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ABSTRACT 9 

Austenitic stainless steel is an excellent construction material for structures required to 10 

withstand accidental loads such as seismic and/or fire events due to its appropriate mechanical 11 

properties, including high ductility, considerable strain hardening and good fire resistance. In 12 

recent years, a considerable amount of research has been devoted to the understanding of the 13 

structural performance of single isolated stainless steel members. However, new trends in the 14 

design philosophy moving from current member-based methods to direct system-based 15 

approaches will require more experimental evidence on more complex structural systems such 16 

as frames, which are currently scarce. With the aim of contributing to the advances in this field, 17 

one of the first known extensive experimental programmes on austenitic stainless steel frames 18 

is presented in this paper. The experimental programme comprised several sub-programmes, 19 

in which the performance of stainless steel structures at different levels was investigated. This 20 

paper describes a series of tests on austenitic stainless steel cross-sections and members, which 21 

were utilized in the planning and analysis of the subsequent frame tests. The paper also outlines 22 

the complex experimental set-up adopted for the stainless steel frame tests, including the 23 

implemented loading schemes, auxiliary elements and instrumentation, through a detailed 24 

explanation of the different issues encountered in the process of their definition. The 25 

knowledge gained and the experiences reported in this paper could assist researchers in 26 

planning similar experimental programmes. 27 
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HIGHLIGHTS 30 

• An experimental programme on austenitic stainless steel RHS is described. 31 

• Tests on coupons, stub columns, beams and columns are presented. 32 

• An experimental set-up for frame tests is presented. 33 

• Load schemes and protocols for frame tests are defined and discussed. 34 

• Auxiliary arrangements for frame tests are described.  35 

 36 

1. INTRODUCTION 37 

Mechanical properties such as high ductility, adequate toughness, considerable monotonic and 38 

cyclic strain-hardening and adequate behaviour at high temperatures suggest that stainless steel 39 

may represent an excellent alternative as construction material for structures required to 40 

withstand static or accidental loading due to seismic and/or fire events [1,2]. In the recent 41 

decades, a considerable amount of research has been devoted to the understanding of the 42 

structural performance of the material [3-5] and isolated stainless steel members, including 43 

cross-sectional [6-9] and member [10-12] behaviour. Nevertheless, advances related to the 44 

analysis of more complex stainless steel structures, such as frames, are recent and still scarce 45 

[13-15]. As a matter of fact, EN 1993-1-4:2006+A1:2015 [16] does not establish specific 46 

design rules associated with the global analysis of stainless steel frames and thus, provisions 47 

given for carbon steel need to be adopted. Likewise, the potential effect that the material 48 

nonlinearity may have on the sensitivity of stainless steel frames to second order effects is still 49 

a matter of debate.  50 

Recent research on the behaviour of stainless steel frames by Walport et al. [14] 51 

demonstrated that the degradation of stiffness due to the nonlinear material response 52 

considerably affects the characteristics of the structural system, causing greater deformations 53 
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and increasing second order effects. This has a direct influence on the definition of non-sway 54 

–structures for which second order effects are negligible– and sway –structures for which 55 

internal force amplifications due to second order effects are relevant– frames. On the other 56 

hand, the lack of guidance on the potential use of plastic design in the current European 57 

stainless steel code is an obstacle to the optimal design of stainless steel structures given the 58 

remarkable differences in its behaviour, such as strain hardening and considerable ductility, 59 

compared with carbon steel [13]. Furthermore, the rapid advances in design software have 60 

made it possible to analyse complex structural systems and encouraged the development of 61 

design-by-analysis approaches although the calibration of adequate system safety factors is still 62 

under development [17,18]. All these research paths will require of experimental evidence of 63 

the behaviour of structural systems to validate the proposed design approaches and calibrate 64 

finite element models.  65 

On these bases, a comprehensive experimental programme on sway and non-sway stainless 66 

steel frames with slender and stocky rectangular hollow sections (RHS) was carried out at the 67 

Laboratory of Technology of Structures and Materials at the Universitat Politècnica de 68 

Catalunya to investigate the behaviour of austenitic stainless steel frames when subjected to 69 

static loading. This experimental programme comprised several sub-programmes in which the 70 

performance of stainless steel structures at different levels –material characterization, cross-71 

sections and members, and frames– was studied. This paper presents the experimental results 72 

of the conducted tests on material, cross-section and member level, and presents the adopted 73 

experimental set-up for the frame tests, which will serve as a starting point for the future 74 

development of experimental programmes on structural systems. The results corresponding to 75 

the austenitic stainless steel frame tests are presented and analysed in the companion paper 76 

[19].  77 
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2. PRELIMINARY TESTS ON MATERIAL AND MEMBERS 78 

The preliminary experimental programme encompassed a study at material, cross-section and 79 

member levels on EN 1.4301 austenitic stainless steel RHS: (i) a set of tensile tests on flat and 80 

corner coupons for each cross-section to characterize the stress-strain behaviour of the material, 81 

(ii) stub column tests (SC) from which cross-sectional compression resistances were obtained, 82 

(iii) four-point bending moment tests (B) to determine the bending moment capacities and (iv) 83 

flexural buckling tests from which the column resistances in major and minor axes were 84 

determined under pin-ended conditions (C1 and C2).  85 

Four different cross-section geometries, ranging from stocky to slender, were investigated. 86 

Cross-sections follow the notation CS1-120×80×6, CS2-100×80×4, CS3-120×40×4 and CS4-87 

200×100 3, while the labelling of the different specimens includes the reference numbering for 88 

the cross-section followed by the identification of the test type (SC for stub columns, B for 89 

beams, and C1 and C2 for columns investigated in major and minor axes, respectively). Table 90 

1 summarizes the geometric properties of the specimens measured before tested (see Figure 91 

3(b)), in which H is the total height, B is the total width and t is the wall thickness of the cross-92 

sections. In addition, Rext represents the external corner radius, L is the total specimen length 93 

and w corresponds to the relevant local (w0) or member (wg) measured imperfection amplitude. 94 

Local imperfections are important for members in compression governed by cross-section 95 

behaviour, while member imperfections become more relevant when the response is controlled 96 

by flexural buckling. For beams, which are loaded transversally to the specimens, local and 97 

member imperfections have negligible effect for the magnitudes reported in Table 1. 98 

