the highest intensity load results in a
separation between the front face and core webs, thus
weakening the overall strength of the plate, while the
present finite element model does not capture this failure
mechanism since a debonding criterion was not included.
Additionally, the edges of the sandwich panel used with the
test arrangement are actually more ‘‘flexible” than the
“clamped” condition that was adopted in the present finite
element simulation. Consequently, the finite element
simulation predicts a smaller center deflection for the
sandwich panel, and also for the solid plate for the highest
impulse level (/ = 33.7kPas) as plotted in Fig. 14.



Fig. 15. Finite element simulations of the sandwich panel deformation at
impulse levels (a) 21.5kPas, (b) 28.4kPas and (c) 33.7kPas.
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Fig. 16. Time dependence of core crushing obtained from finite element
calculations.

Computed core compressive strains at the center of the
panel as a function of time for each applied impulse are
shown in Fig. 16. Significant core crushing occurs for high
intensity impulses. For example, the maximum core
compressive strain is up to 1 for the highest impulse
(I = 33.7kPas). It is also indicated that core web crushing

Fig. 17. Finite element simulations of core crushing and transverse shear
behavior near the center of the panels, at impulse levels (a) 21.5kPas,
(b) 28.4kPas and (c) 33.7kPas.

has been completed very quickly, within a time less than
0.2ms, followed by a “‘spring back™ phenomenon of core
compression strain. Particularly, the “spring back’ effect for
the highest impulse (/ = 33.7kPas) is more obvious than
that for moderately high impulse (I = 28.4kPas), which
is again consistent with the experimental observations.
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The effects of impulse on the mode of core crushing are also
illustrated in the close up view of the FEM-predicted panel
deformed shape shown in Fig. 17. All three longitudinal core
members near the sandwich panel center buckle plastically.
The crushing strains are greatest in the central core member,
because of the greatest applied pressure associated with the
explosion. For the lowest impulse (/= 21.5kPas), the
buckle of the core web is located within the upper segment
of the core member, whereas the lower segment remains
planar and undeformed. This is consistent with the previous
finding on the dynamic crush behavior of square honeycomb
sandwich cores by Xue and Hutchinson [14]. In Fig. 17, the
extensive bending of the buckled segment causes it to
contact the front face. Correspondingly, the associated
plastic strain ruptures the contact node as shown in Fig. 11.
Good agreement is observed between the finite element
predicted and experimental panel deformed shapes, except
for the observation that the present finite element model fails
to predict the debonding of core webs. For example, at the
intermediate intensity load level (Fig. 17b), evidence of core
shear is indicated by the appearance of shear bands also
observed in the experimentally tested panel (Fig. 11b). At
the highest load (Fig. 17c), complete crushing of the core is
predicted, which is consistent with experimental observa-
tions (Fig. 11c).

For the intermediate intensity load (I = 28.4kPas), the
overall stretching forces of the front face and back face of
the sandwich panel along one edge are plotted as a function
of time in Fig. 18. In the present finite element model,
forces can be calculated as the reaction forces exerted on
the corresponding support structures modeled as rigid
surfaces. Because of the symmetry of the structure and
loading condition, all four sides have almost the same force
responses. When the sandwich panel deforms, the front
face starts to stretch very early, then the stretching force
remains at a high level, and finally the stretching force is
released. While the back face is under compression first,
where bending dominates the overall behavior of the

800
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Fig. 18. Overall stretching forces exerted on the support structures on one
side of the sandwich panel.

sandwich panel, the back face starts to stretch at around
0.3ms, and finally the stretching force of the back face is
also released. The maximum stretching force experienced at
the front face is twice that at the back face, thus indicating
that the front face is much easier to fail.

