







	[image: images]
	Journal of Renewable Materials
	[image: images]






DOI: 10.32604/jrm.2021.017223

ARTICLE

Slenderness Ratio Effect on the Eccentric Compression Performance of Chamfered Laminated Bamboo Lumber Columns

Ke Zhou1,2, Haitao Li1,2,*, Assima Dauletbek1,2, Dong Yang1,2, Zhenhua Xiong3, Rodolfo Lorenzo4, Kun Zhou5, Ileana Corbi6 and Ottavia Corbi6

1College of Civil Engineering, Nanjing Forestry University, Nanjing, 210037, China
2Joint International Research Laboratory of Bio-Composite Building Materials and Structures, Nanjing Forestry University, Nanjing, 210037, China
3Ganzhou Sentai Bamboo Company, Ltd., Ganzhou, 341001, China
4University College London, London, WC1E 6BT, UK
5Guangxi Lvjing Bamboo Company Ltd., Guilin, 541402, China
6University of Naples Federico II, Naples, 80133, Italy
*Corresponding Author: Haitao Li. Email: lhaitao1982@126.com
Received: 23 April 2021; Accepted: 09 May 2021


Abstract: Eccentric compression tests on 15 chamfered laminated bamboo lumber (LBL) columns with a height ranging from 600 to 3000 mm were conducted in order to study the eccentric mechanical performance. The failure of all specimens was caused by the crack of bamboo fiber in the tensile region. When the ultimate strength was reached, except specimens with a height of 600 mm, all other specimens could bear large deformation, showing good ductility. The lateral displacements of the specimens under eccentric compression were approximately parabolic in the direction of column height. The ultimate bending moment of LBL columns with different slenderness ratios under compression with the same initial eccentricity was a fixed value. The relationship between ultimate capacity, axial displacement, lateral displacement, and slenderness ratio was analyzed based on test results. It was found that the plane section assumption could be used to express the stress and strain distribution of chamfered LBL columns under eccentric compression. A method for calculating the ultimate bearing capacity was proposed using a constitutive model based on the Ramberg-Osgood relation and the empirical formula for calculating the ultimate capacity was given on the basis of the former research as well as the test results in this paper.
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1  Introduction

With the rapid development of modern society, sustainable buildings made of timber or bamboo-based materials are more and more popular because of the high demand for a better living environment for human beings. Timber has been used as a construction material for thousands of years [1–5], however, bamboo [6–13] as a green and natural material that can be harvested in 4–5 years combined with its excellent mechanical properties, has more potential for popularization. Laminated bamboo lumber (LBL) [14–18] is a type of engineered bamboo [19–23] that can be made into structural elements of different sizes according to construction needs while making up the organic limitations of natural bamboo and maintaining the excellent mechanical properties.

Many researchers have investigated the mechanical properties of LBL. Wang et al. [24] analyzed the influence of bamboo nodes on the tensile properties parallel to the grain of side press-laminated bamboo lumber and found that LBL could well meet the physical and mechanical requirements of practical applications. Chen et al. [25] studied the basic mechanical properties of LBL and indicated that it has properties that are comparable to or surpass those of wood-based products and achieve the same good performance as other engineered bamboo products. Mahdavi et al. [26] found that the stiffness of LBL was comparable to that of wood, showing that LBL can be used in building structures. Yang et al. [27] studied the off-axis compressive performance of LBL and examined the applicability of the commonly used strength criteria on LBL. Karyadi et al. [28] investigated the mechanical properties of box-section LBL beams with different sidewall thickness and found that the strength of the beam significantly increased with the increase of the sidewall thickness. Sharma et al. [29] compared the LBL properties of different processing methods, results showed that the compressive and shear performances were improved after heat treatment, the tensile performance decreased while the bending properties remained. After testing 10 large-scale LBL beams, Wei et al. [30] concluded the failure phenomena and suggested that the flexural modulus of 10 GPa could be used to verify the deformation of LBL beams. Lima et al. [31] found that the failure of the LBL beams depends on the joint type, the joint position, and the adhesive used for bonding. By comparing the properties of bamboo glued beams (BGB) and LBL beams, Sinha et al. [32] found that the allowable tensile, bending strength, and mean strength of the LBL beams were higher.