2.1 TENSILE COUPON TESTS AND RESIDUAL STRESSES 99 

The stress-strain behaviour of the tested specimens was determined by means of a set of tensile 100 

coupon tests. Two coupons were cut from each of the four cross-sections investigated. In order 101 

to correctly characterize the effect of the cold-forming process, coupons were extracted from 102 
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both flat (F) and corner (Co) regions of the different cross-sections. Flat coupons were shaped 103 

as dog-bone while corner coupons were tested without any cross-sectional reduction. All 104 

coupon tests were performed according to ISO 6892-1:2009 [20] in an INSTRON machine at 105 

an initial test rate equal to 0.005 mm/sec, which was then increased to 0.05 mm/sec once a total 106 

strain of 3% was reached. Strains were measured through a 50 mm gauge length extensometer, 107 

and additional strain gauges were attached for an accurate characterization of the initial part of 108 

the stress-strain curves for flat coupons. Figure 1 presents the stress-strain curves measured 109 

from the conducted tensile tests, while Table 2 reports a summary of the most relevant material 110 

parameters for the different coupons, in which E is the Young’s modulus, 0.05 and 0.2 are 111 

proof stresses corresponding to 0.05% and 0.2% plastic strains –0.2 is conventionally 112 

considered as the yield stress–, u is the tensile strength and u is the corresponding ultimate 113 

strain.  n and m are strain-hardening parameters, which have been optimized following the 114 

process described in Arrayago et al. [3]. From these results, the effect of the cold-forming is 115 

noticeable when comparing flat and corner coupons corresponding to the same cross-section, 116 

where a considerable increase of the tensile strength may be appreciated. Although stainless 117 

steel alloys are characterized by an asymmetric behaviour (i.e. material properties vary from 118 

tension to compression), only tensile tests were performed in this experimental programme, 119 

which correspond to the material parameters included in European codes [16,21] and that will 120 

be typically used by designers. Nevertheless, numerical models carried out simulating the tests 121 

described in the following sub-sections demonstrated that the tensile material properties were 122 

sufficiently accurate to reproduce the compressive behaviour of the material for the strain 123 

ranges reached in the tests (i.e. stub columns and column tests). 124 

Residual stresses in cold-formed specimens are mainly caused during the fabrication 125 

processes by non-uniform plastic deformations, and they can significantly affect the response 126 

and resistance of stainless steel members. Residual stresses can be classified in membrane and 127 
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bending residual stresses. While membrane residual stresses are low in magnitude and have 128 

been shown to have a negligible influence on structural response, bending residual stresses are 129 

more important in cold-formed stainless steel SHS and RHS sections [22,23]. When cut from 130 

the cold-formed tubes, considerable curvatures could be observed in the coupons as a result of 131 

the relieved bending residual stresses. However, these bending residual stresses are 132 

approximately re-introduced in the coupons once they return to their original shape when 133 

gripped and loaded in the tensile testing machine, and it can be considered that the obtained 134 

stress-strain curves inherently include the influence of bending residual stresses [22,24]. 135 

2.2 STUB COLUMN TESTS 136 

The cross-sectional compression resistance of the analysed cross-sections was determined by 137 

conducting four stub column (SC) tests under pure compression. Prior to testing, initial 138 

imperfections of all stub columns were measured by using a milling machine to evaluate their 139 

influence in the ultimate resistance, following the procedure described in [6]. Three lines were 140 

measured along the longitudinal axis of each specimen for each of the four faces of the RHS 141 

using a LVDT. In order to eliminate end-flaring effects, only the measurements corresponding 142 

to the central parts of the stub columns were considered. All measured imperfections exhibited 143 

half-sine wave shapes, as shown in Figure 2 for specimen CS1-SC, and they were calculated 144 

as the deviations from the linear regression surface. In this figure faces 1 and 3 correspond to 145 

the widest side of the cross-section and thus they present highest deviations. Table 1 146 

summarizes the magnitudes of the maximum recorded deviations w0 for each stub column 147 

specimen, which is assumed to be the local imperfection amplitude. These amplitudes comply 148 

with the tolerances prescribed in EN 1090-2:2018 [25] and are close to those predicted by the 149 

modified Dawson and Walker model [26]. Note that an equivalent analysis of the member 150 

imperfections wg reported in Table 1 is provided in Section 2.4 of this paper.  151 
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Each stub column was cut to a nominal length determined according to EN 1993-1-3, Annex 152 

A [27], being three times the width of the widest plate element in order to avoid any overall 153 

buckling phenomena while guaranteeing that failure was caused by local buckling (see Table 154 

1). It is worth noting that the nominal length of three times the width of the widest plate was 155 

slightly higher than 20 times the radius of gyration about minor axis for specimen CS3-SC. 156 

Stub column tests were performed in a 2000 kN INSTRON machine under displacement 157 

control at a constant rate of 0.25 mm/min and the load was introduced through two parallel 158 

platens into the specimens, as shown in Figure 3(a).  159 

End shortenings were recorded by means of three LVDT, the load was directly obtained 160 

from the actuator and two strain gauges were attached at the centres of the widest faces of the 161 

specimens at mid-height sections, except for specimen CS4-SC, which was instrumented with 162 

four additional strain gauges to capture the initiation of local buckling at a distance equal to 163 

four times the thickness of the cross-section from the outer faces (see Figure 3(b)). The 164 

measured strains enabled eliminating the effect of elastic deformation at the end platens to 165 

obtain the true measured end shortening data, as recommended in [28]. Load-end shortening 166 

plots are shown in Figure 4 for the four stub column tests and all specimens showed local 167 

buckling failure modes. It should be mentioned that the lack of parallelism of the two end faces 168 

and the length of the specimen CS3-SC introduced a small bending moment component to the 169 

cross-section and triggered a failure mode involving flexural buckling, reducing the 170 

experimental ultimate compression capacity. Key experimental results are summarized in 171 

Table 3, where Nc,u is the ultimate axial compression load and c,u is the corresponding end 172 

shortening. Table 3 also reports the cross-sectional classification in compression according to 173 

EN 1993-1-4:2006+A1:2015 [16] and the calculated Nc,u/Npl ratios, where Npl is the cross-174 

sectional squash load, which indicated that experimentally determined cross-section classes are 175 

equivalent to those predicted by [16]. The squash loads corresponding to each cross-section 176 
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were based on the weighted average yield stress values calculated from the flat and corner 177 

regions of the cross-sections, as indicated in [21]. Local slenderness λ̅p values calculated from 178 

