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Numerical investigation of steel frame robustness
under external sudden column remova

Aleksander Kozlowski!, Damian Kukla?

Abstract: Numerical analysis of robustness assessment of steel planar framed structures under sudden
external column removal is presented. The analysis is based on the previous experimental and numerical
analyzes conducted in the Ph.D. project. Advanced and validated nite element models of steel structures
with bolted end plate joints were used using Abaqus software. Six di erent cases of analysis using ush
and extended holted end-plate joints were performed. The actual results of the axial forces and rotations
of the joints, failure models, and other important factors about structure behaviour are presented. The
clear division of the results obtained depended on the type of joint used in the structure. In the cases of
application of extended end-plate joints in frame analysis, the required level of robustness was reached
in all cases and stopping of collapse development was obtained. In all cases of frame analysis with ush
end-plate joints, an insu cient level of robustness on progressive collapse was obtained and partial
failures of the structures were reached. Due to the location of the external column, the catenary actions
to mitigate progressive collapse were very limited.
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1. Introduction

The development of civil engineering is closely related to the development of human
civilization over the centuries. The need and willingness to build new tall structures is
a considerable challenge for civil engineers in terms of design, execution, and operational
use. Inherent in the development of human civilization, the resulting threats are growing.
Gas explosions, terrorist attacks, res, or vehicle collisions with a building are just some
examples of such threats. The robustness of structures to accidental situations is an often
neglected and overlooked engineering issue. However, tragic events, such as construction
disasters, emphatically remind engineers of the importance of this issue.

The last collapse of the two twin towers of the World Trade Center in New York on
September 11, 2001 and the Champlain Tower South in Miami on June 24, 2021 are
examples of tragic events in the 21st century.

Estimating the resistance to progressive collapse of the structure is a di cult and
demanding issue. New design recommendations and standards were presented, such as the
General Services Administration (GSA) [1] and the Uni ed Facilities Criteria (UFC) [2].
In Europe, the structure design is based on the Eurocode standard package [3 5] to protect
the structure in permanent and accidental design situations. The robustness structure design
recommendations were also presented in [6, 7].

In2021 the rst part of the research project was nished as part of the Ph.D. dissertation
titled Steel frame structures under selected accidental situations ofthe rstauthor [8]. The
details of this project were presented in papers [9 11]. To further improve our knowledge
of the robustness of the planar frame under accidental situation, the analysis of the frame
under sudden loss of internal and external columns was performed.

Robustness assessment of the structure is an intensively developed issue in the last
50 years, as presented in the review included in [12 17]. Di erent accidental design
situations must be included in the design phase in the robustness assessment of the structure.
As a rst, numerical analysis and experimental tests of steel structures subjected to vehicle
impact were presented in [18 20]. The terrorist attacks as one of the main impacts on
progressive collapse were classi ed. The impact of explosion-generated blast in uence on
the evaluation of steel structure behavior was shown in [21]. The other accidental situation
as single and multiple column loss scenarios to estimate the robustness of the structure
was presented in [22 27]. Experimental tests of planar and 3D steel structures in extreme
situations were also conducted. The static and dynamic experimental study of steel frames
under column loss was presented in [28 31].

In this paper, the problem concerns the estimation of the behavior of steel planar frame
structures with unsti ened bolted end-plate joints in the event of a sudden external column
removal scenario. The location of the loss of the column can play a signi cant role in the
initiation and development of resistance mechanisms. In case of an external column to be
removed, the behavior of the system may be completely di erent from that of an internal
column to be removed. The change in the design situation from permanent to accidental
had a signi cant impact on the change in the distribution of force in the structural system
and its joints.
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2. Finite element analysis of structure

2.1. Initial assumption

The behavior assessment of the steel planar structure with bolted end-plate joints is
presented in a selected accidental design situation. As an exceptional design situation,
a sudden external column loss at level 0 was used. The loss of the external column may
be especially caused by a vehicle collision, a gas bottle explosion, or a terrorist attack.
Important information was obtained about the structure and joint behavior relevant to the
design of the steel frame structure. Due to the application of a detailed nite element model
of the whole structure and joints, speci c information on the failure modes of the structure
and joints was reached, especially the failure modes of the joints.