8. Conclusions

From the series of basic experiments conducted in this
study, the advantage of using a sandwich structure with a
cellular metal core has been demonstrated as a suitable
candidate for deflection-limited designs capable of with-
standing air blast loads. A more detailed experimental
study with well-established boundary conditions (e.g.
clamped edges) and different face sheet selections is needed
to fully realize the face sheet stretching contribution to the
overall blast energy absorption and sandwich panel
performance. Finite element simulations of the air blast
loading on the test panels have been able to capture the
phenomenological details of the sandwich panel deforma-
tion. A finite element model that incorporates a debonding
failure criterion of the face sheet—core interface is needed to
analyze this mode of failure, which appears to be important
for higher intensity blasts.
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Linear eigenvalue buckling analysis was carried out for singly and doubly cracked cylindrical thin shells
under axial compression using the finite element method. First, the effect of crack size and orientation
on the buckling behavior of an axially loaded shell with a single crack was studied. Then, the buckling
behavior of a cylinder with two parallel longitudinal cracks was investigated. Two different
buckling shapes with cross-sectional deformation profiles that resemble letters M (symmetric) and N
(anti-symmetric) were identified as the first buckling modes of the cylinder. The exchange between
these local buckling modes due to variation of crack size and spacing was illustrated. The transition
between these two buckling shapes can be used to estimate the ‘maximum interaction distance’ of the
cylinder cracks—the separation distance beyond which the two cracks do not interact in affecting the
buckling load of the cylindrical shell. The influence of shell thickness and crack length on the maximum
interaction distance was quantified for cylinders with two co-centered (i.e., parallel offset) or collinear
longitudinal cracks. Additional simulations were carried out for cylinders with multiple symmetrically
spaced longitudinal cracks to show how the behavior of single and double cracks can give the buckling
load and mode shape of cylinders with multiple cracks.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Defects can have a significant influence on the behavior of
thin-walled structures. From the structural point of view, the
most detrimental consequence of a defect is the excessive stress,
which could result in fracture at or near the defect location and
possibly overall structural failure. Defects could also lead to large
localized deformations (e.g. local buckling or plastic deformation),
which can alter the structure’s load carrying capacity or function
[1-5]. Thus, there is a driving need to better understand the effect
of defects on the mechanical behavior and structural performance
of plates and shells. We have chosen to focus on cracks, which
could appear due to overload, fatigue, manufacturing errors, or
harsh environmental condition. The mechanics of cracked shells
have been studied extensively in recent decades. These studies
range from development of theoretical approaches to better
understand stress distribution and structural behavior of the shell
in the presence of defects [6-15], and numerical simulations of
linear and nonlinear response of cracked shells under loading
[16-28], to experimental investigation of shells with defects
[29-37].

* Corresponding author.
E-mail address: vaziri@coe.neu.edu (A. Vaziri).

0263-8231/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tws.2012.01.014

Cracked shells have often been explored numerically, since
this makes it possible to probe the response over a broad range of
geometrical parameters and loading conditions. However, most of
these studies are focused on investigating the role of a single
defect (e.g., a crack) on shell failure. In this study, the role of
single and multiple cracks on the eigenvalue buckling load of
cylindrical shells - which represent the most common type of
shells used in pipelines and marine or aerospace structures — was
studied using finite element analysis. Finite element models of
cracked cylinders were developed by extending a special plane
stress crack tip meshing scheme developed by Estekanchi and
Vafai [16] to the case of cylinders with multiple cracks. This
approach accurately captures the crack-tip stress intensity factor
with relatively few elements. The method has been previously
used to study the eigenvalue buckling behavior of cracked plates
[17,18] and cylinders with a single crack subjected to tension or
compression [19,28], pure torsion [20] and combined axial
compression and internal pressure [21]. This method simplifies
the generation of numerical models of cracked shells and thus,
allows comprehensive and parametric investigations on the
behavior and mechanical response of cracked shells. More details
of the computational models are provided in Section 2. In Section
3, we revisit the buckling of a cylinder with a single crack under
axial compression which had previously been investigated by
Estekanchi and Vafai [16] and Vaziri [19] for circumferential or
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longitudinal crack orientations. Here, we expand those results by
carrying out a parametric study for different crack orientations,
and studying the appearance of non-symmetric mode shapes
when cracks are not at 0° or 90°. In Section 4 we extend our
study to cylindrical shells with two parallel cracks. For this
purpose, we focused on parallel longitudinal cracks since the
results in Section 3 show that a single longitudinal crack has the
most detrimental effect on the buckling load of the cylindrical
shell. We particularly studied the effect of crack separation
distance. A maximum interaction distance, d;,,, was defined as
the separation beyond which the effect of any crack on the
buckling load is decoupled from the effects of the other crack.
In this case, the lowest buckling load of the cracked cylinder is
dictated only by the worst-case crack, ignoring the others
entirely. The dependence of the maximum interaction distance
on cylinder thickness and crack size is exhibited for equal
co-centered cracks (i.e., with parallel offset) and equal collinear
cracks. In Section 5, we discussed how the results obtained for
single- and double- cracked cylindrical shells could be used to
understand the behavior of a cylindrical shell with multiple
cracks. The conclusions were drawn in Section 6.