λ̅p = √σ0.2 σcr.l⁄  are also reported for comparison purposes, where σ0.2 is the weighted average 179 

0.2% proof stress and σcr.l is the elastic local buckling stress of the full cross-section, obtained 180 

using CUFSM [29].  181 

2.3 FOUR-POINT BENDING TESTS 182 

The bending moment capacity of the studied cross-sections was investigated by conducting 183 

four-point bending tests (B). The tests were performed around major axis on 1700 mm long 184 

beams, with a span length of 1500 mm. Two point loads were applied at a distance of 510 mm 185 

from both supports, being separated by 480 mm, through a 1000 kN capacity MTS hydraulic 186 

machine (see Figure 5). In all four-point bending tests, both loading and support sections were 187 

stiffened to avoid web crippling failure by introducing several wooden blocks. Beam tests were 188 

conducted under displacement control at different loading rates in order to ensure the safety and 189 

reasonable duration of the tests. Adopted rates were sufficiently low to guarantee that they had 190 

negligible effect in the load values recorded. While specimen CS1-B was tested under an initial 191 

loading rate of 1.3 mm/min, which was then increased to 4.5 mm/min, the test for specimen CS3-192 

B started with a rate of 2 mm/min and was increased to 4.5 mm/min. On the other hand, 193 

specimens CS2-B and CS4-B were tested under constant loading rates equal to 2.0 mm/min and 194 

0.4 mm/min, respectively. During the tests, the total applied load was recorded directly from 195 

the hydraulic machine, and reactions at both supports were measured using load cells in order 196 

to verify the symmetry of the system throughout the test and to avoid potential misalignments. 197 

Deflections at midspan and loading points were measured by means of string potentiometers 198 

and rotations at supports were obtained from inclinometers. In addition, strain gauges were 199 

attached to the top and bottom flanges of the cross-sections at a distance of 60 mm from the 200 

midspan section.  201 
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All specimens showed a certain degree of local failure of the compressed flange at the 202 

loading points after failure. Although wooden blocks were inserted at these positions to prevent 203 

web crippling, for the CS4-B specimen this stiffening was found to be insufficient to prevent 204 

local web failure at both loading sections. Figure 6 shows the load-midspan deflection curves 205 

for the four beam tests, while key experimental results are reported in Table 4. In this table Fu 206 

is the ultimate total load, and du and Mu are the corresponding midspan deflection and bending 207 

moment. According to the results shown in Table 4, the EN 1993-1-4:2006+A1:2015 [16] 208 

classification of the different cross-sections coincides with experimental results, as the Mu/Mel 209 

and Mu/Mpl ratios attest, where Mel and Mpl are the elastic and plastic bending moment 210 

capacities, respectively, based on the weighted average material properties.  211 

2.4 COLUMN TESTS 212 

The preliminary experimental programme was finished by testing eight austenitic stainless steel 213 

columns under pure compression around major and minor axis and pin-ended boundary 214 

conditions (C1, C2). In the analysis of stainless steel members subjected to compression, the 215 

determination of the initial global imperfections is important, as they might have a considerable 216 

effect in the flexural buckling resistance of members. Therefore, the shape and magnitude of 217 

the initial bow imperfection of each specimen were measured following the procedure 218 

described in [10] by using a laser-based transducer. Columns were supported at two fixed 219 

points (at both ends) and imperfections were recorded by moving the transducer along a 220 

completely horizontal surface. Measurements were performed every 100 mm and at the mid-221 

height cross-section for the four faces at each specimen. Imperfection amplitudes wg reported 222 

in Table 1 correspond to the maximum deviations recorded for each column, and Figure 7 223 

shows one example of the measured initial geometry for specimen CS3-C1. Measured 224 

amplitudes are in accordance with the tolerances given in EN  1090-2:2018 [25] and represent 225 
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values between L/2000 and L/1000 except for CS4-C1, which shows a considerably higher 226 

imperfection amplitude of L/825, being L the length of the member. 227 

The nominal length of all columns was 1500 mm and each specimen had two steel plates 228 

welded at both ends, which were connected to two mechanized bearings consisted of a plate 229 

with a knife edged wedge and a plate containing a V-shaped pit, as described in [10] and as 230 

shown in Figure 8. The top bearing was connected to the hydraulic jack while the lower one 231 

acted as a fixed-end support, and both bearings allowed free rotations around the studied axis 232 

while restrained all degrees of freedom about the orthogonal axis. Accordingly, the effective 233 

length of the system was slightly higher than the specimen length as the distance between knife-234 

edges (50 mm at each column end) needed to be considered. 235 

Although each cross-section was intended to be tested in the two principal directions, 236 

preliminary finite element models indicated that the flexural buckling resistance of columns 237 

corresponding to cross-section CS3 around major axis (with fixed-ended conditions around 238 

minor axis and pin-ended conditions around major axis) showed failure modes involving minor 239 

axis buckling. Thus, for safety requirements it was decided not to perform the major axis test 240 

for this cross-section, since the bearing systems were not prepared for such response, and to 241 

repeat the minor axis test. Likewise, it was decided to stop column tests corresponding to cross-242 

section CS1 before ultimate column loads were reached because expected loads were 243 

considered too high for the available bearing hinges. Tests were conducted under displacement 244 

control with a constant rate of 0.2 mm/min and the adopted instrumentation consisted of two 245 

inclinometers measuring end-rotations, two laser devices measuring the lateral deflections at 246 

mid-height sections and two string potentiometers measuring end shortenings. In addition, each 247 

specimen included four strain gauges at the extreme tensile and compressive fibres of the mid-248 

height sections to capture longitudinal strains and allow determining actual initial loading 249 

eccentricities.  250 
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The failure of the investigated columns occurred showing overall flexural buckling modes 251 

in all specimens, although CS4-C1 and CS4-C2 columns failed by a combination of overall 252 

and local buckling. Table 5 reports the key experimental results for the conducted flexural 253 

buckling tests on austenitic stainless steel columns, where Nb,u is the ultimate flexural buckling 254 

axial compression load and db,u, b,u, and b,u are the mid-height lateral deflection, end 255 

shortening and end rotation corresponding to Nb,u, respectively. In addition, the actual load 256 

eccentricities em measured from the readings at strain gauges are also reported. These 257 

eccentricities have been calculated using Eq. 1 and correspond to the average values of the 258 

estimated eccentricities for loading steps at which columns behaved elastically. In this equation 259 