Previously validated nite element models of joints and subframe structures [11] con-
ducted on planar specimens were used to create planar frame structure models for robustness
analysis. Two types of nite elements were used in Abaqus software [32] to model the en-
tire structure. To decrease the number of nite elements, the straight parts of beams and
columns between the joints by S4R shell elements (4-node general purpose shell with
reduced integration with hourglass control) were modelled. For crucial parts of the struc-
ture, such as joints with their particular details (i.e. bolts, washers, and nuts), the C3D8R
solid-type elements (8-node linear brick with reduced integration with hourglass control)
were adopted. The static diagram of the analyzed structure is presented in Fig. 1. A four-bay
frame with 5 m spacing of columns and 3.5 m height of each story was assumed.
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Fig. 1. Static diagram of a four-bay system for analysis of frame robustness under corner column loss

I-shaped sections as IPE 300 and HEB 200 as cross sections of beams and columns were
used, respectively. Six di erent bolted joints with ush and extended end plates (Fig. 2)
were applied in the analysis. The three various thicknesses of the end plate, 10 mm, 15 mm,
and 20 mm were analyzed.

To simulate the sudden column loss situation under analysis the Abaqus/Explicit mod-
ule [32] was used. The use of mass as a load in dynamic analysis was required. For this
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Fig. 2. View of external, internal and details of: a) ush end-plate joint, b) extended end-plate joint

purpose, the gravitational load was applied in the analysis. To create the gravity load in
Abaqus, material density and gravity acceleration were required. For the steel elements
in the model, the corresponding material density of 7850 kg/m® was assumed. In case of
beams (R1 to R12 beam, see Fig. 1) the dead and live loads are transferred from oor
slab to beam. In the numerical analysis the presence of concrete slab was neglected. To
obtain the applicable beam load, a rescale of the material density was applied. The slab
load plus the own weight of the beam was included in the mass of the beams. Gravitational
acceleration was assumed to be 9.81 m/s?.

As the second important issue, a damping phenomenon must be considered. In the
standard recommendations in GSA [1] damping at the level of 5% of mass was recom-
mended under dynamic robustness analysis. In this regard, the damping e ects based on the
Rayleigh damping model were applied in the analysis. Generally, low-frequency vibration
dominates the structure behavior in robustness analysis; thus, a mass proportional damping
with damping factor of 5% was adopted.

2.2. Boundary condition and mechanical property of steel

For the assessment of the robustness of the frame in an accidental situation, a sway
frame with rigid columns supports at level 0 was assumed for an analysis of the structural
systems. To simulate an accidental situation as column loss at analysis, the time of removal
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the restraint of external column was applied. For each of the analysis cases, the same
beam-column-beam joints and beam-column joints were applied throughout the entire
structure system. The presence of the concrete slab was modelled in structure in each
level in a discreet way horizontal displacement restraints in the direction perpendicular
to the main transverse system were applied. This restraint protects the top ange of the
beams from torsion under analysis. To generate response of the frame at time analysis the
step-by-step controls were applied. Due to the complexity of the process of the loading, the
analysis was divided into few steps presented below:

Initial, which is the primary step input by the software to assume the applied boundary
conditions and tighten the bolts to obtain the initial contact of the joint surface
elements. A double-sided load of 10 kN per bolt of each joint was added, which was
to simulate the initial tightening of the bolts.
Dead and live load as applied gravity load. The self-weight of the steel frame structure
and the oor slab with nishing layers was assumed as the permanent load. Dead
load on the oor surface was adopted at a value of 4.00 kN/m2. The live load per
oor area was assumed as a value of 2.8 kN/m?. Dead and live loads were applied
to the top surface of each beam. In the analysis of the structure with sudden loss of
the external column, the reason causing the extremal situation was neglected, i.e. the
pressure of the explosion or the impact of the vehicle. The assumed loading of the
structure as a function of the time analysis was applied. In the rst phase, the full
load of the structure was applied to time of the rst second. The time between the
rst and second seconds as stabilization time was assumed to reduce the dynamic
e ects on structure behavior. The time after the second second to the end of analysis
as column loss phase was adopted.

