
Characterisation of material and connection behaviour in sheathed

cold-formed steel wall systems - Part 1: experimentation and data

compilation

Constantinos Kyprianou∗, Pinelopi Kyvelou, Leroy Gardner, David A. Nethercot

Department of Civil and Environmental Engineering, Imperial College London, South Kensington Campus,
London SW7 2AZ, UK

Abstract

The material and connection behaviour in sheathed cold-formed steel wall systems are in-

vestigated in the present paper through experimentation. A total of 103 material and com-

ponent tests was performed, including six cold-formed steel tensile coupon tests, nine tests

on screws in tension, nine tests on screws in shear, 36 material tests on plasterboard and

orientated strand board (OSB), 25 pull-through connection tests and 18 push-out (shear)

connection tests. The plasterboard and oriented strand board were tested in both compres-

sion and tension, as well as both longitudinally and transversely to the production direction

of the board. The main objective of the study was to measure and characterise the non-

linear response of all the materials and sheathing-to-steel connection components that are

used in typical cold-formed steel wall systems, to support the ongoing and future develop-

ment of accurate numerical simulations and structural design provisions for such systems.

The present paper focuses on the experimental investigation and the collection of existing

test data from the literature; a description of all the tests performed and a discussion of

the results obtained are provided. The companion paper focuses on the establishment and

assessment of predictive models to describe the responses of the material and connection

components.
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1. Introduction

Wall systems built using cold-formed steel members and sheathed with boards such

as plasterboard and orientated strand board (OSB), are commonplace in the construction

industry and are being increasingly used as load bearing elements. Cold-formed steel frames

have been employed successfully as an alternative to timber and masonry construction for5

low and medium rise buildings, principally due to their speed of construction, lightweight

nature and sound structural performance. Whereas traditionally the contribution of the

sheathing to the strength and stiffness of cold-formed steel columns and walls has been

ignored, it has been shown by several researchers [1–3] that sheathing can offer effective

bracing to columns, provided a suitably strong and stiff inter-connection exists. Thus, it is10

recognized that more efficient design can be achieved if the influence of the sheathing board

is taken into account. First though, a thorough understanding of the material behaviour

of the individual components and of the interaction between them is required. Physical

experiments to characterise the stress-strain response of the constituent materials and the

load-slip connection performance of typical cold-formed steel wall systems are presented in15

this paper. This study is part of a wider research programme into the behaviour and design

of sheathed cold-formed steel wall systems under combined compression and bending.

Experimental studies into the stress-strain response of cold-formed steel, which is typ-

ically more rounded than that of conventional hot-rolled steel, due to the influence of the

cold-forming process, have been widely reported in the literature [4–6]. Studies into the20

stress-strain response of sheathing material are, however, more scarce. A detailed experi-

mental study into the mechanical properties of various types of plasterboard was reported in

[7], while further test results were presented in [8]. Similarly, results of tensile and compres-

sive tests on OSB were presented in [9] and [10]. The key properties obtained from tests on

OSB were also presented in [11], along with an empirical material model for use in numerical25

simulations.
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The nonlinear interaction between the board and the column in cold-formed steel wall

systems, as well as the failure mode of the connectors, are dependent on the arrangement,

type and material characteristics of the various system components. Past studies [12–16]

have focused primarily on the shear characteristics of the interface owing to its importance30

when the studied wall systems are designed to act as diaphragms. Individual shear connec-

tion tests, featuring OSB and plasterboard as the sheathing and a range of steel thicknesses

and screw connector sizes, were reported in [14, 17–22]. Experimental studies into the shear

response of sheathing-to-cold-formed steel connections have also been conducted for vari-

ous other types of board material, including cement based boards [18, 23], calcium silicate35

boards [22, 24], fibre cement boards [25] and Bolivian manganese boards [22].

When sheathed cold-formed steel members are subjected to compression, bending or a

combination of the two, the forces that develop along the interface between the steel and

sheathing can cause excessive separation (pull-through failure) or slip (shear failure) between

the two elements, if the strength and stiffness of the connection is not sufficient. A combina-40

tion of pull-through and bearing failures for connections in assemblies with plasterboard and

cold-formed steel were reported in [26, 27]. Although screw and sheathing manufacturers

tend to report characteristic pull-through capacities, experimental data on screws failing

purely by pull-through are very limited.

An experimental investigation into the material response of the different components45

used to form a typical sheathed cold-formed steel wall system, as well as the load-slip

behaviour of the employed fasteners in pull-through and shear are presented herein. In

Section 2, a description of the material and screw connector tests, along with the obtained

results, is provided, while the results of the pull-through tests featuring various arrangements

of plasterboards and OSB, are presented in Section 3. Push-out tests, examining the shear50

behaviour of cold-formed steel-to-sheathing connections are reported in Section 4. In Section

5, the results from corresponding material and connection tests reported in the literature

are collected and compared to those obtained in the present study. In the companion paper

[28], the combined dataset is analysed and used to underpin the development of predictive

models.55
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2. Material and component testing

Material tests were carried out to determine the stress-strain behaviour of the cold-formed

steel and sheathing material used in the pull-through and shear tests, while experiments to

determine the ultimate load-carrying capacity of the employed screw connectors were also

undertaken. Testing was carried out in the Structures Laboratory of Imperial College London60

under controlled temperature and humidity conditions, in the range of 20 - 24 °C and 30 -

50% respectively.

2.1. Cold-formed steel

Tensile coupon tests were conducted to determine the engineering stress-strain behaviour

of the cold-formed steel material of grade S450 galvanised with Z275 zinc coating. Four65

coupons were extracted longitudinally from the web of 150 mm deep lipped channel sections

of 1.2 mm and 2.0 mm nominal thickness (two coupons for each thickness) while, for each

thickness, one coupon was also extracted from the coil prior to section forming. The nominal

dimensions of the tensile coupons are illustrated in Figure 1.

13
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Figure 1: Nominal dimensions of steel tensile coupons (in mm)

2.1.1. Testing tensile cold-formed steel coupons70

The tensile coupons were tested in accordance with BS EN ISO 6892 [29] where an axial

strain rate of 0.00007 s−1 was initially applied and gradually increased to 0.00025 s−1 after

the 0.2% proof stress had been reached through three intermediate strain rate steps. A 150

kN Instron 5984 testing machine was used, along with the Bluehill data acquisition system,

collecting data every second.75

To capture the strains at the early stages of testing accurately, two strain gauges were

mounted on each coupon (one per side). An optical video extensometer with a gauge length
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(a) Tensile coupon at point of failure (b) Optical extensometer reading during testing

Figure 2: Test setup for cold-formed steel tensile coupons

of 50 mm was also used as an additional method of capturing strain measurements. Illus-

trations of the strain gauges and the optical extensometer are shown in Figure 2.

2.1.2. Results of tensile cold-formed steel coupons80

The key measured material properties of the tested coupons are presented in Table 1

while the full stress-strain curves are illustrated in Figure 3. The notation of the coupons

begins with the letter C, followed by the nominal thickness of the material (×10) in mm and

then, either the number of the test for the repeated tests or the word ”coil” for the samples

taken from the coil. In Table 1, E is the Young’s modulus, σ0.2 is the 0.2% proof stress85

(considered as the yield strength), σ1.0 is the 1% proof stress, σu is the ultimate strength,

εsh is the strain at the end of the yield plateau, εu is the strain at σu, εf is the elongation

at fracture measured over the standard gauge length [29] and n and m are the two-stage

Ramberg-Osgood strain hardening exponents [4]. The average measured material properties

and thickness ts for the nominally 1.2 mm and 2.0 mm thick cold-formed steel coupons are90

presented in Table 2.