E is the Young’s modulus, I is the relevant second moment of area, max is the measured 260 

maximum strain at the most compressed fiber and min the measured maximum tensile or 261 

minimum compressive strain at the other extreme fiber, D is the outer dimension of the element, 262 

d is the lateral deflection at each loading step N and wg is the measured initial imperfection 263 

amplitude. Note that, as shown in Eq. 1, the actual sign of the measured member imperfection 264 

relative to the direction of the lateral deflection observed during the test was considered in the 265 

calculation of the actual load eccentricity.  266 

em =
EI(εmax − εmin)

DN
− d ± wg Eq. 1 

Figure 9(a) shows the experimental load-lateral deflection curves for austenitic stainless 267 

steel columns, while the corresponding load-end shortening curves are provided in Figure 9(b). 268 

No results are presented for CS1 cross-section as the deflections achieved before the tests were 269 

stopped were too low to be appreciated in these figures. Noticeably in Table 5, the ultimate 270 

axial load recorded for the CS4-C1 specimen buckling around major axis is lower than for the 271 

CS4-C2 specimen, which was tested under minor axis buckling conditions. This can be 272 

partially explained by the high initial imperfection measured in the CS4-C1 specimen (see 273 

Table 1) as well as by the load eccentricity introduced in the specimen, as shown in Table 5, 274 
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but most likely due to some local imperfection introduced into the specimen CS4-C1 when 275 

welding the end-plates. These imperfections might have triggered a premature failure of the 276 

column through the local buckling of the extreme sections, as illustrated in Figure 10(a) and 277 

(b). Moreover, the end shortening recorded for CS4-C1 was found to be significantly higher 278 

than for the rest of specimens with a considerable change in the stiffness (see Figure 9(b)), 279 

which corresponded to the local deformations occurring at the welded sections. On the 280 

contrary, note that the local buckling failure occurred at the midspan section for specimen CS4-281 

C2, as shown in Figure 10(c). It should be also recalled that the two column tests for CS3 282 

corresponded to minor axis flexural buckling, reaching similar ultimate loads during the tests.  283 

3. STAINLESS STEEL FRAME SPECIMENS 284 

3.1 GENERAL DESCRIPTION 285 

The experimental programme on frames was comprised of four single-storey and single-bay 286 

austenitic stainless steel portal frames. All frames showed the same nominal height (h) of 2.0 m 287 

and a nominal span between columns (L) equal to 4.0 m, and were fabricated upon the four 288 

RHS cross-sections studied in the previous sections of this paper. Frame 1 to Frame 4 were 289 

fabricated from cold-formed RHS specimens with cross-sections CS1 to CS4, respectively, 290 

with a constant cross-section for both columns and beams for each frame. The connections 291 

between the beams and the columns were performed by welding auxiliary 16 mm-thick steel 292 

plates with an inclination of 45º, based on the stiffened knee joint provided in the CIDECT 293 

design guide [30] for RHS portal frames. These stiffened welded connections were proved to 294 

be capable of achieving plastic bending moment capacities in cold-formed RHS frames by 295 

Wilkinson and Hancock [31]. Likewise, for the connections at supports additional 16 mm-thick 296 

steel plates were welded at the bottom edges of the columns, which were provided with 297 

different perforations. These allowed having boundary conditions representing both fixed- and 298 
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pin-ended supports with the same general configuration by simply changing the number and 299 

location of bolts. 300 

Table 6 summarizes the general definition of frame specimens, in which the overall 301 

geometries, cross-section dimensions and boundary conditions (BC’s) are reported. In this 302 

table, the αcr parameters indicating the susceptibility of the frames to second order effects are 303 

also reported, which have been calculated based on the nominal properties of the frames and 304 

clause §5.2.1 in EN 1993-1-1:2005 [32] from αcr = Fu Fcr⁄ , where Fu is the ultimate load 305 

capacity of the frame predicted by preliminary numerical simulations and Fcr is the elastic 306 

critical in-plane load for a global (sway) buckling mode calculated from a buckle analysis. 307 

According to these preliminary results, Frame 1 and Frame 2 can be considered as non-sway 308 

frames (being αcr > 10, with second order effects being expected to be negligible), while 309 

Frames 3 and 4 are classified as sway frames (with αcr < 10, in which second order effects are 310 

expected to be relevant). Nevertheless, previous studies by Walport et al. [14] demonstrated 311 

that the nonlinear behaviour exhibited by stainless steel alloys has a great influence on the 312 

stiffness reduction of the frames and the corresponding second order effects. Thus, the 313 

alternative definition for the modified αcr,mod  parameter (see Eq. 2) accounting for the 314 

additional stiffness loss in austenitic stainless steel frames proposed in [14] is also reported in 315 

Table 6. In this case, the new αcr,mod is calculated as the product of  αcr, the ratio Ks/K and a 316 

factor 0.8 that adjusts the expression to the specific case of austenitic stainless steel single-317 

storey frames, as shown in Eq. 2. The ratio Ks/K accounts for the further loss of stiffness of the 318 

structure due to material nonlinearity by comparing the stiffness K of the structure at the 319 

ultimate load factor αu obtained from a first order elastic analysis (LA) with the stiffness Ks 320 

obtained from a first order plastic analysis (MNA). As it can be observed, the nonlinear material 321 

response has a noticeable influence on the expected susceptibility of the studied frames to 322 

second order effects.  323 
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αcr,mod = 0.8 
Ks

K
 αcr                                     Eq. 2 324 

Table 6 also reports the calculated column slenderness values λ̅c, based on the effective 325 

length calculations for sway and non-sway frames, as well as the local slenderness values of 326 

the cross-sections in compression λ̅p. Note that according to EN 1993-1-4:2006+A1:2015 [16] 327 

local buckling effects appear beyond a local slenderness value of λ̅p= 0.65, hence the cross-328 

sections used in the fabrication of Frames 1 and 2 correspond to stocky cross-sections in pure 329 

compression, while Frames 3 and 4 correspond to slender cross-sections, in line with the results 330 

reported in Table 3. Alternatively, these cross-sections are classified as Class 1 in bending for 331 