2. Finite element modeling of cracked shells

We used the meshing scheme proposed by Estekanchi and
Vafai [16] for constructing the shell elements close to the crack
tip. In this approach, the element size is relatively uniform
everywhere away from the crack tips, while decreasing propor-
tionally only in a region near the crack tip by approaching the
crack tip. Fig. 1 shows an example of the developed finite element
mesh based on this meshing scheme. The parametric study
carried out in this work required constructing a substantial
number of finite element computational models. We have devel-
oped a MATLAB code that allow automatic creation of the finite
element model of cracked cylindrical shells with different crack
length, a, and crack orientation, «, where o=0° corresponds to
circumferential direction. Furthermore, we developed an addi-
tional MATLAB code to create finite element models of cracked
cylindrical shells with two parallel or collinear longitudinal cracks
(i.e. both cracks having «=90°). Eight-node shell elements (S8R)
with reduced integration and quadratic shape functions were
used for the meshing. The cylindrical shell in the uncracked
region was meshed into 150 elements in each of the axial and
circumferential directions. For meshing the crack region, the

A

zooming factor of 1/2 and zooming level of 6 were used. In this
meshing scheme, the zooming level denotes the number of
element layers surrounding the crack tip with reduced element
size compared to uniform element size in the uncracked region,
see Fig. 1. The zooming factor denotes the relative size (both
length and width) of the element at each element layer to the size
of the element in the previous element layer, as approaching the
crack tip. This results in the crack tip element size 1/64 of the
element size far from the crack tip. A sensitivity analysis was
performed to assure that the obtained results are minimally
sensitive to the selected mesh size.

Finite element models of cracked shells were numerically
solved using Abaqus finite element package. The cylindrical shell
was modeled as isotropic and linear elastic with Young’s modulus
E=69 GPa, and Poisson ratio v=0.33 (corresponding to the elastic
properties of aluminum). Computational models of cracked
cylindrical shells with length =2 m, radius R=0.2 m, and various
thickness t, were created. The cylinder shell was fully clamped at
one end and was free to move in only the axial direction at the
other end. The large I/R ratio adopted minimizes the effects of the
end boundary conditions in the crack-containing mid-region of
the cylinder [38]. A linear eigenvalue analysis was performed to
obtain the buckling shape and buckling load of the cracked
cylindrical shell. The calculated first mode buckling load of a
cracked shell, F., was normalized by the theoretical buckling load
of an uncracked cylinder with the same thickness, F;=3.8 Et?,
where E is the elastic modulus of the shell material [38]. The
normalized buckling load of a cracked shell is denoted by y=F/[F;.