Compression performance were also studied about bamboo specimens. Harries et al. [33] found the significant effects of taper on culm compression capacity by conducting a series of buckling analyses of tapered culms. Wang et al. [34] carried out tests to evaluate the effect of slenderness ratio and aramid fiber-reinforced polymer on the laminated bamboo columns and found that both fiber-reinforced polymer and slenderness ratio had a substantial impact on failure modes, ultimate load-carrying capacities, and displacements. Li et al. [35,36] studied the failure mode, ultimate capacity, axial displacement, lateral displacement of LBL columns with rectangular sections, and different slenderness ratios and proposed an empirical equation of ultimate capacity. Existing investigations [35] on the compression and bending properties of columns with different eccentricities were relatively comprehensive, while the studied slenderness ratios [36] were only ranging from 29 to 59, which cannot meet the size requirements in structural applications.

As discussed above, some scholars have investigated the mechanical properties of laminated bamboo lumber but there are still a lot of work needs to be done due to a lot of influencing factors and the development of manufacturing techniques. In the old days, it was not an easy thing to produce big structural elements. Even though it was no problem for make longer structural members the mechanical properties were not stable, and that was why the slenderness ratio values for the former research were less than 60. With the development of the science and techniques, structural elements with bigger size and stable mechanical performance could be produced. As there is still no design codes for laminated bamboo lumber buildings, it is meaningful to continue the former research and investigate the eccentric compression properties with bigger slenderness ratios which are close to the real construction site. This paper will study the mechanical properties of chamfered LBL columns with slenderness ratios from 21 to 106 under eccentric loading.

2  Test Design

For this study, the specimens were produced by Jiangxi Ganzhou Sentai bamboo Co., Ltd., Ganzhou, China with Phyllostachys pubescens as raw material. The natural bamboo poles were processed into long and thin bamboo strips with the size of 2005 mm × 21 mm × 7 mm and then pressed at 157°C under 9 MPa pressure for 15 min. The cross-section of the specimens is shown in Fig. 1. The compressive and tensile strengths of LBL were 60 and 90 MPa, while the ultimate tensile and compressive strains were 0.012 and 0.02, respectively, and the compressive yield strain was 0.003.
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Figure 1: Cross-section

Considering the effect of the slenderness ratio, LBL column specimens were divided into 5 groups with the height of 600, 1100, 1700, 2300 and 3000 mm as shown in Fig. 2a, each group contained 3 specimens. All the specimens were named by the rule of “E + height”, for example, “E3000-1”. The eccentric direction of the LBL column was tangential as shown in Fig. 2b. To record the test conveniently, the planes of LBL columns were named as A, B, C, and D in a counterclockwise direction, as Fig. 2c.
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Figure 2: Test design (a) Test specimens (b) Eccentric direction (c) Method of specimen marking (d) Layout of measuring points (e) Test site

The test was designed according to the Standard for Test Methods of Timber Structures (GB/T 50329-2012). Each specimen had transverse and longitudinal strain gauges, while five longitudinal strain gauges were glued to plane A to verify the plane section assumption. For columns with lengths of 600 and 1100 mm, three laser displacement sensors (LDS) were set at the quarter points of the columns to record the lateral displacement, as shown in Fig. 2d. For 1700, 2300 and 3000 mm columns, only one laser displacement sensor was set at the height of 850 mm to measure the lateral displacement. The photo of the test site was shown in Fig. 2e.

3  Analysis of Test Results

3.1 Failure Phenomena

The failure modes of the five groups of specimens were similar, the failure was caused by the fracture of the bamboo strips on the tensile side. According to the failure process, 2 failure modes were classified.

Failure mode I: The cracks first appeared near the corbel of the test piece. With the increase of load, the cracks developed to the mid-span position of the specimens, which led to the bamboo fracture in the tensile area. This kind of failure occurred in specimens E600-1, E600-2, E600-3, E1100-1, E1100-2.