Frames 1 to 3, and as Class 4 for Frame 4, as indicated in Table 4. 332 

3.2 INITIAL IMPERFECTIONS 333 

Characterizing the actual initial imperfections of the frames by measuring the initial geometry 334 

was one of the key aspects in frame tests, as they might have considerable influence on the 335 

response and ultimate capacity of such structures. In addition, the collected data contributed to 336 

the available database on frame imperfection measurements, which is considerably scarce. The 337 

initial geometry of each frame was carefully measured prior to testing once it was put in place by 338 

means of a precision theodolite, as shown in Figure 11. The actual geometry of the columns was 339 

characterized by monitoring five different points along their height, while the position of five 340 

additional points along the beam length was also measured. This allowed introducing accurate 341 

initial imperfections into subsequent numerical studies, as well as evaluating the influence of 342 

member and global initial imperfections on the overall response of the frames. In addition, several 343 

points of the frames were monitored during the tests and their movements were recorded using a 344 

Lidar system (see Figure 11). Preliminary results corresponding to this analysis are available in 345 

[33]. 346 

Figure 12 and Figure 13 show the measured initial geometry for the four stainless steel 347 

frames, together with the perfect geometry of the analysed frames. While Figure 12 presents 348 
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the measured in-plane (X-Z) deviations, Figure 13 shows the out-of-plane (Y-Z) deviations 349 

measured from the columns. Since the measured imperfections were considerably low, they 350 

have been amplified by a factor 40 in Figure 12, and by a factor 5 in Figure 13, in order to 351 

make the imperfection patterns visible, and maximum deviation values are reported for each 352 

frame. Results in Figure 12 indicate that Frames 1 and 2 showed sway-shaped initial 353 

imperfections, while for Frames 3 and 4 the imperfection shapes were assimilable to non-sway 354 

modes. According to EN 1993-1-1:2005 [32], the equivalent sway imperfection to include in 355 

the frame analysis can be estimated through the expression given in clause §5.3.2(3). For the 356 

analysed frames, this expression provides a maximum drift of 8.6 mm at the top of the columns, 357 

which is similar to the imperfection measured for Frame 2, but much higher than the values 358 

recorded for Frames 1, 3 and 4. In a similar way, the maximum deviation due to the inclination 359 

of columns in portal frames according to the erection tolerances given in EN 1090-2:2018 [25] 360 

is equal to 4 mm and therefore, all measured imperfections except for Frame 2 were built in 361 

accordance with [25]. Alternatively, all four frames showed considerable out-of-plane 362 

deviations, as illustrated in Figure 13, which were above the tolerances given in [25]. However, 363 

and since the frames were laterally restrained in several points throughout the duration of the 364 

tests, these imperfections were not expected to influence the behaviour of the tested stainless 365 

steel frames.  366 

4. FRAME TEST SET-UP AND INSTRUMENTATION 367 

This section describes the experimental set-up adopted in stainless steel frame tests, including 368 

the definition of the loading scheme and protocols, the description of auxiliary arrangements –369 

at loading sections, supports and lateral restraint points– and the design and validation of load 370 

cells. The layout of the general test set-up can be seen in Figure 14, in which the most relevant 371 

parts are highlighted and described extensively in the following sub-sections.  372 
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4.1 LOADING SCHEME AND PROTOCOL 373 

The aim of this experimental programme was to investigate the performance of stainless steel 374 

frames subjected to static vertical and horizontal loading. Typical gravity and wind loads, 375 

transferred to frames via purlins and girts, are similar to distributed loads. Since it is difficult 376 

to reproduce this in a laboratory, point loads are usually applied. Another key aspect in frame 377 

tests are the large in-plane sway displacements, which difficult downwards loads to remain 378 

vertical, and applying these loads as gravity loads is usually not feasible due to load magnitude 379 

requirements. These issues have already been reported in the literature by several authors 380 

testing steel frames [34-37]. One of the solutions adopted by some of these authors was the 381 

adoption of gravity load simulators [34], the movement of the vertical actuator to eliminate the 382 

relative horizontal displacement between the strong floor and the loading sections [35,36] or 383 

the adoption of slightly different but equivalent loading schemes in which the horizontal 384 

displacement of column supports was imposed [37]. Based on the equipment available at the 385 

laboratory and the estimated values of the applied loads, this last option was considered the 386 

most suitable for this experimental programme on stainless steel frames.  387 

Preliminary numerical simulations were developed for the two loading schemes shown in 388 

Figure 15 to assess the accuracy of the selected solution. For this, the loading scheme at which 389 

column supports were move away from the fixed point (i.e. loading scheme 2) was studied and 390 

compared to the frame subjected to a horizontal load acting at the right knee connection (i.e. 391 

loading scheme 1). Figure 16 presents the horizontal load-lateral drift paths predicted from 392 

finite element models for Frame 1 for these two loading schemes, showing an equivalent 393 

behaviour. Although the most straightforward loading scheme case for a frame subjected to 394 

vertical and horizontal loading would be loading scheme 1, the limitations regarding vertical 395 

load simulators and reaction walls at the laboratory made loading scheme 2 the most suitable 396 

option to be adopted for the frame tests. 397 
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The adopted loading scheme consisted of two steps: first, the two vertical point loads were 398 

introduced by means of two jacks up to a reference load value Fv,ref corresponding to a certain 399 

percentage of the maximum vertical resistance of the frames Fv,max (see Table 7). These maximum 400 

vertical resistances Fv,max were obtained from preliminary geometric and material nonlinear 401 

analysis with initial imperfections (GMNIA) conducted by means of the advanced finite element 402 

software ABAQUS [38], based on the nominal geometric dimensions and the weighted average 403 

material properties calculated from the values reported in Section 2.1. Then, these vertical loads 404 

were kept constant and the horizontal load was introduced in a second step by imposing a horizontal 405 

displacement to the column supports through a third jack until the frames collapsed. The vertical 406 

loads were introduced by means of two different jacks, at a distance of 785 mm from each 407 

column, as shown in Figure 14, although both jacks were connected to guarantee that the 408 

applied loads were equal at both loading points. For the definition of the position of these point 409 

loads, different aspects were considered: i) second order effects are higher when vertical loads 410 

are applied near the columns; ii) the development of plastic hinges in the beams is favoured 411 