Column removal, where a constraint of column at the 0 level was removed for
aselected external column. This scenario was created to reproduce the abrupt removal
of a column in a sudden accidental design situation.
The material properties (Table 1) and the steel models of the elements for the analysis
of the frames were adopted the same as in the case of experimental joints tests [9].

Table 1. Average material properties of steel elements based on [9]

Element Yield point Tensile strength
54 [N/mm?] 5p [N/mm?]
End-plate, C = 10 mm 294 418
End-plate, ( = 15 mm 396 522
End-plate, C = 20 mm 263 406
HEB200 column ange 257 414
HEB200 column web 316 446
IPE300 beam 290 415
M20 bolt 1005 1116
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To create the real behavior of the material under analysis, the true stress strain rela-
tionship with material degradation presented in [11] was assumed. Due to the applications
of dynamic analysis, the increase of the properties of steel material was used employing
the dynamic increase factor (DIF) resulting from the rate of deformation during impact
load in the analysis. The DIF were used for elements subjected directly to impact nature
of loading i.e. bolts and end-plates of joints. The other material models of steel elements
were adopted according to the experimental tests shown in [9]. The Johnson-Cook model
was used to describe the change in parameters during the impact nature of the load. The
DIF was presented in a simpli ed form, according to Eq. (2.1) and (2.2):

(2.1) DIF=1, I

where: C strain rate constant,

X
2.2 XY = —
(22) ¥
where, for quasi-static behavior.¥" strain rate, assume.¥'= 600 s * according to work [33],
Xy reference quasi-static strain rate, ¥p = 0 001 s 1.
The basic parameters for carbon steel, the constant  gee) = 0 039 was adopted, while
for bolts the constant 1 = 0 0072 was adopted according to the data presented in [33].

2.3. Results of frame analysis

Table 2 presents the summary of all the cases analyzed. Analysis of planar frames was
performed in six di erent cases. As presented in Table 2 division on two main types of
end-plates were applied.

Table 2. Collation of case analysis of frame structure under external column loss

No | Tpectenspe | LIRS e
1 Flush end-plate F 10 mm 10 4B_F10
2 Flush end-plate F 15 mm 15 4B_F15
3 Flush end-plate F 20 mm 20 4B_F20
4 Extended end-plate E 10 mm 10 4B_E10
5 Extended end-plate E 15mm 15 4B_E15
6 Extended end-plate E 20 mm 20 4B_E20

Additionally, the three di erent thicknesses of the end-plates were implemented:
10 mm, 15 mm and 20 mm for ush and extended end-plates. The change in the thickness
of the end-plate was dictated by the need to compare with the joints tested experimen-
tally [9] and analyzed earlier in the event of internal column removal. To identify the case,
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the appropriate nomenclature was adopted for all cases. Due to the large volume of the
results for any case, only the selected cases in the main part of the paper were presented.
Normal stresses read from the solid element of each beam were used to determine the value
of the axial force in each beam of the frame structure. A positive value of the axial force
was indicated as the tensile force in the joint.

At the beginning a result of case 4B_F15 is presented. The vertical displacement of the
removal of the S5 column at the analysis time is presented in Fig. 3a. After the beginning
of column loss after the second second, the increase of displacement of column S5 was
reached. The rst failure of the joint lead to further increase of vertical displacement to
the end of the analysis. The horizontal behavior of the structure (Fig. 3b) under analysis
time was di erent. After the start of column loss, an increase in horizontal translation was
observed.
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Fig. 3. Diagram of: a) vertical displacement of S5 column time analysis,
b) time analysis versus horizontal displacement of nodes at 4B_F15 case



184 A. KOZLOWSKI, D. KUKLA

At the rst joint failure, the change of behavior of the W10/W15 and W20 nodes was
reached with a signi cant increase. After the sixth second to end of the analysis the return
similar to the original position was observed in all nodes. The behavior of joints at the time
of analysis is presented in Fig. 4. First, the relation analysis time versus rotation of joints is
shown in Fig. 4a. For loss of column, the values of rotations of the joints were negligible.
After sudden removal of the column, a signi cant increase in joint rotations was obtained
on the right side of the S4 column. Due to the clear division of behavior, two groups of
joints were selected. In the rst group, the joints with small rotation values were classi ed.
The beam joints directly connected to the removed column were assigned to the second
group. At the time to the second second of analysis (see Fig. 4b) the axial forces in joints
at the approximate level were reached.