2.2. Plasterboard

Material tests were performed on standard type gypsum-based plasterboard, designated

as Type A in accordance with EN 520 [30], of average measured thickness and density of 12.5
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Table 1: Material properties obtained from tensile coupon tests on cold-formed steel

Coupon ID E (GPa) σ0.2 (MPa) σ1.0 (MPa) σu (MPa) εsh (%) εu (%) εf (%) n m

C12-coil 207 502 533 539 - 3.25 7.31 8.5 4.0

C12-1 207 499 528 532 - 3.44 7.03 8.9 4.0

C12-2 205 500 527 532 - 3.28 6.56 8.7 4.0

C20-coil 210 519 516 589 2.05 10.5 17.9 - -

C20-1 203 509 514 588 1.92 9.77 16.2 - -

C20-2 205 518 523 591 1.71 9.75 16.0 - -
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Figure 3: Stress-strain curves of tensile coupons of (a) 1.2 mm and (b) 2.0 mm thickness

Table 2: Average material properties obtained from tensile coupon tests on cold-formed steel

ts (mm) E (GPa) σ0.2 (MPa) σ1.0 (MPa) σu (MPa) εsh (%) εu (%) εf (%) n m

1.19 206 500 529 534 - 3.32 6.97 8.7 4.0

1.99 206 515 518 589 1.89 10.0 16.7 - -
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mm and 665 kg/m3 respectively. A standard type A plasterboard is composed of a gypsum95

based core encased and bonded to durable paper on one face to which suitable plastering

and finishes may be applied, and to a much coarser and weaker paper lining on the other

side which is not intended to carry any decoration. This type of board is typically used as

sheathing for metal frame stud walls and ceilings.

2.2.1. Tensile and compressive plasterboard tests100

Tensile and compressive material tests were carried out to determine the stress-strain

curves and key material properties of the examined plasterboard. The tests were performed

in accordance with EN 789 [31], which provides guidance on determining the mechanical

properties of wood-based panels; this standard was used in preference to EN 520 [30], which

is a specification for gypsum plasterboard, since more extensive information on the deter-105

mination of compressive and tensile properties is provided [7]. Tests were carried out on

specimens loaded both longitudinally and transversely to the production direction of the

board. Five tensile tests and four compressive tests were performed for each direction; 18

plasterboard material experiments were carried out in total.

The dimensions of the tensile and compressive coupons are shown in Figures 4 (a) and110

4 (b) respectively. Each compressive coupon comprised four boards glued together using

a spray adhesive which was non-absorbent and hence would not be expected to alter the

mechanical properties of the plasterboard. For the tensile coupons, failure occurred within

the parallel length - see Figure 5 (a). For the compressive coupons, load was introduced

through a hemispherical bearing, seated on a steel plate, to achieve a uniform applied stress,115

as shown in Figure 5 (b). The coupons were tested under displacement control, at a rate

of 0.25 mm/min, using a 150 kN Instron 5984 testing machine, while the Bluehill data

acquisition system was used to record data every second.

Although 50 mm long strain gauges, typically used for concrete samples, were initially

considered, finally these were not used due to difficulties in attaching them to the plas-120

terboard surface. Hence, for capturing accurately the overall strain field of the examined

systems, digital image correlation (DIC) was employed. A speckle pattern was first applied
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to all specimens to allow the use of DIC. The non-contact optical DIC system was used with

two cameras tracking the same speckled pattern from two different angles. The DaVis V.10

[32] software was employed to record and process the images captured at a frequency of 2125

Hz. One linear variable displacement transducer (LVDT) was also mounted on the reverse

side of each specimen, out of view of the DIC, as shown in Figure 5, providing a second

method of measuring the overall deformation of the specimen. The LVDT measurements

were recorded using the Bluehill data acquisition system at one second intervals.

50

30400 200

70

30

30

70

(a) Dimensions of tensile coupons in mm

50

240

4 layers

(b) Dimensions of compressive coupons in mm

Figure 4: Dimensions of (a) tensile and (b) compressive plasterboard coupons
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(a) Plasterboard tensile coupon test (b) Plasterboard compression coupon test

Figure 5: Test setup for (a) tensile and (b) compressive material tests on plasterboard

2.2.2. Results of material tests on plasterboard130

Loading of all specimens was continued until failure could be clearly observed. The

adopted notation for the tensile and compressive plasterboard coupons begins with PL,

denoting plasterboard, following by the letter t for tension or c for compression, then the

capital letter L or T to designate longitudinal or transverse respectively and, finally, the test

number.135

Failure of the tensile specimens was marked by a sharp decrease in load, together with

the development of a distinct horizontal crack in both the internal gypsum and the outer

paper surfaces, perpendicular to the direction of the applied load, as shown in Figures 5

(a) and 8 (b). The key measured properties of the plasterboard from the tensile tests - the

Young’s modulus in tension E, the ultimate tensile stress fu and the corresponding strain εu140

are provided in Table 3. The stress-strain curves for the longitudinal and transverse tensile

coupons, shown in Figure 7 (a) and (b) respectively, generally exhibit a rounded profile

with no distinct yield point. Two transverse specimens, T1 and T3, displayed initial peaks

before dropping to the rounded stress-strain responses exhibited by other specimens; this

behaviour may relate to the weaker paper not failing until after the internal gypsum core145
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had fractured or a delay in the fracture of the internal gypsum core. Note that these two

sharp peaks were ignored when determining the ultimate tensile strength fu, as indicated in

Table 3.

Two distinct modes of failure were observed for the compressive plasterboard specimens:

(a) a diagonal shear plane across the four plasterboards and (b) crushing of the material,150

with the outer boards folding outwards and vertical cracks forming within the boards, both

of which can be seen in Figure 10. Failure appeared to be essentially simultaneous across

the four boards for both modes of failure. The profile of the stress-strain curves obtained

from the compression tests was consistent for both the longitudinal and transverse speci-

mens, featuring an elastic region, some loss of stiffness, attainment of the peak stress and155

then a gradual decrease in stress. The key measured properties of the plasterboard from

the compression tests - the Young’s modulus in compression E, the ultimate compressive

strength fu, the corresponding strain εu and the strain εu,0.8 at which the post peak stress

level had dropped to 80% of the ultimate strength, are reported in Table 4. The notation

defining the key points on the material stress-strain is illustrated in Figure 6.160

While the difference between the stiffness of the longitudinal and transverse samples

was small for both the tensile and compressive tests, a difference of 30% was observed

between the values of stiffness in tension and compression. In terms of strength, the ultimate

compressive stress was similar in the two loading directions (transverse and longitudinal),

while the ultimate tensile stress showed far greater variation, with higher strengths in the165

longitudinal direction.
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Figure 6: Notation defining key points on material stress-strain curves
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Figure 7: Stress-strain curves obtained from plasterboard tensile coupon tests in (a) the longitudinal and

(b) the transverse directions
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(a) Plasterboard tensile coupon before test

(b) Plasterboard tensile coupon after test

Figure 8: Typical plasterboard tensile coupon (a) before and (b) after test

Table 3: Key tensile material properties from plasterboard coupon tests

Loading direction Specimen E (MPa) fu (MPa) εu (%)

Longitudinal

PL-t-L1 1580 1.39 0.74

PL-t-L2 1880 1.41 0.54

PL-t-L3 1770 1.48 0.62

PL-t-L4 1630 1.40 0.51

PL-t-L5 1380 1.54 0.65

Average 1650 1.45 0.61

COV 0.10 0.05 0.15

Transverse

PL-t-T1 1780 0.68* 0.37

PL-t-T2 1620 0.71 0.41

PL-t-T3 1850 0.65* 0.37

PL-t-T4 1720 0.66 0.36

PL-t-T5 1390 0.63 0.38

Average 1670 0.67 0.38

COV 0.11 0.04 0.05

* Sharp peaks ignored in the determination of fu
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Figure 10: Failure modes observed in compressive coupon tests on plasterboard in (a) the longitudinal and

(b) the transverse directions
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Table 4: Key compressive material properties from plasterboard coupon tests

Loading direction Specimen E (MPa) fu (MPa) εu (%) εu,0.8 (%)

Longitudinal

PL-c-L1 2210 3.97 0.21 0.24

PL-c-L2 2130 3.93 0.22 0.27

PL-c-L3 1790 3.83 0.26 0.30

PL-c-L4 2290 3.51 0.22 0.69

Average 2110 3.81 0.23 0.37

COV 0.10 0.05 0.11 0.57

Transverse

PL-c-T1 2120 3.44 0.25 0.46

PL-c-T2 2130 3.14 0.21 0.46

PL-c-T3 2170 3.39 0.20 0.28

PL-c-T4 2080 3.33 0.26 0.50

Average 2130 3.33 0.23 0.42

COV 0.02 0.04 0.13 0.24

2.3. Oriented strand board (OSB)

Orientated strand boards are multi-layered boards made from strands of wood bonded

together with adhesive. In the external layers, the strands are aligned while in the internal

layers the strands tend to be either randomly orientated or perpendicular to the direction170

of the external layers. As part of the experimental programme presented herein, material

tests were carried out on type OSB/3 oriented strand boards, suitable for load-bearing use

in humid conditions, as indicated in EN 300 [33] and EN 1995-1-1 [34]. The tested material

had on average measured thickness of 11 mm and a density of 590 kg/m3.