Take the typical test specimen E600-1 as an example to describe the test phenomenon, as shown in Fig. 3. The specimen was gradually bending with the increase of load. When the ultimate load was reached, vertical cracks first appeared in the corbel area at both ends of the specimen about 25 mm from the tensile surface (Face D). Accompanied by the tearing sound, the crack developed towards the mid-span position of the specimen, causing the fracture of bamboo strips and failure of specimen. The failure specimen was observed, the cracks at both ends of the specimen developed to the mid-span position and formed a “V-shaped” crack, as shown in Figs. 3a and 3c. On the tensile surface (Face D) of the specimen, the crack extended from the fracture position to the bolt void as shown in Fig. 3d. The end of the specimen was also damaged as shown in Fig. 3e, while there was no obvious damage in the compression area, as shown in Fig. 3b. The main reason for failure mode I was that the height of column was short. The height of the compression zone of the specimen was larger than long column. The crack first appeared at the end of the specimen due to the large compression load. Then the cracks developed to the mid-span position of the specimen, causing the failure of specimens.
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Figure 3: Failure of specimen E600-1 (a) Plane A (b) Plane B (c) Plane C (d) Plane D (e) Top and bottom

Failure mode II: The bamboo strips in the middle of the specimen’s tensile region cracked first, and the cracks developed rapidly to both ends, leading to the failure. This kind of failure occurred in the E1100-3, E1700, E2300, and E3000 groups of specimens. There were no obvious cracks before failure, the specimens could still deform after reaching the ultimate load. Failure mode II was an obviously brittle failure with no crack at the end of the specimens. Fig. 4 shows the test process of specimen E3000-2. This kind of failure was caused by the excessive lateral deformation of the specimen, resulting in the bending moment value at the mid-span position of the specimen reaching the maximum bending moment that the section could bear.
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Figure 4: Process of failure of the specimen E3000-2 (a) Elastic stage (b) Plastic stage (c) Plane C (d) Plane D

It was found that the fractured part of the tensile side of the column was concentrated in finger joints and bamboo nodes. The damage of finger joints was more obvious, it was because the tensile capacity of finger joints came from the glue, mechanical interaction, and the constraint between the upper and lower bamboo strips. At the same time, the damage of bamboo nodes was less weak because nodes could still bear a certain tensile force. Therefore, the finger joint damage was the main reason for the failure of the LBL columns, which also led to the fact that the strain of the tensile part of each group of specimens could not reach the ultimate tensile strain of clear bamboo specimens. Fig. 5 shows the damaged part leading to the failure of specimens.
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Figure 5: Main reasons of failure (a) Damage of finger joint (b) Damage of bamboo node (c) Damage of bamboo node and finger joint

3.2 Load-Displacement Curves

Load-displacement curves of all specimens are shown in Fig. 6.
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Figure 6: Load-displacement curves

Specimens with a height of 600 mm were destroyed immediately when the ultimate bearing capacity was reached. This happened because when the ultimate load was reached, the end of the specimens was damaged by strength failure, the cracks appeared and developed rapidly, making specimens unable to continue to deform. The sudden drops in the load-displacement curves were caused by the slippage between the corbel and LBL column.

For the other four groups of specimens, the load-displacement curve was the same as in the compression test of LBL. When the ultimate load was reached, the specimens could still bear a long period of plastic deformation and the load basically remained stable. This was because the ultimate load of the specimen with a larger slenderness ratio was smaller compared to the specimens of 600 mm height, and cracks near the end of the specimens and corbels did not appear. To maintain the equilibrium state of the member until the tensile zone is fractured, the compression zone gradually yielded, and the neutral axis of the LBL column moved toward the compression zone. It could be concluded that the LBL columns have good deformation capacity and excellent seismic performance. The load-displacement curves of three specimens in each group were coincident, which showed that the mechanical properties of the glued bamboo columns were stable.