3. Cylindrical shells with a single crack

A sufficiently short crack has no significant effect on the
buckling behavior of a cylindrical shell: buckling occurs at y~1
and covers the cylinder in axisymmetric corrugations with wave-

length 2ms\/R?>D/Et where D is the flexural rigidity of the shell
[38]. In contrast, a sufficiently long crack gives rise to buckling in
the vicinity of the crack, with the buckling load y < 1. Figs. 2A and
B show the normalized buckling load of a cylindrical shell with a
single circumferential crack (¢=0°) and a longitudinal crack
(=90°), respectively. The buckling loads were calculated using
linear eigenvalue analysis for cracked cylinders with three differ-
ent values of t/R, the shell thickness to radius ratio. The results
show that a thinner cylinder suffers more from the presence of a
given-length crack, and that in general a longitudinal crack has a
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Fig. 1. Computational models of a cylindrical shell with (A) a circumferential crack and (B) an axial crack created by employing a special meshing scheme at the crack
region proposed by Estekanchi and Vafai [16]. It should be noted that the actual mesh used in the finite element calculations was much finer than the mesh sizes shown in

this figure.
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(A) a circumferential crack (x=0°) and (B) an axial crack (x=90°). The results are presented for three thickness to radius ratios.
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Fig. 3. (A) Global, transition and local buckling shapes for a circumferentially cracked (top left) and a longitudinally cracked (top right) cylindrical shell. (B) The transition

buckling shape for the two cases identified in Fig. 3A.

more profound effect on cylinder buckling behavior compared to
a circumferential crack. To study the transition from entire-
cylinder to near-crack buckling as the crack length increases, we
constructed buckling mode shape maps for cylinders with a
circumferential or a longitudinal crack, Fig. 3 A. Three different
distributions of buckling deformation were identified: (i) Global:
The buckling shape and load are approximately the same as those
of the counterpart uncracked cylinder (i.e. 0.95<7y <1 with
‘corrugations’ distributed over the entire shell); (ii) Transition:
The crack has an effect on both the buckling shape and the
buckling load, but the buckling shape is not localized (the mode
still involves most of the cylinder), see Fig. 3B. Depending on the
thickness of the shell, a transitional buckling load of the cracked
cylinder can be as low as 0.8 of the buckling load of the uncracked
counterpart cylinder. (iii) Local: Buckling deformation is localized

to the crack region, and the buckling load tends to be considerably
lower than the buckling load of the counterpart uncracked shell.
For the two studied crack orientations, the crack length associated
with the transition between each two buckling shapes changes
approximately linearly with the shell thickness, as shown by the
dashed lines in Fig. 3A. Here, we define a critical crack length, a,
as the maximum crack length leading to a truly global buckling
shape as the first buckling shape of the cylinder. In this article, the
critical crack length, a., is quantified as the crack length corre-
sponding to the normalized buckling load equal to y=0.98.

Fig. 4A shows the normalized buckling load of a cracked
cylinder with t/R=0.006 as a function of crack length for different
crack orientations, «. The buckling load of a cracked cylinder
decreases as the crack changes from circumferential to long-
itudinal. In Fig. 4B, we have re-plotted the results to show the
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Fig. 4. (A) Normalized buckling load for a cylindrical shell with t/R=0.006 versus a/ R for different crack angles, «. (B) Normalized buckling load for a cylindrical shell with
t/R=0.006 versus the crack orientation. (C) Local buckling shapes for cracked-cylinders with different crack angles. Our analysis shows that the local buckling shape
depends primarily on the crack angle, and is insensitive to the crack length and shell thickness.

cylinder buckling load versus the crack orientation for different
crack lengths. The buckling load of a cracked shell with o <30° is
approximately independent of the crack orientation. However, by
further increasing the crack angle, the buckling load reduces
significantly. Fig. 4C displays the buckling shapes of cylinders
with four different crack angles. The local buckling mode shape is
approximately independent of the cylinder thickness and the
crack length. The cylinders with a=0° and «=30° have similar
buckling shapes with maximum outward and inward displace-
ments at the crack tips and the deformation is approximately
symmetric with respect to the crack. The buckling shape of a
cylinder with o=45° is quite different, with the shell bulging out
asymmetrically relative to the crack axis. In this case, the
deformation at the crack tips is almost zero. The cracked cylinder
with «=90° bulges out symmetrically relative to the crack axis. In
Fig. 5, we plotted the critical crack length (i.e. the length below
which the ‘global’ buckling pattern predominates) normalized by
cylinder radius, ac/R, versus the crack orientation o, for three
different cylinder thicknesses. The critical crack length changes
nonlinearly with the crack orientation, o, and is higher for thicker
cylindrical shells.