2.3.1. Tensile and compressive tests on OSB material175

Determination of the tensile and compressive mechanical properties of the OSB was

conducted in accordance with the provisions of EN 789 [31]. Similarly to the approach

followed for the plasterboard material testing, tests were carried out on specimens cut both
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longitudinally and transversely to the production direction of the board. In total, ten tensile

and eight compressive OSB material tests were carried out.180

The dimensions of both the tensile and compressive coupons were the same as those of

the plasterboard coupons illustrated in Figure 4. The employed test setup (see Figure 11)

and procedure were also the same. Digital image correlation with two cameras recording

images at a frequency of 2 Hz was employed for measuring the strains, while the acquisition

of load and strain measurements was carried out using the Bluehill data acquisition system185

and DaVis v.10 [32] respectively.

(a) Tensile OSB coupon test (b) Compression OSB coupon test

Figure 11: Test setup for OSB coupons in (a) tension and (b) compression

2.3.2. Results of OSB material tests

All tests were carried out until failure of the coupons could be observed. The notation

of the OSB tensile and compressive coupons begins with the capital letters OSB; this is

followed by the letter t for tension or c for compression, then the capital letter L or T to190

designate the coupons as either longitudinal or transverse and finally the number of the test.
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Sudden failure without any significant plastic deformation was exhibited by all tensile

coupons, as apparent in the stress-strain curves depicted in Figure 12. The failure mode of

a typical tensile coupon is shown in Figure 13. The key measured material properties are

listed in Table 5. The values of the Young’s modulus and tensile strength of the longitudinal195

coupons were found to be, on average, about 40% and 70% higher, respectively than those of

the transverse coupons. This is attributed to the direction of production of the OSB panels,

with the orientation of the strands parallel to the loading direction having a beneficial

influence on the material response.

The stress-strain curves of the coupons tested in compression were rounded, with a200

gradual decrease in stiffness prior to the peak strength and a gradual post peak softening

response - see Figure 14. The two main failure modes that were observed for both sets

of coupons (i.e. longitudinal and transverse) were diagonal shear and folding out of the

external surfaces resulting in horizontal cracks between the boards; these are shown in

Figure 14. The key measured compressive material properties are reported in Table 6.205

Similarly to in tension, the Young’s modulus in compression was about 40% higher in the

longitudinal direction than in the transverse direction. However, the ultimate compressive

strength fu was only 13% higher in the longitudinal direction than in the transverse direction.

The key material properties were generally similar in tension and compression, except for

ultimate strength in the transverse direction, which was about 50% higher in compression210

than tension.
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Figure 12: Stress-strain curves obtained from OSB tensile coupon tests in (a) the longitudinal and (b) the

transverse directions

(a) Before test

(b) After test

Figure 13: Typical OSB tensile coupon (a) before and (b) after test.
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Table 5: Key measured tensile material properties from OSB tests

Loading direction Specimen E (MPa) fu (MPa) εu (%)

Longitudinal

OSB-t-L1 4020 10.5 0.30

OSB-t-L2 3960 12.1 0.33

OSB-t-L3 4490 13.9 0.40

OSB-t-L4 4330 11.2 0.37

OSB-t-L5 3720 10.7 0.42

Average 4100 11.7 0.37

COV 0.07 0.12 0.13

Transverse

OSB-t-T1 2980 5.86 0.26

OSB-t-T2 2650 6.51 0.39

OSB-t-T3 3040 7.74 0.41

OSB-t-T4 3200 7.85 0.42

OSB-t-T5 1800 7.11 0.37

Average 2940 7.01 0.37

COV 0.07 0.12 0.17
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Figure 14: Stress-strain curves obtained from OSB compressive coupon tests in (a) the longitudinal and (b)

the transverse directions
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(a) Longitudinal (b) Transverse

Figure 15: Failure modes observed in the OSB compression tests in (a) the longitudinal and (b) the transverse

directions

Table 6: Key measured compressive material properties from OSB tests

Loading direction Specimen E (MPa) fu (MPa) εu (%) εu,0.8 (%)

Longitudinal

OSB-c-L1 4510 12.2 0.37 0.48

OSB-c-L2 3620 12.2 0.41 0.62

OSB-c-L3 3810 12.5 0.48 0.60

OSB-c-L4 4140 11.3 0.34 0.48

Average 4020 12.1 0.40 0.54

COV 0.10 0.05 0.15 0.14

Transverse

OSB-c-T1 3230 9.7 0.42 0.53

OSB-c-T2 2490 9.0 0.44 0.63

OSB-c-T3 2750 11.6 0.57 0.69

OSB-c-T4 2630 12.3 0.57 0.80

Average 2780 10.7 0.50 0.66

COV 0.12 0.15 0.16 0.17

2.4. Screw connectors

Three different types of screw connectors of 3.5 mm, 4.8 mm and 5.5 mm diameter were

examined in this study and tested in tension and shear. The three types of screws considered
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are illustrated in Figure 16 and the average measured geometric properties are reported in215

Table 7, where d is the nominal diameter of the screw, ds,thr is the diameter at the threads,

ds,sh is the diameter of the shank excluding the threads, ds,hd is the diameter of the head of

the screw, ss,thr is the pitch between the threads, hs,hd is the depth of the head and ss,nonthr

is the non-threaded length of the shank below the head of the screw and before the start of

the threads.220

The 3.5 mm diameter screws had a bugle head and sharp tip and can be self-driven into

up to 2.2 mm thick steel; these screws are typically used for attaching plasterboard to cold-

formed steel sections. The 4.8 mm diameter screws are typically employed for attaching OSB

sheathing to cold-formed steel sections while the 5.5 mm diameter screws were examined to

investigate the effect of a larger screw diameter. Both of the 4.8 mm and 5.5 mm diameter225

screws had ”wings” just above the screw tip; these were manually removed to allow a direct

comparison with the screws of 3.5 mm diameter.

(a) (b) (c) (d)

ds,thr

ds,sh

ss,thr

hs,hd

ds,hd

ss,nonthr

Figure 16: Types of screws considered (a) 3.5 mm (b) 4.8 mm and (c) 5.5 mm in diameter

Table 7: Average measured dimensions of screw connectors

d (mm) ds,thr (mm) ds,sh (mm) ds,hd (mm) ss,thr (mm) hs,hd (mm) ss,nonthr (mm)

3.5 3.51 2.63 8.36 1.15 3.33 1.67

4.8 4.73 3.50 10.02 1.45 4.00 0.25

5.5 5.38 4.04 10.55 1.65 4.48 1.63
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2.4.1. Tensile and shear tests on screws

Tensile screw tests were performed using an 150 kN Instron 5984 hydraulic testing ma-

chine; the screws were held in the specifically designed jig shown in Figure 17. Within the230

jig, the bugle head screw was free to rotate in part 1 and screwed into part 2 - see Figure

17. The force F was applied under displacement control at a constant rate of 0.25 mm/min,

while data were collected using the Bluehill data acquisition system at one second intervals.

Screw

Jig part 1 Jig part 2

FF

Figure 17: Jig for tensile testing of screw connectors

Double shear screw tests were performed using an 150 kN Instron 5984 testing machine

by means of the setup shown in Figure 18, where tension was maintained throughout testing235

to avoid any movement/slippage of the screw during loading. The force F at each shear

plane was applied using displacement control at a constant rate of 0.25 mm/min; the Bluehill

data acquisition system was employed to collect data at one second intervals.