when the vertical loads are applied away from the columns; iii) if the position of the supports 412 

overtakes the position of the applied load when supports are pushed, a change in the frame 413 

behaviour can occur and the deformation of the frame starts to revert. 414 

Considering all this, and the facts that the aim of the experimental programme was to study 415 

second order effects for the sway frames and the plastic behaviour for the non-sway frames, 416 

and that the maximum expected displacement at the supports was 500 mm, vertical loads were 417 

defined to act at a distance of 785 mm away from the columns. The decision of having two 418 

different jacks instead of a single jack with a spreading beam was based on the deformed shape 419 

of the frames once the horizontal loading was applied: when vertical loads are kept constant 420 

and the horizontal effect is introduced, deflections at both loading points are not equal and thus 421 

it is necessary to have two different jacks applying vertical loads for this second step, as the 422 
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spreading beam might not be able to follow these deformations, and vertical loads could be 423 

unequally applied. Different vertical and horizontal loading rates were defined for each of the 424 

frames to ensure safety and reasonable duration of the tests, which were set to an approximate 425 

duration of 90 minutes. The vertical load introduction during the first loading step was 426 

performed under displacement control until the reference loads were reached. During the 427 

second loading step, horizontal loads were also introduced with displacement control, although 428 

the hold of the reference vertical loads was load-controlled. Table 7 reports the rates adopted 429 

for the four frame tests. 430 

4.2 AUXILIARY ELEMENTS 431 

4.2.1 Vertical loading 432 

With the aim of avoiding local web failure (i.e. web crippling), the auxiliary elements shown 433 

in Figure 17 were designed for the vertical loading sections, inspired in the arrangements 434 

described in Li and Young [39]. These elements also contributed to the lateral stability of the 435 

frames and were composed of three steel plates, welded in a U-shape. The horizontal parts had 436 

a small hole in the middle to connect them to the vertical loading jacks. Likewise, the side 437 

plates had two holes to allow inserting supplementary T-shaped elements (composed by a steel 438 

bar welded to a small steel plate) with Teflon plates, which could be adjusted to fit the different 439 

sizes of each cross-section. The correct distribution of the loads was favoured through 10 mm-440 

thick neoprene pads. 441 

4.2.2 Horizontal loading 442 

Horizontal loading was introduced by imposing a displacement at the column supports through 443 

a horizontal jack once the vertical loading had been applied. In order to guarantee the same 444 

imposed horizontal displacement at both supports, a rigid support beam was prepared (see 445 

Figure 14 and Figure 18). This beam was fabricated from two European HEM120 beams, 446 

placed side by side, and connected at certain locations by welding steel plates. A especially 447 
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fabricated load cell was placed in the beam to measure the horizontal reactions at the left 448 

support, as shown in Figure 23(b), which is further described in Section 4.3. The beam was 449 

thus discontinuous at the location at which the horizontal load cell was placed, and the load 450 

cell was bolted to two end plates welded to the end parts of the rigid beam. The location of the 451 

horizontal load cell was carefully chosen after studying the deflections at the rigid beam when 452 

subjected to the maximum expected loads and bending moments, making sure that neither the 453 

rigid beam nor the load cell showed excessive vertical deflections. In addition, the webs of the 454 

HEM120 sections were reinforced by adding stiffeners at the column connection areas as 455 

shown in Figure 18.  456 

The rigid beam was supported on two sliding supports, which allowed a smooth and 457 

frictionless movement of the frames (see Figure 18). These supports were especially fabricated 458 

by MeKano4 S.A, a company specialized in bridge construction solutions. These elements 459 

consisted of steel plates with one of their surfaces covered with a Teflon plate sliding on a 460 

polished stainless steel surface, bolted to the rigid beam by means of four bolts, and connected 461 

to the strong floor through tensioned high strength bars. The length of these elements was equal 462 

to 500 mm, which was the maximum expected horizontal displacement according to the 463 

conducted preliminary finite element analyses. 464 

4.2.3 Column supports 465 

The experimental programme consisted of two stainless steel frames with fixed-ended support 466 

conditions, representing non-sway frames, and two additional sway frames with pin-ended 467 

supports. In order to guarantee these boundary conditions and to simplify the process of 468 

switching frames once they were tested, steel plates were welded at the end faces of each 469 

column. The connection of the specimens to the rigid beam was performed by means of two 470 

additional load cells similar to that shown in Figure 23(a), which were also especially fabricated 471 

and which are described in Section 4.3. These load cells were bolted to the plates welded to the 472 
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column ends, as well as to the rigid beam. Fixed-ended boundary conditions were achieved by 473 

using twelve bolts between the steel plate and the load cell (see Figure 19), while for pin-ended 474 

conditions only four bolts were used (see Figure 20). As these figures show, support sections, 475 

as well as beam-column connections, were further strengthened against localized effects by 476 

welding additional stiffeners, as shown in Figure 19, Figure 20 and Figure 21. 477 

4.2.4 Horizontal displacement restraint point 478 

As described in the previous section, the loading scheme considered in this experimental 479 

programme was based on the fact that the beams of the tested stainless steel frames had 480 

restrained horizontal displacements. For this, steel plates used in the beam-column connections 481 

were prepared with two additional holes and the top parts of the right columns were tied to a 482 

reaction wall by means of high strength bars, as shown in Figure 22. In addition to restraining 483 

in-plane horizontal displacements, this configuration contributed to the lateral out-of-plane 484 

stability of the frames. 485 

4.3 LOAD CELLS 486 

The accurate measurement of support reactions was another key aspect of frame tests, as they 487 

provided essential information for the calculation of the bending moments at any particular 488 

cross-section. Recording total vertical and horizontal applied loads during tests was simple as 489 

they could be directly obtained from the actuators. However, this was not enough since the 490 

distribution of these loads in both supports was required. This meant that during the tests 491 

vertical and horizontal reactions at both supports needed to be measured, as well as moment 492 

reactions for the fixed-ended frames. With the aim of capturing these reactions, three “bespoke” 493 

load cells, similar to those used by Young and Rasmussen [40], were fabricated. Two different 494 

types of load cells were considered: two load cells for vertical supports –measuring vertical 495 

reactions and moment reactions– and one load cell for the rigid beam –measuring horizontal 496 

reactions at the left support. Each load cell consisted of two thick steel plates connected by 497 
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means of four welded solid steel studs, as shown in Figure 23. Four strain gauges were attached 498 

to each of the steel studs, which provided the necessary information for the calculation of the 499 

reaction forces and moments acting on each load cell. 500 

Once load cells were fabricated, they were calibrated on an 8805 INSTRON hydraulic 501 

machine (see Figure 24). The aim of this calibration was to assess the capability of the fabricated 502 

load cells to measure applied loads and moments accurately by comparing them with the 503 

reference values introduced by the actuator. For this, different tests were performed on each of 504 

the three load cells, including concentric and eccentric load cases, with loading protocols at which 505 

the load was applied in 20 kN increments up to a total load of 80 kN, taking 180 second to reach 506 