@)

(b)

Fig. 4. Results of 4B_F15 analysis: a) time analysis angle rotation of joints,
b) axial force versus time analysis
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After sudden column loss, the change and development of axial forces were obtained
at the joints. The relevant development of tension force was obtained in the remove zone of
the structure. The highest tension force values were reached in the W19P and W20 joint. In
general view of the structure (Fig. 5) after column removal, the clear division into two parts
of the structure was obtained. The rst part includes three rst bays with small vertical
displacements. The second part includes the last external bay with a removed column with
large vertical translations.

The collapse of the structure (Fig. 5b) only in the external bay, the other frames were
fully survived without damage. A progressive collapse caused by the sudden loss of the
corner column was shown in Case 4B_F15. The damage of successive joints caused to
a partial collapse in the external part of the frame structure in an accidental situation.

@)

(b)

Fig. 5. Map of vertical displacement of case 4B_F15 under selected time of analysis:
a) 3.5 second, b) 5 second

As results of the second case the 4B_E15 are presented. In Fig. 6a the vertical dis-
placement of the corner column is presented in the analysis time. After the time of column
loss, the linear vertical translation was obtained. Around 5.5 seconds, the maximum dis-
placement was reached. At time after the seventh second the stopping of further vertical
displacement was presented. Horizontal displacements of joints under analysis time are
shown in Fig. 6b. After the second second time, the signi cant increase of horizontal trans-
lations was observed. The maximum values of about fth second were obtained, where
in further analysis the stabilization of displacements was reached. Generally, the highest
values were reached at the joints at the ,10.50 level of structure.
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@)

(b)

Fig. 6. Diagram of: a) vertical displacement of S5 column time analysis, b) time analysis
versus horizontal displacement of nodes at 4B_E15 case

The rotations of the joints under analysis are presented in Fig. 7a. To the second second
time the negligible small values of joint rotations were obtained. After the start of the
column loss situation, the linear increment of joint rotations connected to the removed
column was reached. After the fth second, the further development of rotations was
stopped. A clear division was observed into two groups of joints. To rst group the joints
with highest rotations, e.g., W10/W15/W20 and W9P/W14P/W19P were classi ed. To the
second group the other joints in the structure were ranked. In Figure 7b, the progress of the
axial force is presented in all joints. To time of column removal the values of axial force on
the same level were presented. After the start of column loss, a signi cant change in axial
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@)

(b)

Fig. 7. History development of: a) time analysis angle rotation of joints,
b) axial force vs. time analysis of 4B_E15 case

force was observed. The considerable part of the joints was subjected to the tension force.
The interesting behavior in nodes W9P and W14P was obtained, where immediately after
column loss the distinct increase of tension force was reached and in further analysis the
change of axial force to compression was obtained. The highest tension force value was
reached in the W19P / W20 node and the maximum compression force was reached in the
WOP and W14P nodes.

In the whole view of the structure in Fig. 8 the behavior is presented in the nal stage
of the analysis. A signi cant vertical displacement (Fig. 8a) in the loss zone of the external



188 A. KOZLOWSKI, D. KUKLA

@)
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Fig. 8. Plan at nal stage of analysis 4B_E15 case: a) vertical displacement,
b) horizontal displacement

column. In other parts of the structure negligible vertical translations were reached. In the
case of horizontal displacements (Fig. 8b) the highest values of horizontal translations were
reached at the upper level of the frame. The tilt of the structure toward the removed corner
column was noticed.

In analysis of frame under accidental situation with external column loss in the case of
4B_E15 arequired level of robustness was obtained. Mitigation of progressive collapse of
the steel frame with extended end-plate joints was reached in an accidental situation.

In Tables 3 and 4 are presented the signi cant factors from the point of view of
the behavior of the joints under analysis, presented for the bolted end-plate joints in an
accidental situation in the scenario of losing the external column at the foundation level of
the structure. First, the summary of the rotation angles obtained from all joints at the time
of rst failure/stabilization of the structure is presented in Table 3.