Screw

2F2F

Figure 18: Test setup for double-shear tests on screw connectors, applying force F at each shear plane

2.4.2. Results of tensile and shear tests on screws

Three tensile tests and three double shear tests were performed for each of the three

different screws; the results are summarised in Tables 8 and 9 respectively, where Fu,s is the
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ultimate tensile resistance and Fu,v is the ultimate shear resistance. The ultimate tensile

stresses fu,s can be calculated using Equation 1.

fu,s =
Fu,s

π(ds,sh
2/4)

(1)

Table 8: Results of tensile tests on screws

Fu,s (kN) for three screw diameters:

Test number 3.5 mm 4.8 mm 5.5 mm

Test 1 5.92 9.72 10.19

Test 2 6.36 8.90 11.09

Test 3 6.08 8.86 11.20

Average 6.12 9.16 10.83

COV 0.04 0.05 0.05

Table 9: Results of shear tests on screws

Fu,v (kN) for three screw diameters:

Test number 3.5 mm 4.8 mm 5.5 mm

Test 1 3.64 5.12 6.45

Test 2 3.37 4.95 5.95

Test 3 3.49 5.38 5.99

Average 3.50 5.15 6.13

COV 0.04 0.04 0.05

The experimental ultimate shear resistances Fu,v reported in Table 9 were found to be

within 3% of the shear resistance values calculated from Equation 2 using the measured

ultimate tensile stresses fu,s and screw shank diameters ds,sh.

Fu,v = π
ds,sh

2

4

fu,s√
3

(2)
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3. Pull-through behaviour of screws connecting sheathing to cold-formed steel240

Although pull-through tests have featured in some studies [2, 27], this failure mode in

isolation has not been extensively investigated in the literature. Hence, a series of pull-

through tests are presented herein. The resistance of the examined connectors depends on

the combined effect of the connector head bearing into the surface of the board and the

screw threads interacting with the board material.245

In total, 25 pull-through tests, covering five different cases, were carried out; the relevant

details are given in Table 10. The specimen identification system starts with the letters PT,

followed by the nominal diameter of the screw connector (×10) in mm, then the number of

layers of board and finally a letter corresponding to the board type (with P for plasterboard

and O for OSB). It should be mentioned that the use of double layer plasterboards is common250

practice to provide increased fire resistance.

Table 10: Details of pull-through test specimens

Designation Screw diameter No. of boards Individual layer thickness Board material No. of tests

(mm) (mm)

PT-35-1P 3.5 1 12.5 Plasterboard 5

PT-35-2P 3.5 2 12.5 Plasterboard 5

PT-55-1P 5.5 1 12.5 Plasterboard 5

PT-55-2P 5.5 2 12.5 Plasterboard 5

PT-48-1O 4.8 1 11.0 OSB 5

Total: 25

3.1. Pull-through tests

Pull-through testing specifications for timber based materials, such as OSB, and plas-

terboard, are provided in EN 1383 [35] and EN 14566 [36] respectively. Although both

procedures are similar, for consistency, testing was performed in accordance with the pro-255

visions of EN 1383 for all tests, using the setup shown in Figures 19 and 20. The board

specimens were cut in squares of 100×100 mm. Each screw was driven vertically through

the middle of the board (or two boards) with its head finishing flush to the board surface
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- see Figure 19. The screws were then pulled through the board via a circular hole of 60

mm diameter at the base of a steel box by means of a screw clamp and loading clamp, as260

shown in Figure 20. Load was applied in displacement control at a constant rate of 0.25

mm/min using an 150 kN Instron 5984 testing machine. Data were acquired using the

Bluehill software system at one second intervals.

To capture the net embedment δpt of the screw into the board, two measurements of

displacement were taken: the vertical deflection of the board adjacent to the screw and the265

vertical displacement of the screw itself - see Figure 20 (b). The net embedment of the screw

δpt, as indicated in Figure 19, was determined by subtracting the deflection of the board

from that of the screw. The load-displacement curves from the two LVDTs for a typical case

are shown in Figure 21 (a), while the corresponding calculated embedment of the screw δpt,

is shown in Figure 21 (b). The results for all tests are presented in the following section.270

60 mm

100 mm

Load/2 Load/2

Load

δpt

δpt

Double board

Single board

Screw
3 mm thick 
steel plate

Board
(1 or 2 layers)

Screw clamp

Loading clamp

Figure 19: Schematic illustration of pull-through test arrangement
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Tensile loading jack

Steel box with circular 
    hole at bottom

Clamping jack

Mount for LVDTs

Specimen with screw

LVDTs

(a)

LVDT on screw

LVDT on board

(b) (c)

Figure 20: Pull-through test setup: (a) overall arrangement, (b) employed instrumentation and (c) bottom

view
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Figure 21: Load-displacement curves from pull-through tests (a) from two LVDTs (one on screw and one

on adjacent board) and (b) showing the net embedment δpt and key properties, where Fu,pt is the ultimate

pull-through resistance, δu,pt is the corresponding displacement and Ko,40 is the secant stiffness at 0.4Fu,pt

3.2. Results of pull-through tests

For all specimens, testing was continued until failure was clearly marked by a substantial

drop in load. For the plasterboard specimens, failure occurred suddenly in the manner
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shown in Figure 22. The OSB specimens exhibited a more gradual decrease in load post

peak; testing was ended after the load had decreased by at least 20% relative to the peak.275

Load–net embedment curves, where net embedment δpt is defined in Figure 21 (b), are given

for the single board specimens in Figure 23 and for the double board specimens in Figure

24. Note that in Figure 23, for clarity, graphs are provided for each test on two separate

horizontal scales. For the double layer test specimens, a third graph is also provided in Figure

24 up to a net embedment of 8 mm to include the second peak in the load-displacement280

curves, which was found to be a feature of the double board specimens.

The load-displacement profile of the curves shown in Figure 23 for the 3.5 mm and the

5.5 mm diameter screw specimens are distinctively different in shape, with the 3.5 mm screw

specimens exhibiting a more rounded and ductile response. This behaviour is attributed to

the shape of the underside of the head of the screws, which is flatter in the case of the 3.5285

mm diameter screws resulting in delayed cutting of the paper at the board surface and hence

improved ductility.

A similar profile can be observed for the initial stage of the load-displacement curves of

the double board specimens, shown in Figure 24, since the same screw types as those used in

the respective single board arrangements were employed. Hence, doubling the board layers290

does not significantly affect the initial behaviour because the dominant effect of the shape

of the screw head in the early stages of loading remains the same. The first peak in capacity

and the initial stiffness of the double board specimens, when compared to their single board

equivalents, are shown to be 20-30% and 60-70% higher, respectively, due to the extra screw

thread length engaged in the second layer of plasterboard. A characteristic of the two board295

specimens are the two peaks shown in Figure 24 (a1) and (a2). For the 3.5 mm screws, the

two peaks are more distinct with a decrease in load of about 20% between them, while for

the 5.5 mm screws, the profile of the load-displacement is flatter. The displacement δpt at

which the second peaks occurred is around 6 mm, which corresponds approximately to the

mid-depth of the first board.300

The OSB pull-through load displacements curves are shown in Figures 23 (c1) and (c2),

where a smooth profile can be observed both before and after the peak capacity. This is
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attributed to the screw being pulled through a relatively homogeneous timber-based mate-

rial, unlike in the plasterboard arrangement where the gypsum core and outer surface paper

layers have very different properties.305

The key measured properties, as defined in Figure 21 (b), are tabulated for the single

and double board specimens in Tables 11 and 12 respectively. These properties include

the peak capacity Fu,pt, the displacement at the peak capacity δu,pt and the secant stiffness

Ko,40, calculated by dividing the load at 40% of Fu,pt by the corresponding displacement, as

shown in Figure 21 (b). For the specimens comprising two boards, the peak capacity and310

corresponding displacement at the second peak are denoted by Fu,pt,2 and δu,pt,2 respectively.

Finally, the post peak properties Fu,pt,0.8 and δu,pt,0.8 are also provided, where Fu,pt,0.8 is the

load at 80% of Fu,pt and δu,pt,0.8 is the corresponding displacement. For the tests with the 5.5

mm screws and two boards, since the load did not decrease as low as Fu,pt,0.8 between Fu,pt

and Fu,pt,2, Fu,pt,0.8 was taken as the lowest point between the two peaks and δu,pt,0.8 as the315

corresponding measured displacement. A summary of the average measured key properties

is provided by Table 13.