4. Cylindrical shells with two longitudinal cracks

In this section, we investigate the buckling behavior of a
cylinder with two longitudinal cracks. The results provide insight
into the elastic instability of shells with multiple parallel cracks,
as will be discussed in Section 5. The choice of longitudinal cracks
was made because, per unit length, this type of crack has the most
detrimental effect on the buckling load of the cracked cylinder, as
discussed in Section 3. As a starting point, we consider a
cylindrical shell with two equal longitudinal cracks with length
a located at distance d from each other in the circumferential
direction, Fig. 6A. Fig. 6B shows the normalized buckling load of
the cracked cylinder as a function of crack length for different
crack separation distances. The buckling load of a cylinder with a
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Fig. 5. Normalized critical crack length versus the crack angle for different shell
thickness ratios, t/R. (The critical length is that below which a ‘global’ buckling
mode becomes relevant.).

single longitudinal crack is also shown for comparison. A cylinder
with two parallel cracks, which are located relatively far from
each other (e.g. d/R=0.33 in Fig. 6B), has a buckling load that is
approximately equal to the buckling load of the same cylinder
with a single longitudinal crack. In other words, once cracks are
separated by more than the maximum interaction distance, they
can be treated as isolated and the weakest (i.e. the one with the
lowest buckling load) controls the load and appearance of buck-
ling, The cylinder buckling load decreases somewhat when the
distance between the two parallel cracks is reduced. The behavior
at relatively small separation distance corresponds to buckling of
the slender strip between two cracks.
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Fig. 6. Local buckling of a cylindrical shell with two, longitudinal, co-centered cracks. (A) Schematic of the cracked cylinder and the meshing scheme used for analysis.
(B) Normalized buckling load of the cylinder versus the relative length of the two cracks, for a cylinder with t/R=0.006.
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Fig. 7. (A) Normalized buckling load versus the relative separation distance of two cracks for a cylinder with a/R=0.2 and t/R=0.01. The solid line correspondes to the first
(lowest load) mode of buckling, while the dashed line denotes the second mode. Red squares and blue diamonds correspond to the “M” (symmetric) and “N”
(antisymmetric) shapes of buckling, which perform an exchange at d/R=0.33. (B) “M” and “N” shaped local buckling deformations for double-cracked cylinders of different
crack separations, indicated in Fig. 7A. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

In order to better understand the interactions of adjacent
cracks, we have studied the buckling mode shape as a function
of parallel offset separation. Fig. 7 shows the buckling loads and
mode shapes for the first two buckling modes of a cylindrical shell
with t/R=0.01, a/R=0.2 versus different normalized crack dis-
tances, d/R. Two distinct buckling shapes are observed which are