The joints rotations were read from the results of the numerical analysis as the rotations
of the nodes in the numerical model. In joints directly connected to the removed column (i.e.
WOIP/W10, W14P/W15, W19P/W20) the highest rotations were obtained. In other joints,
negligible values of joint rotations were reached. As can be seen, a similar distribution
of rotations in di erent levels in the individual structure was presented. The decrease in
the rotation angles of the joints was noticeable in cases of increased thickness of the end
plates in both ush and extended end plates. All frames with ush end-plate joints were
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Table 3. Summary of the rotation angles of the joints at the rst failure/stabilization time

of the analysis

Case analysis
2 | 4B_FI0 | 4B_FI5 | 4B_F20 | 4B E10 | 4B_E15 | 4B_E20
o 9‘ Y— Y Y Y— Y— Y
TS %5 cS |Cw|l cT ||l cT|CPow|cT|Co| cT|CPo| cT|O0
88| o |SE&|g5|S8|g3|S8|g35|S8|g5/S8 (85|88 |83
“%| £ |E2 |£S|E=2 |£5|E2 £ 22 85|22 88|22 |BS
S |5 |3% €2 35|98 |35/ 98 57 &2 |35 5 3¢
35 WO9P | 0.145 0.134 0.117 0.228 0.172 0.167
’ W10 | 0.123 0.112 0.097 0.218 0.164 0.160
W14P | 0.146 0.135 0.118 0.228 0.172 0.167
,70 YES YES YES NO NO NO
W15 | 0.121 0.111 0.096 0.216 0.162 0.157
105 W19P | 0.145 0.133 0.117 0.228 0.172 0.167
’ W20 |0.122 0.112 0.096 0.216 0.163 0.158

damaged. In the case of frames with extended end-plate joints, the mitigation of collapse
was obtained. In the case of analysis of frames with bolted extended end-plate joint the
required angle of rotation of the joint in external column loss situation of 0.23 radians was
established. Due to the collapse of structures with ush end-plate joints, the required angle
of rotation of the joints cannot be estimated at a safe level.

Table 4 presents the axial forces obtained in joints under external column loss. The sing
minus before the value means the compression force in the joint.

Table 4. Comparison of axial forces in joints at time of rst failure/stabilization of structure

Case analysis
= 4B_F10 4B_F15 4B_F20 4B_E10 4B_E15 4B_E20
=N — - - — - -
e sE“Elz5 i zs B 2g < 55 L=
3 < |0 = |0 < |0 < O = |0 < |0
35 WOP (123.14 243.64 334.99 254.08 344.23 423.2
W10 |237.16 326.70 292.86 33.79 37.71 9.29
70 W14P|120.27 YES 90.72 YES 424.75 YES 1.30 NO 119.83 NO 174.8 NO
W15 |315.04 427.95 42457 166.80 153.79 113.69
105 W19P|184.39 429.64 502.79 143.08 102.31 95.34
W20 |276.01 453.48 371.13 170.08 187.52 194.28
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The use of athicker ush end plate led to higher values of axial force. In case of extended
end-plate joints, an uneven distribution of axial force was reached at the individual levels
of the structure. Generally, the highest compression force was presented in the W9P joint.
At the middle level ,7,00 the intermediate values in W14P were obtained. The highest
tension force at the upper level , 10,50 was reached in the W19L joints. It is worth nothing
to be the fact that in all cases of joints in highest level of structure only tension forces were
presented. This behavior of joints means that the upper level was very important in creating
catenary action in the structure in the situation of loss of an external column. It can be
seen that the other part of the structure presents small values of axial forces. According to
Table 4 in the case of frame analysis with bolted extended end plate joints under external
column loss, as the required tension axial force, the value of 250 kN was estimated. This
clearly shows that in the event of a loss of an external column, the decisive parameter of the
resistance of the structure to progressive collapse is the resistance to the bending moment
of the joint. The catenary action in this case plays a secondary role.