(a) (b) (c)

Figure 22: Failure of plasterboard pull-through specimens: (a) top view, embedded screw (b) bottom view

of board failing (c) rupture of the underside of plasterboard forming a conical surface
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Figure 23: Single board pull-through load-displacement curves for (a) PT-35-1P, (b) PT-55-1P and (c)

PT-48-1O on a horizontal scale up to 2 mm (a1, b1, c1) and up to 0.5 mm (a2, b2, c2)
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Figure 24: Two layer board pull-through load-displacement curves for (a) PT-35-2P and (b) PT-55-2P on

a horizontal scale up to 8 mm (a1, b1), up to 2 mm (a2, b2) and up to 0.5 mm (a3, b3)
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Table 11: Experimental results from pull-through tests with single boards

Designation Ko,40 (kN/mm) Fu,pt (kN) δu,pt (mm) Fu,pt,0.8 (kN) δu,pt,0.8 (mm)

PT-35-1P-1 9.49 0.47 0.31 0.38 0.37

PT-35-1P-2 10.0 0.45 0.40 0.36 0.44

PT-35-1P-3 12.6 0.47 0.22 0.38 0.43

PT-35-1P-4 11.0 0.50 0.34 0.40 0.37

PT-35-1P-5 9.26 0.49 0.38 0.40 0.44

Average 10.5 0.48 0.33 0.38 0.41

COV 0.13 0.05 0.21 0.05 0.09

PT-55-1P-1 13.4 0.54 0.10 0.43 0.16

PT-55-1P-2 15.8 0.46 0.07 0.37 0.11

PT-55-1P-3 11.9 0.50 0.17 0.40 0.24

PT-55-1P-4 13.3 0.46 0.11 0.37 0.16

PT-55-1P-5 16.9 0.52 0.17 0.42 0.22

Average 14.2 0.50 0.12 0.40 0.18

COV 0.14 0.07 0.33 0.07 0.29

PT-48-1O-1 17.9 1.39 0.42 1.12 2.08

PT-48-1O-2 17.5 1.40 0.56 1.12 2.32

PT-48-1O-3 18.8 1.47 0.55 1.18 2.42

PT-48-1O-4 19.4 1.62 0.74 1.29 2.46

PT-48-1O-5 18.9 1.29 0.41 1.03 2.71

Average 18.5 1.44 0.54 1.15 2.40

COV 0.04 0.08 0.25 0.08 0.10

30



Table 12: Experimental results from pull-through tests with two layers of board

Designation Ko,40 (kN/mm) Fu,pt (kN) δu,pt (mm) Fu,pt,0.8 (kN) δu,pt,0.8 (mm) Fu,pt,2 (kN) δu,pt,2 (mm)

PT-35-2P-1 14.0 0.74 0.92 0.59 1.83 0.76 4.81

PT-35-2P-2 17.7 0.65 0.80 0.52 2.05 0.74 5.77

PT-35-2P-3 15.6 0.73 0.90 0.58 1.65 0.79 7.24

PT-35-2P-4 17.1 0.66 0.86 0.53 2.30 0.76 7.42

PT-35-2P-5 17.9 0.69 0.98 0.55 2.29 0.74 6.90

Average 16.5 0.69 0.89 0.55 2.03 0.76 6.43

COV 0.10 0.06 0.08 0.06 0.14 0.03 0.17

PT-55-2P-1 31.1 0.66 1.24 0.61* 1.91* 0.91 5.43

PT-55-2P-2 18.4 0.59 1.42 0.56* 1.94* 0.89 5.63

PT-55-2P-3 27.6 0.63 1.42 0.61* 1.81* 0.78 3.90

PT-55-2P-4 29.5 0.65 1.28 0.60* 2.16* 0.85 5.09

PT-55-2P-5 21.4 0.67 1.70 0.65* 1.84* 0.90 4.75

Average 25.6 0.64 1.41 0.61 1.93 0.86 4.96

COV 0.21 0.05 0.13 0.05 0.07 0.06 0.14

*Load did not drop to 80% of Fu,pt; Fu,pt,0.8 taken as lowest point between the first and second peaks

Table 13: Average measured results from pull-through tests

Designation Ko,40 (kN/mm) Fu,pt (kN) δu,pt (mm) Fu,pt,0.8 (kN) δu,pt,0.8 (mm) Fu,pt,2 (kN) δu,pt,2 (mm)

PT-35-1P 10.5 0.48 0.33 0.38 0.41 - -

PT-35-2P 16.5 0.69 0.89 0.55 2.03 0.76 6.43

PT-55-1P 14.2 0.50 0.12 0.40 0.18 - -

PT-55-2P 25.6 0.64 1.41 0.61* 1.93* 0.86 4.96

PT-48-1O 18.5 1.44 0.54 1.15 2.40 - -

*Load did not drop to 80% of Fu,pt; Fu,pt,0.8 taken as lowest point between the first and second peaks

4. Shear behaviour of screws connecting sheathing to cold-formed steel

The principal action resisted by fixings connecting two elements and resisting relative320

slip between them is shear. Hence, the shear behaviour of an individual connection between

two elements (the sheathing and the steel in the present context) is characterised by its load-

slip response. A procedure to determine the shear behaviour and strength of a connection
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between plasterboard and timber is provided in EN 520 [30] - see Figure 25 (a). This test

procedure was adapted by Fiorino et al. [18] where, instead of timber members, two cold-325

formed steel sections were used, with the plasterboard screwed to the opposite flanges of the

cold-formed steel profiles. Similar test setups with plasterboard connected to both sides of

cold-formed steel members were employed in [14, 17, 20, 22], while test arrangements with a

single board and flat cold-formed steel plates were reported in [21]. According to EN 1994-1-1

[37], push-out tests are the standard means for determining the shear behaviour and capacity330

of connectors in composite construction - see Figure 25 (b). Therefore, several researchers

have adopted this approach to determine the shear behaviour of fasteners connecting cold-

formed steel sections and various types of boards, including plasterboards [38], timber based

boards [5, 39] and cement based boards [23]. The latter approach is considered to be more

representative of how a typical stud column is loaded in practice, and is therefore employed335

herein.

In total, 18 push-out tests were performed with the varied parameters being the screw

size, the number of plasterboard layers and the steel thickness in order to investigate their

influence on the load-slip behaviour in shear. Details of the six investigated combinations

of tests parameters are provided in Table 14; three repeat specimens were tested for each340

combination. The adopted labelling system for the test specimens begins with the letters

PO for push-out tests, followed by the nominal diameter of the screw in mm multiplied by

ten, then by 1P or 2P for single or double plasterboard layers respectively and finally by the

nominal thickness of the steel section in mm multiplied by ten. The key characteristics of

the steel, plasterboard and screws are as provided in Section 2.345
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(b)

Figure 25: Standard tests for measuring the shear behaviour of a connector between two elements: (a)

pull-test in EN 520 [30] and (b) push-test in Eurocode 4 [37]

Table 14: Combinations of parameters investigated in push-out tests

Designation Screw diameter (mm) No. of boards Steel thickness (mm) No. of tests

PO-35-1P-12 3.5 1 1.2 3

PO-35-2P-12 3.5 2 1.2 3

PO-35-1P-20 3.5 1 2.0 3

PO-35-2P-20 3.5 2 2.0 3

PO-55-1P-12 5.5 1 1.2 3

PO-55-2P-20 5.5 2 2.0 3

Total: 18

4.1. Push-out tests

Schematic views of the employed push-out test setup are shown in Figure 26. The

test specimens consisted of two back-to-back 400 mm long cold-formed steel lipped channel

sections of 150 mm depth and 44 mm width, with square 400 × 400 mm boards connected

to their flanges. Single or double layers of plasterboard were connected to the steel sections350

with four screws.
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Loading was applied to the push-out specimens by a 750 kN Instron hydraulic testing

machine in the arrangement shown in Figures 26 and 27. The specimens were loaded under

displacement control at a constant displacement rate of 0.25 mm/min. The slip δpo between

the steel section and the boards, illustrated in Figure 26, was measured using four LVDTs,355

as shown in Figure 28 (b); the LVDTs were mounted on the steel section and recorded the

slip between steel and the inside surface of the boards, as shown in Figure 27, to eliminate

any additional displacement from the potential crushing of the plasterboard edges under the

compression load.