denoted as ‘M’ shape (symmetric) and ‘N’ shape (anti-symmetric).
In the ‘M’ shape, the cylinder bulges locally outward at both
cracks and the shell surface between the two parallel cracks
moves outward with some symmetric bending. When the two
cracks are located very close to each other (e.g. d/[R=0.17, Case |
in Fig. 7), the area between the two parallel cracks buckles like a
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flat plate. For the ‘N’ shape, two local deformation peaks at the
cracks’ centers extend to opposite sides of the shell surface (i.e.
outward and inward displacements). The surface between the
two cracks deforms accordingly, as can be seen in cases II and IV.
Half way between the two cracks there is a slope but no
deflection. In Fig. 7B, we plotted the load associated with each
mode as d/R is varied for the cylinder with t/R=0.01, a/R=0.2. For
d/R < 0.35, the lowest-load buckling mode of the cylinder is an ‘M’
shape, while for a larger value of d/R, an ‘N’ shape is the dominant
(lowest load) mode of the cylinder buckling. An apparent dis-
continuity in lowest-mode shape is simply explained as a cross-
over between these two modes with geometry-dependent
eigenvalues. For d/R > 0.73, the interaction of the two cracks is
no longer significant and the buckling load is simply that of a
cylinder with a single crack of the same size. In this case, the local
mode consists of localized outward deformation of the crack
edges, similar to the buckling shape of a longitudinally cracked
shell—see Fig. 3C. The shell surface between the two parallel
cracks has approximately zero deformation and zero slope.
According to the above analysis, we defined a maximum interac-
tion distance between two cracks, denoted by d;;,, as the mini-
mum distance at which the two cracks display an independent
effect on the buckling behavior of the cylindrical shell. If the crack
separation is greater than the maximum interaction distance, the
buckling load of the cracked cylinder is determined purely by the
larger crack alone. In this case the Section 3 results suffice for
estimating the buckling mode shape and critical load based on the
length of the larger crack. For the cylinder discussed in Fig. 7, the
two cracks have the same size, a/R=0.2, and the normalized
cylinder thickness is t/R=0.01. For this case, dj,/R=0.73.
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For a given configuration (e.g. longitudinal co-centered
cracks), the maximum interaction distance depends on the
cylinder dimensions and crack sizes. In Fig. 8, we studied the
buckling of a cylindrical shell with two longitudinal co-centered
cracks of non-equal length. The length of two cracks were
denoted by a and a,, and the larger crack size was kept constant
in the calculations and equal a/R=0.2. The size of the smaller
crack was varied systematically 0<a/a<1, where a,/a=0
corresponds a cylinder with a single crack of length a. Fig. 8B
shows the dependence of the normalized maximum interaction
distance, d./R, on ay/a, for cylinders with three different thick-
ness, t/R=0.003, 0.006 and 0.001. These results were obtained by
performing a parametric study on the effect of crack distances on
the buckling load and shape of the cylinder. For each case, this
involves a set of calculations similar to the investigation dis-
cussed in Fig. 7. By increasing a,/a, the maximum interaction
distance increases nonlinearly. The maximum interaction dis-
tance is larger for thicker cylinders with the same crack size
ratio, a,/a, meaning that thick-cylinder results would be con-
servative compared to thinner cases. This outcome could per-
haps be explained by the increase of the natural ‘decay length’ of
a cylindrical shell which is proportional to </Rxt. The maximum
interaction distance of the cracks also decreases as crack a, gets
shorter, as quantified for selected cases in Fig. 8B. To further
illustrate the effect of shell thickness on the maximum interac-
tion distance of two equal size interacting cracks, in Fig. 8C we
showed the normalized buckling load associated with the ‘M’
and ‘N’-shaped interactional local buckling in cylinders with two
cracks of equal length, a/R=0.2 and different thickness, t/
R=0.003, 0.006 and 0.01.
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Fig. 8. Local buckling of a cylindrical shell with two different-size co-centered longitudinal cracks. (A) Schematic of the cracked cylinder and the meshing scheme used for
analysis. (B) The maximum interaction distance versus the cracks size ratio. In this case the longer crack has a length ratio of a/R=0.2. (C) Normalized buckling load
associated with the “M” and “N” -shaped interactional local buckling in cylinders with two crack of equal length, a/R=0.2 and different thickness, t/R=0.003, 0.006

and 0.01.
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Fig. 9. Local buckling of a cylindrical shell with two equal-size vertically oriented collinear cracks. (A) Schematic of the cracked cylinder and the meshing scheme used for
analysis. (B) Normalized buckling load versus the distance of the two cracks for a cylinder with t/R=0.01 and a/R=0.2. The solid line correspondes to the first buckling
mode while the dashed line denotes the second mode of buckling. The red squares and blue diamonds correspond to the “M” and “N” shapes of buckling, respectively.
(C) “N” and “M" shaped local buckling deformations for double-cracked cylinders of different crack distance, indicated in Fig. 9B. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)