3.3 Analysis of Load-Strain Relation

For a better understanding of the load-strain relationship of the LBL column under eccentric compression load, the most unfavorable cross-section deformations between two groups of columns with a height of 600 and 3000 mm were compared (Fig. 7).
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Figure 7: Load-strain curves (a) Load-vertical strain curves of E600-1 (b) Load-horizontal strain curves of E600-1 (c) Load-vertical strain curves of E3000-1 (d) Load-horizontal strain curves of E3000-1

At the initial stage of loading, the strain of planes B and D increased linearly with the load increment. When the compression zone reached the yield strain of about 0.003, specimens started to enter the plastic stage, and the stiffness of specimens decreased. After that, the loading force increased slowly, while strain soared. For specimens of the E600 group, when the ultimate load was reached, the strain in the tensile zone reached the ultimate tensile strain of LBL, and the bamboo strips in the tensile zone broke, this was also the reason why the E600 specimens failed rapidly. For the specimens of group E3000, after reaching the ultimate load, the tensile strain was only half of the ultimate strain of LBL, so the specimens could continue to deform with strain continually increasing, and then the specimens were destroyed due to large deformation. The strain of planes A and C in all specimens were small and similar to each other, because the strain gauges were near the neutral axis of LBL specimens.

In Fig. 8, the vertical strain of plane A is taken as the abscissa, the section height of specimens as the ordinate, and the relationship between the strain and the section height is shown under different loads. It can be observed that the vertical strain changed linearly with the section height, therefore, the deformation of the LBL column under 30 mm eccentric load conformed to the plane section assumption. The height of the tensile zone of specimen E3000-1 was greater than that of specimen E600, under the same eccentric load, the height of the tensile zone increased with the increase of slenderness ratio, so the bearing capacity of the specimen decreased.

[image: images]

Figure 8: Verification of plane section assumption (a) E600-1 (b) E3000-1

3.4 Analysis of Lateral Displacement

In this paper, the displacements of E600 and E1100 groups of specimens were measured at the quarter point of height direction, the displacement of the E1700 group of specimens was measured at the mid-span, and the displacements of E2300 and E3000 groups of specimens were measured at the height of 850 mm.

Figs. 9a and 9b show the relationship between the lateral displacement under eccentric load and the height of the specimen of groups E600 and E1100. Ignoring the axial deformation, the dotted line in Figs. 9a and 9b shows the relationship between the lateral displacement and the column height fitted by the parabola. The displacement of columns at different heights approximately conformed to the parabolic relationship in the elastic and plastic stages, which can be expressed by Eq. (1).


w=αH2+βH
(1)

where, α, β are load-dependent coefficients. Based on the recorded lateral displacement of the E2300 and E3000 groups of specimens at the height of 850 mm, the predicted curves are as shown in Figs. 9c and 9d.
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Figure 9: Deflection curves (a) E600-1 (b) E1100-1 (c) E2300-1 (d) E3000-1

3.5 Analysis of Test Results

The main test results are listed in Tab. 1, the coefficient of variation of all data is less than 11.95%, which shows that the mechanical properties of LBL are stable. Under 30 mm initial eccentricity, the average ultimate load of five groups of specimens are 199.49, 128.89, 83.5, 61.24 and 43.77 kN, respectively.
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In Tab. 1, N is the ultimate load; s, w, εB, εD, are the ultimate axial displacement, the ultimate lateral displacement, the ultimate longitudinal strain of plane B, the ultimate longitudinal strain of plane D, respectively; s/H is the ratio of ultimate axial displacement to column height; Mu is the ultimate bending moment of mid-span section when the specimen was destroyed, Mu = N(e0 + w); e0 is the initial eccentricity of 30 mm; λ is the slenderness ratio of the specimen, which were calculated by Eqs. (2) and (3).


λ=l/i
(2)


i=I/A
(3)

where l is the height of specimen; i is section radius of gyration; I is the moment of inertia of cross-section; A is the cross-sectional area.