Load and slip were recorded at one second intervals using the DATASCAN acquisition360

system. Load-slip measurements were reported after averaging the four LVDT displace-

ment readings and after dividing the force recorded from the hydraulic actuator by eight to

calculate the load per screw.

34



Before and after loading

Load

50

75

200

75

50

156

44

44

156

22
22

150

δpo

Loading jack
Loading plate

Shimming plates

Cold-formed steel section

Plasterboards
(one or two layers)

Self-driving screw

Figure 26: Schematic views of push-out test arrangement in elevation and from above. All dimensions are

given in mm.
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Figure 27: Experimental arrangement for push-out tests
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Figure 28: (a) Overview and (b) top view of push-out test specimens
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4.2. Results of push-out tests

All tests were carried out until failure or until the recorded slip exceeded three times365

the diameter of the screw fixing. Typical failure modes are shown in Figure 30. For the

single board arrangements, the main failure mode observed was bearing of the screw into

the board and tilting of the screw. For the double board arrangements, the failure modes

also featured bearing and tilting, but this was accompanied in some cases by pull-through

and screw bending; screw shear failure occurred for the specimens featuring the smaller370

diameter (3.5 mm) screws in the thicker steel section (2 mm). On the back surface of the

plasterboards, the weaker paper was torn as the screw tilted downwards, as shown in Figure

30 (c).

The measured load-slip (δpo) responses per connector are given in Figure 31 for the single

board specimens and in Figure 32 for the double board specimens. For each set of tests,375

two graphs are given – one up to a slip of 16 mm, to show the overall response to the end of

the test and a second up to a slip of 2 mm to enable the initial part of the load-slip profile

to be seen more clearly. As expected, the shape of the load-slip response for all specimens

with one layer of plasterboard is consistent since all the screws failed in a similar manner

by tilting and bearing into the plasterboard. Higher capacities were achieved with the use380

of the 5.5 mm screws, compared to the conventional 3.5 mm ones, which is expected due to

the larger contact area between the screw and the board.

The key measured properties from the push-out tests are tabulated for the single and

double layer board specimens in Tables 15 and 16 respectively, where Fu,po is the ultimate

shear capacity per screw, δu,po is the displacement at the ultimate capacity, Ko is the initial

stiffness calculated using Equation (3) and Ko,40 is the secant stiffness measured at 40% of

Fu,po.

Ko =
1

n

(
n∑

i=1

Ko,i

)
while Ko,n ≥ 0.75Ko,1 (3)

Ko is the the average value of the secant stiffnesses calculated between the points at 0.1Fu,po

and either 0.4Fu,po or up to the point where the calculated stiffness is no less than 75%

of the stiffness calculated at 0.1Fu,po (with Ko,i being the secant stiffness corresponding to385
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point i). The Ko,40 stiffness is typically reported in the literature [17, 18] and therefore

represents a useful reference value, while Ko provides a more accurate representation of the

initial stiffness, particularly when there is high degree of nonlinearity in the early stages

of the load-slip response. Calculation of Fu,po, δu,po and Ko for typical load-slip curves per

connector in shear are illustrated in Figure 29.390

Fpo

Ko
δu,po δpo

Fu,po

Fu,po0.4

Fu,po0.1
K

Ko,i

o,1

Ko,n 0.75Ko,1≥

Figure 29: Typical load-slip curve per connector in shear and calculation detail for the initial stiffness Ko

A summary of the average measured properties from the push-out tests, along with the

observed failure modes, is provided in Table 17. The failure modes are also illustrated in

Figure 33. A combined failure mode is indicated by the + sign while progress to additional

modes is indicated by the → sign. Higher capacities are observed when two boards are

used, while thicker steel reduced tilting and increased bearing along the whole length of the395

screw in contact with board resulting in higher initial stiffness. A 180% increase in Fu,po

was achieved by increasing the diameter of the screw from 3.5 mm to 5.5 mm, increasing

the number of layers of plasterboard from one to two and thickening the cold-formed steel

section from 1.2 mm to 2.0 mm. It is important to note that the 5.5 mm screws are not

designed for use with plasterboards and therefore, their head shape is not ideal; a flatter400

head would have led to further improvements in performance, as demonstrated with the

pull-through tests in Section 3.
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(a) (b) (c)

Figure 30: Illustration of key aspects of failure modes (a) pull-through of screw for double board specimens,

(b) bearing and tilting of screw for single board specimens and (c) typical failure surface on the back of the

plasterboard
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Figure 31: Single layer plasterboard push-out load-slip responses, averaged per screw, for (a) PO-35-1P-12,

(b) PO-35-1P-20 and (c) PO-55-1P-12 over a horizontal scale up to 16 mm (a1, b1, c1) and up to 2.0 mm

(a2, b2, c3)
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Figure 32: Double layer plasterboard push-out load-slip responses, averaged per screw, for (a) PO-35-2P-12,

(b) PO-35-2P-20 and (c) PO-55-2P-20 over a horizontal scale up to 16 mm (a1, b1, c1) and up to 2.0 mm

(a2, b2, c3)
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Table 15: Measured results from push-out tests on single board specimens

Designation Ko (kN/mm) Ko,40 (kN/mm) Fu,po (kN) δu,po (mm)

PO-35-1P-12-1 1.11 0.78 0.51 10.3

PO-35-1P-12-2 1.19 0.75 0.48 9.97

PO-35-1P-12-3 1.13 0.80 0.47 10.7

Average 1.14 0.77 0.49 10.3

COV 0.04 0.03 0.04 0.04

PO-35-1P-20-1 3.51 0.90 0.54 12.7

PO-35-1P-20-2 3.11 0.95 0.53 8.35

PO-35-1P-20-3 3.35 1.03 0.55 11.0

Average 3.32 0.96 0.54 10.7

COV 0.06 0.07 0.01 0.20

PO-55-1P-12-1 1.03 0.84 0.58 5.10

PO-55-1P-12-2 1.10 0.80 0.59 6.33

PO-55-1P-12-3 0.99 0.80 0.61 5.02

Average 1.04 0.81 0.59 5.48

COV 0.05 0.03 0.02 0.13
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Table 16: Measured results from push-out tests on double board specimens

Designation Ko (kN/mm) Ko,40 (kN/mm) Fu,po (kN) δu,po (mm)

PO-35-2P-12-1 2.88 0.45 0.81 11.9

PO-35-2P-12-2 1.79 0.39 0.87 11.4

PO-35-2P-12-3 2.11 0.40 0.90 12.0

Average 2.26 0.41 0.86 11.8

COV 0.25 0.08 0.05 0.03

PO-35-2P-20-1 0.91 0.46 0.67 4.72

PO-35-2P-20-2 0.89 0.47 0.75 6.02

PO-35-2P-20-3 1.22 0.47 0.75 5.45

Average 1.00 0.47 0.72 5.40

COV 0.18 0.02 0.06 0.12

PO-55-2P-20-1 0.50 0.48 1.38 12.0

PO-55-2P-20-2 0.57 0.49 1.42 11.7

PO-55-2P-20-3 0.53 0.51 1.36 11.2

Average 0.54 0.49 1.38 11.6

COV 0.06 0.02 0.02 0.03

(a) (b  ) ( ) (d) (e) (f)c

Figure 33: Illustrations of the observed failure modes for (a) PO-35-1P-12, (b) PO-35-2P-12, (c) PO-35-1P-

20, (d) PO-35-2P-20, (e) PO-55-1P-12 and (f) PO-55-2P-20 specimens
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Table 17: Average measured results from push-out tests

Designation Ko Ko,40 Fu,po δu,po Failure mode

(kN/mm) (kN/mm) (kN) (mm)

PO-35-1P-12 1.14 0.77 0.49 10.3 T + B

PO-35-2P-12 2.26 0.41 0.86 11.8 T + PT → M

PO-35-1P-20 3.32 0.96 0.54 10.7 T + B

PO-35-2P-20 1.34 0.47 0.72 5.40 T + PT → M → S

PO-55-1P-12 1.04 0.81 0.59 5.48 T + B

PO-55-2P-20 0.54 0.49 1.38 11.6 T + PT → M

T = tilting; B = bearing; PT = pull-through; M = bending of screw; S = shear failure of screw

5. Assemblage of experimental database

Experimental data from the literature, to complement those reported herein, have been

collected. The combined dataset are utilised for the development and assessment of pre-405

dictive models in the companion paper [28]. Data from material tests on cold-formed steel

have not been collected since a detailed review and development of a predictive model for

the description of stress-strain curves for cold-formed steels has been recently performed

in [4], where more than 700 experimental stress-strain curves were collected and analysed.