20 kN and with 5 second holds after each increment, reaching the maximum load after 507 

740 seconds. From the recorded strains, measured loads Nmeas and moments Mmeas were 508 

calculated and compared with the external axial loads Napplied and moments M=Napplied·e, where 509 

e is the load eccentricity, as shown in Figure 24. 510 

4.4 INSTRUMENTATION 511 

In addition to the measurement of support reactions, further magnitudes needed to be recorded 512 

during the tests for an accurate characterization of the performance of stainless steel frames. 513 

Figure 14 shows all measurement devices and magnitudes considered during the tests. 514 

Deflections were measured at the loading sections and midspan sections of the beams by means 515 

of string potentiometers, and the horizontal displacement of the rigid beam was recorded at the 516 

left support in addition to the measurement provided by the horizontal jack to check the 517 

uniformity of the movement. The vertical settlement displacements at supports were also 518 

recorded by means of LVDT transducers, measuring the relative displacements between the 519 

steel plates welded to the column ends and an external fixed reference point (i.e. the strong 520 

floor of the laboratory). One laser device was placed on the top of the right column, in the 521 

section at which the horizontal displacement of the frame was restrained, as a safety 522 
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measurement of possible horizontal movements or elongations at the ties. A second laser device 523 

recorded the out-of-plane displacement of the top left column to monitor the deviation of the 524 

frames from the purely in-plane response. In addition, two inclinometers were placed close to 525 

the support sections to measure column rotations in the in-plane and out-of-plane directions. 526 

Moreover, strains at the four faces of the rectangular hollow sections were recorded by means 527 

of strain gauges to estimate stress distributions and bending moments at certain locations. For 528 

this, column sections located at supports and at heights around 1900 mm from the supports were 529 

chosen. In the beams, vertical loading sections were instrumented, as well as the midspan section 530 

and additional sections adjacent to the beam-to-column connections. From the loading scheme 531 

defined for the frame tests, the critical cross-section –that subjected to the most unfavourable 532 

combination of bending moment and axial force– was the upper point of the right column at 533 

which the horizontal displacement was restrained. Finally, in order to accurately capture the 534 

response of these areas, a Digital Image Correlation (DIC) system was implemented, 535 

contributing to the better understanding of the response of these sections. 536 

5. CONCLUSIONS 537 

This paper and its companion [19] present an extensive experimental programme conducted on 538 

austenitic stainless steel frames at the Laboratory of Technology of Structures and Materials of 539 

the Department of Civil and Environmental Engineering at the Universitat Politècnica de 540 

Catalunya. The experimental programme comprised several tests at different levels –material 541 

characterization, cross-sections and members, and frames– to allow a comprehensive analysis 542 

of the frame test results. 543 

The current paper presents a series of tests on austenitic stainless steel cross-section and 544 

members including eight tensile coupons, four stub columns, four four-point bending moment 545 

and eight column tests. The stress-strain response obtained from tensile tests, as well as the 546 

cross-section and member capacities have been utilized in the planning and analysis of the 547 



23 

 

subsequent tests on austenitic stainless steel sway and non-sway frames. The paper extensively 548 

describes the experimental set-up defined for the stainless steel frame tests, including the 549 

measurement of initial global imperfections and the adopted loading schemes, auxiliary 550 

elements and instrumentation, through a detailed explanation of the different issues 551 

encountered in the process of their definition. These include strategies to guarantee the 552 

verticality of the loads representing gravitational loads during sway deflections, to define the 553 

optimal location of the point vertical loads and to measure all necessary support reactions. 554 

Experimental results and the analysis of all these measurements are exhaustively investigated 555 

in the companion paper [19]. The experience gained in the preparation and execution of these 556 

complex frame tests will help researchers to plan efficiently future experimental programmes 557 

on structural systems. 558 
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FIGURES 

 

Figure 1. Measured stress-strain curves for flat and corner coupons. 

 

 
 

Figure 2. Measured initial local imperfections for specimen CS1-SC. 
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(a)  

 

 

 

 

 

(b)  

Figure 3. (a) Test set-up for stub columns and failure mode for specimen CS4-SC; (b) 

Location of strain gauges in stub column specimens.  

 
Figure 4. Experimental load-end shortening curves for austenitic stainless steel stub columns. 
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Figure 5. Set-up for four-point bending tests. 

 
Figure 6. Experimental load-midspan deflection curves for austenitic stainless steel beams.  
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Figure 7. Measured initial global imperfection for specimen CS3-C1. 

 

 

 

 
Figure 8. Test rig adopted for column tests.  
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(a)  

(b)   

 

Figure 9. Experimental curves for austenitic stainless steel columns: (a) load-lateral 

deflection curves, (b) load-end shortening curves. 
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 (a)  

(b)  

(c)  

Figure 10. Local buckling failure modes in columns with slender cross-section: (a) local 

failure in CS4-C1 at welded section, (b) detail of local failure in CS4-C1 and (c) local failure 

in CS4-C2 at mid-height section. 

  
Figure 11. General view of the theodolite and Lidar system. 
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Frame 1 Frame 2 

  
Frame 3 Frame 4 

  
Figure 12. Measured in-plane initial imperfections in stainless steel frames. 

 

Frame 1 Frame 2 

  
Frame 3 Frame 4 

  
Figure 13. Measured out-of-plane initial imperfections in stainless steel frames. 
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Figure 14. General set-up of stainless steel frame tests. 

 

Loading scheme 1 Loading scheme 2 
  

  
Figure 15. Loading schemes. 

 
Figure 16. Comparison of the responses for the loading schemes considered for Frame 1. 
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Figure 17. General view and details of the vertical loading section auxiliary elements and 

their connection to the jacks. 