From Figs. 10a–10c, with the increase of slenderness ratio, the ultimate load decreased gradually, while axial displacement and lateral displacement increased. The relationship between slenderness ratio and ultimate load, axial displacement, and lateral displacement can be expressed by the following equations:


N=4.33λ−0.865fcA
(4)


s=(0.0000036λ2−0.000487λ+0.025)H
(5)


w=0.032×1.01λH
(6)

where N is ultimate load (kN), fc is compressive strength of LBL (MPa), A is the cross-sectional area of the specimen (mm2), s is ultimate axial displacement (mm), H is height of column (mm), w is the ultimate lateral displacement (mm).
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Figure 10: Relationship between test results and slenderness ratio (a) Ultimate strength (b) Axial displacement (c) Lateral displacement (d) Strain (e) s/H (f) Ultimate bending moment

From Fig. 10d, the ultimate tensile strain of the LBL column was about 0.01, which was slightly lower than the ultimate tensile strain obtained from a clear LBL specimen. This was because the LBL column was mainly damaged at the finger joint, which meant that the strength of this material was not fully utilized. The ultimate compressive strain in the compression zone gradually decreased and remained at about 0.012. The ultimate compressive strain of specimens with slenderness ratios of 21.14 and 38.75 could reach the ultimate compressive strain obtained from a clear LBL specimen.

Fig. 10e shows the compression ratio (s/H) of LBL columns with different slenderness ratios. The mean compressive ratio of specimens with slenderness ratios of 38.75, 59.89, and 81.01 are 1.3%, 1.3%, and 1.23%, respectively. It can be concluded that the deformation of LBL columns can be controlled if the slenderness ratio is maintained within a certain range.

The failure of LBL columns under eccentric compression was bending failure in the tensile zone, thus, the bending moment of the most unfavorable section in the ultimate equilibrium state was an important index to ensure the normal operation of LBL columns. In Tab. 1, the maximum value of the ultimate bending moment of 15 specimens was 10.84 kN·m (E600-1), the minimum value was 8.75 kN·m (E1100-3), the mean value of all 15 specimens was 9.17 kN·m with the coefficient of variation of 5.90%. It can be considered that the ultimate bending moment of LBL columns with different slenderness ratios under compression with the same initial eccentricity is a fixed value. The characteristic value of 8.26 kN·m (characteristic value = mean value−1.7 × standard deviation) with a 95% guarantee rate can be taken for design to ensure the safety.

4  Calculation for the Ultimate Capacity

4.1 Theoretical Calculation of Ultimate Capacity

To simplify the calculation, the following assumptions were made for the calculation model.

Firstly, LBL was assumed as a homogeneous material, the influences of the glue layer, bamboo nodes, and finger joints were ignored. The capacity of LBL columns depended on the mechanical properties of the grain. The constitutive model [37] of the LBL parallel to the grain is shown in Fig. 11 and Eq. (7). In Fig. 11, the value of εcn, εcu, εc0, εtu are −0.003, −0.005, −0.002, 0.012, respectively [18]; the value of σcn, ftu, fc0 are 29.96, 90 and 60 MPa, respectively [24]; α = 0.01993; n = 7.7528; β = 0.917, where (εcn, σcn) is any point in the elastic stage; fc0 is the peak compressive stress; εc0 is the peak compressive strain; εcu is the ultimate compressive strain value; ftu is the ultimate tensile stress; εtu is the ultimate tensile strain.


{ σ=Etε (0≤ε≤εtu)εεcn=σσcn+α(σσcn)n (εc0≤ε<0)σ=βfc0 (εcu≤ε<εc0)
(7)

Secondly, plane section assumption. Under eccentric load, the strain on the LBL column varies linearly with the height of the section which is shown in Fig. 8.
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Figure 11: Constitutive model of the LBL parallel to grain

Thirdly when the ultimate load was reached, the stress in chamfered area of the compression zone was a constant.

Based on the assumptions above, the stress-strain distribution of LBL columns under eccentric compression is shown in Fig. 12.
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Figure 12: Stress-strain distribution

Based on the equilibrium equation of the load, Eq. (8) could be obtained.