Similarly, in [40], more than 500 stress-strain curves for hot-rolled steel were assessed and410

predictive models were developed. Also, no data were found in the literature for the indi-

vidual mode of screw pull-through in plasterboard or OSB. Data collection was therefore

focused on plasterboard and OSB material and the behaviour of screw connectors in shear.

5.1. Data on material behaviour

5.1.1. Plasterboard415

A summary of the experimental data on the material properties of standard type plas-

terboard, both from the the current study and collected from the literature is presented in

Table 18, along with the number of tests from each source. The average material properties
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are provided in the Table 18, while the individual stress-strain curves are examined in the

companion paper [28]. The employed notation is as defined in Section 2.2.420

In the experimental studies reported in [7], tests were performed on five different types

of plasterboard, two of which are considered to be standard and have hence been included in

Table 18. Three tensile coupons of 12.5 mm and 15.0 mm thick standard plasterboard tested

in the longitudinal direction were reported in [8] as part of an experimental investigation on

stud walls. For all the gathered experimental data, full stress-strains curves were provided425

and are examined in the companion paper.

Table 18: Summary of key average material properties from the present study and the literature on standard

plasterboard

Tension Compression

Source Thickness Density No. of E fu εu No. of E fu εu εu,0.8

(mm) (kg/m3) tests (MPa) (MPa) (%) tests (MPa) (MPa) (%) (%)

Longitudinal

Present study 12.5 665 5 1650 1.45 0.61 4 2110 3.81 0.23 0.37

Petrone et al. [7] 12.5 720 15 1940 1.86 0.98 14 2470 3.28 0.19 0.36

Petrone et al. [7] 18.0 862 16 4630 1.56 0.74 16 3310 5.48 0.22 0.28

Selvaraj et al. [8] 12.5 NR 3 2100 1.29 0.96 - - - - -

Selvaraj et al. [8] 15.0 NR 3 2270 1.40 0.90 - - - - -

Transverse

Present study 12.5 665 5 1670 0.67 0.38 4 2130 3.33 0.23 0.42

Petrone et al. [7] 12.5 720 16 1540 0.80 0.45 16 2130 3.02 0.30 0.65

Petrone et al. [7] 18.0 862 15 3900 0.68 0.20 15 3080 4.94 0.22 0.31

NR = not reported

5.1.2. OSB

A summary of the experimental data on the material properties of orientated strand

boards (OSB), both from the current study and from the literature [9–11], are presented

in Table 19. The number of tests and average properties from each source are reported430

along with the number (in brackets) of the available full stress-strain (σ-ε) curves, which

are examined individually in the companion paper [28]. A database of 120 stress-strain
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curves for 9.5 mm thick OSB is reported in [9] for specimens tested both in tension and

compression, cut at 0°, 45° and 90° to the direction of production of the board. Tests along

these three directions were also performed in tension only in [10] and in both compression and435

tension in [11]. In [10], no stress-strain curves are provided, but the mean values of Young’s

modulus and strength are reported for the core and outer surfaces of an 18 mm thick type 3

OSB (OSB/3); the properties reported in Table 19 are those of the outer surfaces. Similarly,

average properties are reported in [11], with only two stress-strain curves provided as typical

examples in the longitudinal direction, both for tension and compression.440

Characteristic values of key design properties such as density, Young’s modulus and

ultimate strengths in bending, compression and tension, both parallel and perpendicular to

the direction of production of the board, for thicknesses of less than 25 mm are provided in

EN 12369-1 [41]. In Table 19 the relevant properties for OSB/3, for thicknesses between 10

mm and 18 mm are provided for comparison with the the results of this study and the data445

gathered from the literature.

The results of the current study in tension are generally consistent with those reported

in the literature, whereas in compression, the obtained values of strength are approximately

5-15% lower than the results from the literature. The tensile strength in the longitudinal

direction given in EN 12369-1 [41] is approximately 20% lower compared to the results from450

the current study and literature. On the other hand, the compressive strength reported

in EN 12369-1 [41] is approximately 10% higher compared to the data reported in the

literature and 20-25% higher compared to the results of this study, both for the longitudinal

and transverse load directions.
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Table 19: Summary of key average material properties from the present study and the literature on OSB

Tension Compression

Source Thickness Density No. of tests E fu εu No. of tests E fu εu εu,0.8

(mm) (kg/m3) (σ-ε curves) (MPa) (MPa) (%) (σ-ε curves) (MPa) (MPa) (%) (%)

Longitudinal

Present study 11 590 5 (5) 4100 11.7 0.37 4 (4) 4020 12.1 0.40 0.54

Chen and He [9] 9.5 580 20 (20) 3160 12.1 0.38 20 (20) 3250 13.6 0.55 0.65

Plenzler et al. [10] 18 594 5 (NR) 5150 11.2 NR - - - - -

Zhu et al. [11] 9 575 8 (1) 3770 11.9 0.39 5 (1) 3650 14.1 0.58 0.78

EN 12369-1 [41] 10-18 550 NR 3800 9.4 NR NR 3800 15.4 NR NR

Transverse

Present study 11 590 5 (5) 2940 7.01 0.37 4 (4) 2780 10.7 0.50 0.66

Chen and He [9] 9.5 580 20 (20) 2330 9.7 0.42 20 (20) 2490 11.3 0.61 0.70

Plenzler et al. [10] 18 594 5 (NR) 3720 6.15 NR - - - - -

Zhu et al. [11] 9 575 8 (NR) 2560 7.55 0.29 5 (NR) 2770 12.6 NR NR

EN 12369-1 [41] 10-18 550 NR 3000 7.0 NR NR 3000 12.7 NR NR

at 45°

Chen and He [9] 9.5 580 20 (20) 2760 10.9 0.39 20 (20) 2770 12.5 0.57 0.66

Plenzler et al. [10] 18 594 5 (NR) 4850 5.84 NR - - - - -

Zhu et al. [11] 9 575 8 (NR) 3170 9.14 0.29 5 (NR) 3100 13.9 NR NR

NR = not reported

5.2. Shear behaviour455

Test data on the shear behaviour of screws connecting boards to cold-formed steel have

been collected from the literature based on the following three conditions. Firstly, only

standard plasterboard and OSB were considered. Secondly, tests in which the screws were

located near to the edge or end of the board, leading to the board breaking away [14, 16, 18,

20–22], were ignored; all other failure modes were considered. Finally, data obtained from460

both push and pull tests were considered but only under monotonic loading.

A summary of the key details and average results from the shear behaviour tests featuring

screwed connections between cold-formed steel and plasterboard or oriented strand board

collected from the literature [14, 17, 19–22, 38] is presented in Table 20, along with the

results of the current study. The data from a total of 51 tests on plasterboard specimens465

from seven different sources and 42 tests on OSB specimens from five different sources were
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collected. Full load-displacement (F -δ) curves were available for 42 of the plasterboard tests

and 24 of the OSB tests, which allowed calculation of properties such as the initial stiffness

Ko (as described in Section 4.2) and the analysis of the form of the response, as examined in

the companion paper [28]. For each group of tests, along with the number of test data from470

each source and the average measured properties (Fu,po, δu,po, Ko,40 and Ko), key details for

each group of tests are provided, such as the diameter of the screws and the thicknesses of

the steel sections and boards. The observed failure modes are also provided.