In Fig. 9, we repeated similar calculations for a double cracked
cylindrical shell with two equal-size longitudinal collinear cracks.
Analogously to the results presented in Fig. 7, two buckling shapes
were identified which resemble the ‘M-shape’ and ‘N-shape’ modes
discussed before. In this figure, d is again defined as the distance
between the centers of the two cracks (thus, d > a in order to have
two separate cracks). In Fig. 9B, we plotted the buckling load
associated with each of the above buckling shapes (‘M’ and ‘N’
shapes) for the cylinder with t/R=0.01, a/R=0.2 and different crack
distances, d. For cylinders with d/R < 0.52 or 0.66 < d/R, the N-shape
buckling mode is the first buckling shape and for two cracks with
0.52 < d/R < 0.66, the M shape of buckling becomes the first buck-
ling mode. Also in this case, the normalized maximum interaction
distance of d/R ~ 0.8 was obtained, which is slightly larger than the
maximum interaction distance of the counterpart cylinder (same
thickness and crack size) with parallel offset cracks.

5. Cylindrical shells with multiple longitudinal cracks

Based on the maximum interaction distance di, of adjacent
longitudinal cracks, it seems reasonable that the behavior of many
equally spaced cracks might also be understood based on that
same distance - particularly, if the spacing is greater than d;,, the
buckling load will be that of just one isolated crack of the
same size. Fig. 10A shows the normalized buckling load versus

the normalized thickness of cylindrical shell of thickness t and
radius R, for three different crack configurations: (i) one longitudinal
crack, (ii) two parallel longitudinal cracks of equal size located at
distance d=0.39R, and (iii) multiple parallel longitudinal cracks (for
a total of 16) at a fixed distance from each other, d=0.39R. The
results are presented for fixed crack length, a=0.2R. For cylinders
with many cracks and with a relatively thin shell (e.g. t/R < 0.0033 at
this crack length), the local buckling deformation at each crack
opening is not influenced by the presence of other cracks. With this
spacing, the buckling loads of cylinders with single, double, and
multiple cracks are practically identical. By increasing the thickness
of the shell (¢/R > 0.0033 in this set of calculations), d;;,, grows and
the cracks begin to interact: the buckling deformation near each
crack is influenced by its neighbor. As a result, cylindrical shells with
a greater number of interacting cracks have lower buckling loads in
the local interactive buckling regime. As the shell thickness further
increases, the buckling of the shell becomes transitional and then
global. In the latter case, the buckling load of the cylindrical shells
for the three configurations is y~1. In Fig. 10B the local buckling
shape for two thickness ratios of t/R=0.002 and 0.01 are shown for
cylindrical shells with 1 and 16 cracks. At t/R=0.002 due to the lack
of interaction between the cracks, there is nearly no difference in the
local buckling deformation at the crack opening between the two
cases. In this case, the buckling pattern at the cylindrical shell with
16 cracks has a 16-fold rotational symmetry. However, for the
cylinder with t/R=0.01 the cracks interact in a way that favors anti-
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Fig. 10. (A) Normalized buckling load of a cylinder with single, double and multiple cracks of fixed distance, d/R=0.39, versus the shell thickness ratio. The crack size is
fixed and equal to a=0.2R. (B) Local buckling modes corresponding to cylinders with 1 and 16 cracks and with the shell thickness ratios of t/R=0.002 and 0.01.

symmetric modes, resulting in only 8-fold rotational symmetry (this
phenomenon requires an even number of cracks).