N+Ft=Fc
(8)

where, Ft, Fc are the resultant forces of the tension and compression zones, respectively; N is external load; Ft could be obtained from Eq. (9):


Ft=b∫0yt−10σ(y)dy+∫yt−10ytσ(y)(80+2yt−2y)dy
(9)

Taking ε = ky into Eq. (9):


Ft=b∫0yt−10Etkydy+∫yt−10ytEtky(80+2yt−2y)dy
(10)

Eq. (11) could be obtained by integrating Eq. (10):


Ft=12σt(yt−10)b+40ftuyt+13ftuyt2−40σt(yt−10)+23σt(yt−10)2−σtyt(yt−10)
(11)

According to the linear relation of strain and stress in tension zone:


σtftu=yt−10yt
(12)

Substitute Eq. (12) into Eq. (11), the resultant force in tensile zone was gained:


Ft=12ftu(yt−10)yt2b+40ftuyt+13ftuyt2−40ftu(yt−10)yt2+23ftu(yt−10)3yt−ftu(yt−10)2
(13)

The resultant force in the compression zone could be expressed as:


Fc=Fc1+Fc2
(14)

where Fc1 is the resultant force in the compression zone of the chamfered part; Fc2 is the resultant force of the remaining compression zone. Fc1 could be calculated by Eq. (15):


Fc1=βfc0ST
(15)

where, ST is the area of trapezoid part with the value of 900 mm2.

Fc2 could be obtained by Eq. (12):


Fc2=S1b=(Su−S2)b
(16)

where, S1 and S2, (kN/mm), represent the stress distribution per unit width of Zone 1 and Zone 2 in Fig. 12, respectively; Su, (kN/mm), represents the combined stress distribution of Zone 1 and Zone 2.

Then Eq. (17) could be obtained:


Fc2=b(βfc0yc−∫0βfc0ydσ)
(17)

Substitute ε=ky=εcu+εtuhy
and Eq. (7) into Eq. (17):


Fc2=bβfc0yc−bk∫0βfc0(εcnσcnσ+εcnα(σσcn)n)dσ
(18)

Eq. (19) could be obtained by integrating Eq. (18):


Fc2=b(βfc0yc−εcn2σcnk(βfc0)2−αεcn(n+1)kσcnn(βfc0)n+1)
(19)

Combing Eqs. (8), (13)–(15) and (19), the ultimate capacity could be obtained.

The comparison between the theoretical results and the test results is shown in Tab. 2. The error between the calculated results and test results was less than 10% except specimens of group E3000, which may be due to the larger number of the bamboo nodes and finger joints of higher columns, leading to the large error. Error is calculated by (Theoretical results-Test results)/Test results. Thus, the rationality of the basic assumptions and the practicability of the stress-strain model based on Ramberg-Osgood relation were proved.
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4.2 General Formula for Ultimate Capacity

In the existing research, Li et al. [35,36] gave the calculation formula of ultimate capacity of LBL columns with different eccentricity and slenderness ratio under eccentric compression in Eqs. (20) and (21). However, the effect of slenderness ratio and eccentricity is not considered comprehensively in the formulas.


Ne0=N011.73+4.14(e0h)
(20)


Nλ=N010.029λ−0.0638
(21)

where Ne0
and Nλ are the ultimate bearing capacity for LBL columns considering eccentricity only and slenderness ratio only, respectively, N0 is the ultimate bearing capacity of LBL columns under axial compression, λ is the slenderness ratio, e0/h is the eccentricity.

Considering the influence of slenderness ratio and eccentricity, the ultimate capacity (Ne0λ
) of LBL columns under eccentric compression could be expressed by Eq. (22).


Ne0λfcuA=f(λe0h)
(22)

According to the test data in papers [35,36], the relationship between ultimate capacity, slenderness ratio and eccentricity can be expressed by Eq. (23).


Ne0λfcuA=aλ(be0h+c)(e0h)(dλ+e)
(23)

The parameters in Eq. (23) could be determined by regression analysis, and the calculation formula of ultimate capacity could be obtained (R2 = 0.9):


Ne0λ=1.25λ(−0.2016e0h−0.3263)(e0h)(0.00776λ−0.4069)fcuA
(24)

Fig. 13 shows the relationship between ultimate capacity, slenderness ratio and eccentricity.
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Figure 13: Relationship between ultimate capacity, slenderness ratio and eccentricity

The comparison between results calculated by Eq. (24) and experimental results is shown in Tab. 3. The error is within 25%, which shows the applicability of Eq. (22). Error is calculated by (Calculated results-Test results)/Test results.
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5  Conclusions

(1)   (1) Under the initial eccentricity of 30 mm, the failure modes of LBL columns with different slenderness ratios were similar, showing fracture failure of bamboo strips in the tension area. The finger joint was the weakest part of LBL, which led to the fact that the tensile strength of bamboo was not fully utilized when the ultimate load was reached. Except for specimens with a height of 600 mm, other groups of specimens experienced a long deformation after reaching the ultimate load, showing good ductility.