Some comments on the data collection follow. The pull tests performed in [17] and

[20] with connectors spaced at different distances apart were grouped together since the475

variation in spacing between the connectors did not have a strong effect on the results, while

the tests performed in [20] with overdriven screws and those that examined the influence

of the humidity content of the board were excluded. For the tests reported in [21], only

the room temperature specimens, and not those subjected to elevated temperatures were

considered.480

Regarding the observed modes of failure, for tests comprising a single layer plasterboard,

the main failure mode was tilting of the screws and subsequent bearing into the material.

On the other hand, for the OSB test specimens, bending of the screws was shown to be

the principal mode of failure after some initial tilting and bearing into the material. Tilting

of the screws generally arises in specimens with weaker and thinner board material while485

screw bending occurs when the board is sufficiently strong or thick to restrict tilting and

hence enforce flexure of the screws. The thickness of the steel also plays a role, with thicker

material restricting tilting of the screws [39]. For the groups of tests in the current study

employing two layers of plasterboard, screw bending was dominant. Pull-through usually

developed eventually in all cases, following the types of failure mentioned above, for both490

the plasterboard and OSB specimens.

As described in Section 4.2, the test specimens with two layers of plasterboard, 2.0 mm

thick steel and 3.5 mm screws all featured failure of the screws in shear. Peterman et al.

[17] reported similar shear failures of the screws in specimens with 4.8 mm diameter screws

connecting OSB material to 2.46 mm thick steel. In both studies (i.e. the present study and495
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[17]), when the same tests were repeated using thinner steel sections, the ultimate load was

higher and shearing of the screw did not occur. Although further investigation is needed to

support this, it appears that when the steel is thick enough (at least half the diameter of the

screw connector) and the board is sufficiently strong (either through material strength or

thickness), shearing of the screw can occur as a result of high shear, coupled with bending500

and axial tension in the screw.

From the collected data, it can be observed that the average stiffness calculated at 40% of

the peak load Ko,40 varies between about 0.4 and 1.8 kN/mm for the plasterboard specimens

and between about 0.6 and 1.9 kN/mm for the OSB specimens. The average initial stiffness

Ko can be seen to be consistently higher than Ko,40 for all test specimens, indicating early505

nonlinearity of the load-displacement curves.

The ultimate capacities of the specimens with a single board and 3.5 mm screws from the

current study are generally similar to those reported in the literature [17, 19, 20, 38]. When

two layers of plasterboard are used, increases in capacities of up to 75 % over equivalent

setups with a single layer of plasterboard were found in both the present study and the510

literature [21]. The average ultimate capacities from the present study and the literature for

the OSB specimens are about three to four times higher than the respective plasterboard

specimens; this is attributed to the higher stiffness and strength of the OSB, which changes

the main failure mode from tilting to bending of the screw. Displacements at the ultimate

capacities δu,po can be seen to be rather variable from the collected data. For the plasterboard515

data, the shear push-out test specimens, examined in this study, exhibited δu,po values in

excess of 10 mm, whereas the pull-out test specimens, the results of which were collected

from the literature [17, 19, 21, 22], tend to exhibit lower δu,po values, ranging between 2 - 7

mm.
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Table 20: Summary of key average results from shear behaviour tests from the present study and the

literature

Source No. of Full F - δ Screw diameter Steel thickness Board thickness Fu,po δu,po Ko,40 Ko Failure mode

tests curves (mm) (mm) (mm) (kN) (mm) (kN/mm) (kN/mm)

Plasterboard

Present study 3 3 3.5 1.2 12.5 0.49 10.3 0.77 1.14 T + B

3 3 3.5 1.2 2 × 12.5 0.86 11.8 0.41 2.26 T + PT → M

3 3 3.5 2.0 12.5 0.54 10.7 0.96 3.32 T + B

3 3 3.5 2.0 2 × 12.5 0.72 5.40 0.47 1.00 T + PT → M → S

3 3 5.5 1.2 12.5 0.59 5.48 0.81 1.04 T + B

3 3 5.5 2.0 2 × 12.5 1.38 11.6 0.49 0.54 T + PT → M

Peterman et al. [17] 4 4 3.5 0.84 12.7 0.51 7.49 0.61 0.63 T + B + PT

4 4 3.5 1.37 12.7 0.56 6.48 0.61 0.70 T + B + PT

4 4 3.5 2.46 12.7 0.48 4.19 0.74 1.03 T + B + PT

Fiorino et al. [19] 6 2 3.5 1.0 12.5 0.60 4.28 1.77 2.49 T + PT

Ye et al. [22] 6 4 4.8 0.9 12.5 0.75 3.77 0.69 0.82 T + B

2 NR 4.8 1.2 12.5 0.79 3.5 NR NR T + B

Chen et al. [21] 1 1 4.2 1.00 12.5 0.72 1.35 0.99 1.07 T + B

1 1 4.2 1.00 2 × 12.5 1.04 1.87 1.17 1.20 T + B

Stergiopoulos et al. [38] 1 NR 3.5 1.2 12.5 0.5 NR 0.54 NR T + B + PT

OSB

Peterman et al. [17] 4 4 4.8 0.84 11.1 1.98 7.62 0.85 1.50 T + M + PT

4 4 4.8 1.37 11.1 2.16 6.73 1.52 1.95 T + M + PT

5 4 4.8 2.46 11.1 1.66 2.49 1.90 2.33 B + M + S

Fiorino et al. [19] 16 4 4.2 1.0 9 1.69 5.60 1.05 2.26 T + M + PT

Vieira and Schafer [20] 1 1 4.8 1.81 11.1 2.35 8.13 1.19 1.42 T + M

Ye et al. [22] 6 4 4.8 0.9 18 1.98 9.27 0.50 0.62 T + B + M

Serrette et al. [14] 3 NR 3.5 0.88 11.1 1.03 NR NR NR T + B + M + PT

Total: 86 59

T = tilting; B = bearing; PT = pull-through; M = bending of screw; S = shear failure of screw

NR = not reported

6. Conclusions520

An experimental investigation into the material response of, and interaction between,

the different components of a typical sheathed cold-formed steel wall system has been pre-

sented. A total of 103 material and component tests was performed, covering tensile tests on

cold-formed steel coupons, compressive and tensile material tests on OSB and plasterboard

coupons (extracted from both the longitudinal and transverse board directions), tensile and525

shear screw connector tests and, finally, pull-through and push-out (shear) tests to examine

the behaviour of screwed steel-to-board connections.

The material tests conducted on plasterboard revealed that, although the values of
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Young’s modulus and compressive strength were similar for the longitudinal and trans-

verse directions, the ultimate tensile stress in the longitudinal direction was substantially530

higher than in the transverse direction. Also, the mechanical properties of the plasterboard

material in compression were found to be higher than in tension.

The response of the OSB material was found to be influenced significantly by the direction

of loading relative to the production direction of the board, with higher values of Young’s

modulus and strength measured in the longitudinal direction compared to the transverse535

direction. This anisotropy is related to the orientation of the strands in the OSB, which are

generally parallel to the direction of production (i.e. the longitudinal direction).

Addressing a lack of relevant test data in the literature, a series of pull-through ex-

periments was conducted, featuring different types of screws and sheathing boards – OSB

and plasterboards, with the latter board type studied in both single and double layer ar-540

rangements. The shape of the underside of the screw head was found to have a significant

influence on the pull-through response, with flatter heads resulting in delayed cutting of the

paper at the board surface and hence in improved ductility. Using two layers of plasterboard

led to average increases of 60% in stiffness and 30% in strength, when compared to a single

plasterboard layer. The specimens with the OSB sheathing reached ultimate capacities of545

about three times those attained by the single layer plasterboard specimens.

To investigate the shear behaviour of screwed connections between cold-formed steel

sections and sheathing boards, push-out tests were undertaken, with the varied parameters

being the screw size, the number of board layers and the steel thickness. The shear strength

of the connection was found to increase with increasing steel thickness, screw diameter and550

number of plasterboard layers. The main failure modes were screw tilting and screw bending,

with the latter mode being more prominent in the specimens with the stronger and thicker

boards.

Finally, experimental data from the literature, to complement those reported in the

present paper, have been collected and discussed. In the companion paper, the combined555

dataset is employed for the development and assessment of analytical models to describe

the observed mechanical responses of the material and components in sheathed cold-formed
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steel wall systems.
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