6. Post-buckling response of cracked shells

It should be noted that the eigenvalue analysis does not
necessary predict the overall collapse of the cylinder. For example,
in the case of cylinder with two parallel cracks, the eigenvalue
analysis may obtain the eigenvalue that corresponds to the
premature local buckling deformation of the curved strip between
two cracks. This does not necessarily result in the overall collapse
of the cylindrical shell [39]. To illustrate this, we carried out a
preliminary post-buckling analysis of longitudinally cracked cylin-
ders with a single crack using finite element analysis. The post-
buckling response of the cracked shells was obtained by using a
stabilizing mechanism based on automatic addition of volume-
proportional damping [40,41]. For each set of calculations, the
damping value was decreased systematically to assure that the
response is insensitive to this change [40]. No initial geometric or
material imperfection was included in the computational models.
The post-buckling analysis showed that the force-strain response
of an elastic cracked shell is almost linear before and after local
buckling until the overall collapse of the structure. Fig. 11 shows
the results of our preliminary study on the buckling of a cylind-
rical shell with a longitudinally oriented crack with a/R=0.2, using
both eigenvalue and post-buckling analyses. In this figure the
normalized buckling loads of the cracked cylinder is plotted as a
function of the crack size ratio, a/R. In the case of a perfect cylinder
the buckling load is almost equal to 1 and the buckling shape is
global. For the a cracked cylindrical shell with a/R < 0.06, the
buckling deformation is axisymmetric and sinusoidal along
the axial direction (global buckling). For values of 0.06 <a/
R < 0.18 the buckling deformation first occurs locally at the crack
region but does not considerably affect the overall response of the
cylinder. The collapse occurs at =1 accompanied by the axisym-
metric sinusoidal wrinkling of the cylindrical shell (global buck-
ling). In the range of 0.18 < a/R < 0.26 the buckling first happens
locally at the crack region and then the buckling deformations are
increased until they cause the entire structure to collapse at the
load ratio y < 1. For a/R > 0.26 the eigenvalue and post-buckling
load of the cylindrical shell coincide and the structure will collapse

05

0 005 01 015 02 025 03
a/R

Fig. 11. Normalized buckling load versus crack size from post buckling (blue line)
and eigen value (red line) analysis of the cracked cylinderical shell with a/R=0.2.
The normalized shell thickness is t/R=0.006. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this
article.)

as soon as the local buckling at the crack region occurs. Further
post-buckling analysis is required to provide a complete under-
standing of the role of cracks on the overall collapse load of
cracked shells.

7. Concluding remarks

We performed eigenvalue analysis to explore the linear buck-
ling behavior of cylindrical shells with single or multiple cracks
under axial-compression. For a cylinder with a single crack, a
thorough parametric study on the effect of crack length and angle
on the buckling load and shape of the cylinder has been carried
out. The current investigation complements previous studies on
the behavior of single cracked cylinders [16,19] and more speci-
fically highlights the role of crack angle. Based on eigenvalue
analysis, a longitudinal crack has the most detrimental effect on
the buckling load of a single-cracked cylindrical shell. The local
buckling shape mainly depends on the crack angle and is
insensitive to the crack length and shell thickness.
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For cylinders with two cracks, the buckling behavior is
influenced not only by the buckling behavior of each individual
crack but also by the interaction between the cracks. By increas-
ing the separation between the two cracks above a particular
separation distance called the maximum interaction distance,
crack-interaction effects on the buckling load vanish. The max-
imum interaction distance in the two basic cases of two long-
itudinal cracks with co-centered (i.e., parallel offset) or collinear
orientations was shown to decrease by reducing the size of the
two cracks or the thickness of the shell. Finally, the case of a
cylindrical shell with multiple cracks with and without interac-
tion was studied. If the crack separation distances are all larger
than the maximum interaction distance, then the buckling beha-
vior is regulated by the largest crack. In this case, the buckling
load of the cylinder is approximately equal to the buckling load of
a counterpart single-cracked cylinder containing only the largest
crack. The results provide insight into the buckling behavior of
shells with defects and more specifically cracks.
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