 

   
Figure 18. Details of the designed sliding supports and connection elements. 
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Figure 19. Fixed-ended supports (Frame 2) Figure 20. Pin-ended supports (Frame 4) 

 

 
Figure 21. Beam-column connections 
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Figure 22. General view and details of the horizontal displacement restraint point on the 

top of right columns and connection to reaction wall. 

(a)      

(b)  

Figure 23. General view of the designed (a) vertical and (b) horizontal load cells. 
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Figure 24. Calibration process of the load cells. 
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TABLES 

Table 1. Measured geometric properties of the tested specimens. 

Specimen 
H 

[mm] 

B 

[mm] 

t 

[mm] 

Rext 

[mm] 

L 

[mm] 

w0 

[mm] 

wg 

[mm] 

CS1-SC 119.8 80.0 6.0 19.5 360.0 0.046 -- 

CS2-SC 100.2 80.6 3.9 12.7 299.8 0.048 -- 

CS3-SC 120.0 41.5 3.9 12.6 360.3 0.041 -- 

CS4-SC 199.1 103.3 2.8 8.1 600.0 0.241 -- 

CS1-B 120.0 80.0 6.0 21.1 1700.5 -- -- 

CS2-B 99.8 79.8 3.9 12.9 1700.0 -- -- 

CS3-B 120.0 41.1 3.9 12.2 1700.5 -- -- 

CS4-B 199.0 103.0 2.8 10.5 1702.0 -- -- 

CS1-C1 120.2 80.1 6.0 20.3 1500.0 -- 1.08 

CS1-C2 119.9 80.0 6.0 19.5 1502.0 -- 0.55 

CS2-C1 99.5 80.0 3.9 11.4 1500.0 -- 1.04 

CS2-C2 99.5 80.3 3.8 13.3 1500.0 -- 0.69 

CS3-C1 120.2 41.0 3.9 11.8 1500.0 -- 1.13 

CS3-C2 120.0 40.9 3.8 11.7 1500.0 -- 0.77 

CS4-C1 199.0 102.0 2.8 10.7 1500.5 -- 1.82 

CS4-C2 199.0 103.0 2.8 12.2 1500.0 -- 1.33 

 

 

Table 2. Key material characterization parameters from tensile coupon tests. 

Specimen 
E 

[MPa] 
0.05 

[MPa] 

0.2 

[MPa] 

u 

[MPa] 

u 

[mm/mm] 
n m 

CS1-F 185778 396 479 679 0.39 7.05 2.55 

CS2-F 183098 332 398 622 0.36 7.11 2.33 

CS3-F 197066 526 563 721 0.26 7.02 3.82 

CS4-F 188239 331 399 631 0.41 7.09 2.49 

CS1-Co 185360 374 635 840 0.34 5.40 7.89 

CS2-Co 181345 384 539 746 0.45 5.55 7.02 

CS3-Co 172619 454 652 856 0.32 5.52 7.74 

CS4-Co 189123 414 561 757 0.28 5.57 6.88 
   

 

Table 3. Key experimental results for stub column tests. 

Specimen 
Cross-section class 

in compression [16] 

Local slenderness 

λ̅p in compression 

Nc,u 

[kN] 
c,u 

[mm] 
Nc,u/Npl 

CS1-SC 1 0.50 1197.6 1.6 1.01 

CS2-SC 3 0.60 673.8 2.1 1.16 

CS3-SC 4 0.77 552.3 2.0 0.81 

CS4-SC 4 1.64 440.6 2.1 0.63 
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Table 4. Key experimental results for four-point bending tests. 

Specimen 
Cross-section class 

in bending [16] 

Local slenderness 

λ̅p in bending 
Fu 

[kN] 

du 

[mm] 

Mu 

[kNm] 
Mu/Mel Mu/Mpl 

CS1-B 1 0.27 232.6 44.8 59.3 2.02 1.32 

CS2-B 1 0.42 92.4 56.4 23.6 1.60 1.22 

CS3-B 1 0.32 105.6 46.8 26.9 1.68 1.15 

CS4-B 4 0.78 114.3 14.1 29.1 0.81 0.65 
  

 

Table 5. Key experimental results for column tests. 

Specimen 
Flexural 

buckling axis 

Nb,u 

[kN] 

db,u 

[mm] 
b,u 

[mm] 

b,u 

[deg] 

em 

[mm] 

CS1-C1 Major -- -- -- -- 2.65 

CS1-C2 Minor -- -- -- -- 2.97 

CS2-C1 Major 491.9 14.4 7.22 3.11 2.97 

CS2-C2 Minor 454.4 11.2 10.82 2.42 1.13 

CS3-C1 Minor 194.8 13.5 4.83 3.06 1.18 

CS3-C2 Minor 202.5 12.5 5.40 2.83 1.17 

CS4-C1 Major 407.6 0.9 14.17 0.50 4.21 

CS4-C2 Minor 440.1 6.4 8.06 0.54 3.75 

 

 

Table 6. General definition of frame specimens (based on nominal properties). 

Specimen 
Cross-

section 

h 

[m] 

L 

[m] 

BC’s 

(supports) 
αcr αcr,mod 

Column 

slenderness 

λ̅c 

Local 

slenderness 

λ̅p 

Frame 1 CS1 2.0 4.0 Fixed-end 11.7 8.8 0.60 0.50 

Frame 2 CS2 2.0 4.0 Fixed-end 11.8 9.7 0.60 0.60 

Frame 3 CS3 2.0 4.0 Pin-end 3.4 2.6 2.53 0.77 

Frame 4 CS4 2.0 4.0 Pin-end 7.6 6.5 1.15 1.64 

 

 

Table 7. Adopted test rates for vertical and horizontal loading steps in frame tests. 

 
Step 1: Vertical loading 

(Duration: 30 min approx.) 

Step 2: Horizontal loading 

(Duration: 60 min approx.) 

Specimen 
Test rate Fv,ref Proportion of 

Fv,max 

Test rate 

[mm/min] [kN] [mm/min] 

Frame 1 2.00 157.3 65% 3.30 

Frame 2 2.80 85.0 80% 3.30 

Frame 3 1.27 44.6 35% 2.50 

Frame 4 0.67 126.7 40% 0.83 
 

 