3. Conclusions

The results of research project about progressive collapse of steel-framed planar struc-
tures under external column removal are presented as a continuation of previous numerical
steel planar frame during internal column loss. Numerical dynamic analysis was performed
under an external column loss scenario to assess the behaviour of planar steel frames with
bolted end-plate joints. The nite element analysis was performed on di erent cases ana-
lyzed. Detailed and important results were presented from the point of view of resistance of
the whole structure and joint behavior and the robustness of the structures was estimated.
Based on a numerical analysis of planar steel frame structures in an accidental situation
with loss of an external column, the following conclusions can be drawn:

The application of bolted extended end-plate plate joints in the steel frame structure
allows us to hold the progressive collapse. It was observed that the bending resistance
of the joints plays the most important role in the load capacity and robustness of the
frames. It is recommended to design practice to apply extended end plate joints with
end plate thickness greater than or equal to the thickness of the column ange.

The increase in thickness of the extended end plate causes a decrease in vertical
translation of the removed external column and a whole horizontal dispalcement
of the nodes of the structure. The nal translation of the external column at values
653.2 mm, 501.5 mm and 488.2 mm were obtained in the case of joints with extended
end-plate thicknesses of 10-, 15- and 20 mm, respectively.

The partial progressive catastrophe of the frame structure was observed in all cases
of frames with bolted ush end-plate joints. Therefore, such joints, even with very
thick end plates, should not be used in framed structures subjected to accidental
loading.

The behavior of joints as key elements in the structure was observed in an accidental
situation. To stop the degradation of the structure, the joints must be properly shaped
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and designed. Especially the available rotation capacity of the joints must be provided.
The minimum available rotation angle of the joints at level 0.23 radian was selected.
To maintain the robustness of the structure, the minimum axial force in the joints of
250 kN must be taken into account during design in calculating joint resistance.

In the case of an external column loss scenario, the contribution of the catenary
action to the robustness resistance mechanism was very small. Due to the location
of the remove column, the development of tension action was much limited.
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Numeryczna analiza odporno-ci ram stalowych pod nag‘ym
usuwaniem s‘upa zewnftrznego

S"owa kluczowe: analizadynamiczna, konstrukcja ramowa, nag“e usunif cie s‘upa, ocena odporno-ci,
stalowe po*“jczenia -rubowe, utrata s‘upa zewnftrznego

Streszczenie:

Przedstawiono analizf numerycznj oceny odporno-ci stalowych p“askich konstrukcji ramowych
pod wp“ywem nag‘ego usunifcia s‘upa zewnftrznego. Przeprowadzono analizy w oparciu 0 wcze-
-niejsze badania eksperymentalne i analizy numeryczne przeprowadzone w ramach pracy doktorskiej
pierwszego autora. Wykorzystano zaawansowane i zwalidowane modele element w sko«czonych
konstrukcji stalowej z po“jczeniami -rubowymi z blachj czo“owj przy u»yciu oprogramowania
Abaqus. Przeprowadzono sze-¢ r »nych przypadk w analizy, w kt rych zastosowano po“jczenia
-rubowe doczo“owe z blachj wpuszczonj i wystajjci. Przedstawiono dok‘adne wyniki si* osiowych
i obrot w po“jcze«, modele zniszczenia i inne warne czynniki dotyczjce zachowania konstrukcji.
Wyra,,ny podzia“ otrzymanych wynik w zale»ny jest od rodzaju zastosowanego wfz“a w konstrukcji.
W przypadku zastosowania w analizie ram po“jcze« doczo“owych z blachj wystajjcj, we wszyst-
kich przypadkach osijgnifto wymagany poziom odporno-ci i zatrzymano rozw j katastrofy. We
wszystkich przypadkach analizy ram z po“jczeniami doczo‘owymi z blachj wpuszczonj uzyskano
niewystarczajjcy poziom odporno-ci na postfpujici katastroff i obserwowano czf-ciowe uszkodze-
nia konstrukcji. Ze wzglfdu na usytuowanie s‘upa zewnftrznego dzia“anie akcji cifgnowej majjce
na celu z"agodzenie postfpujjcego zawalenia by“o znacznie ograniczone. Na koniec przedstawiono
zalecenia dotycz j ce kszta“towania doczo“owych po“jcze« -rubowych w celu zwifkszenia odporno-ci
konstrukgji.
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