(2)   (2) With the increase of slenderness ratio, the ultimate load of the specimens decreased, the ultimate strain in the tensile region reached the ultimate tensile strain of the bamboo strips, which is the main reason for the failure of specimens. Specimens with a height of 600 mm reached the ultimate compressive strain in the compression zone, which made specimens of group E600 fail rapidly when they reached the ultimate load and could not sustain large deformation.

(3)   (3) The lateral displacements of the specimens under eccentric compression were approximately parabolic in the direction of column height. The bending moment at the middle of the specimens was a constant when the ultimate load was reached.

(4)   (4) The plane section assumption can be used to express the mid-span stress and strain distribution of chamfered LBL columns under eccentric compression. The method for calculating the ultimate bearing capacity was proposed using a constitutive model based on the Ramberg-Osgood relation. Considering the influence of slenderness ratio and eccentricity, the empirical formula for calculating the ultimate capacity was given based on the former research as well as the test results in this paper.
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Table 1: Test results

Group A N (kN) s (mm) w (mm) eg D s/H(%) M, (kN-m) Failure mode
E600-1 21.14 200 12.98 24.18 0.0217 0.0098 2.16 10.84 |
E600-2 21.14 200 11.82  21.19  0.0201 0.0113 1.97 10.24 |
E600-3 21.14 19847 11.27 22.05 0.0227 0.0104 1.88 10.33 |

Mean 199.49 12.02 22.47 0.0215 0.0105 2.00 10.47

CoVv 0.36% 5.93% 5.59% 498% 5.87% 593 2.51%
E1100-1 38.75 124.84 15.08 43.67 0.0146 0.0094 1.37 9.20 I
E1100-2 38.75 133.21 14.67 44.57 0.0163 0.0103 1.33 9.93 I
E1100-3 38.75 128.63 13.09 38.05 0.0186 0.0092 1.19 8.75 1I

Mean 128.89 14.28 42.09 0.0165 0.0096 1.30 9.29

CcOov 2.65% 6.01% 6.85% 9.93% 4.97% 6.01 5.24%
E1700-1 59.89 82.4 24.16 93.5 0.0136 0.0105 1.42 10.18 1I
E1700-2 59.89 82.12 19.67 884l 0.0111 0.0096 1.16 9.72 II
E1700-3 59.89 85.98 2239 84.57 0.0149 0.0091 1.32 9.85 1I

Mean 83.5 22.07 88.82 0.0132 0.0097 1.30 9.92

COov 2.10% 837% 4.12% 11.95% 0.06% 8.37 1.92%
E2300-1 81.01 61.48 28.53 119.03 0.0119 0.0092 1.24 9.16 1I
E2300-2 81.01 61.39 2898 12093 0.0103 0.0103 1.26 9.27 1I
E2300-3 81.01 60.86 27.06 120.65 0.0109 0.0078 1.18 9.17 II

Mean 61.24 28.19 120.20 0.0110 0.0091 1.23 9.20

CcOov 0.45% 291% 0.70% 5.98% 11.24% 2.91 0.51%
E3000-1 105.66 43.59 52.15 200.85 0.0109 0.0098 1.74 10.06 1I
E3000-2 105.66 4449 4778 19545 0.0138 0.0098 1.59 10.03 1I
E3000-3 105.66 43.23 51.67 191.82 0.0126 0.0102 1.72 9.59 1I

Mean 43,77 50.53 196.04 0.0124 0.0099 1.68 9.89

COV 1.21% 3.87% 1.89% 9.57% 190% 3.87 2.18%
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Table 3: Comparison between calculated results and experimental results

Source A eo/h  Test results (kN)  Calculated results (kN)  Error %
This paper 21.14 0.3 199.5 217.69 9.12
38.75 0.3 128.9 136.83 6.16
59.89 0.3 83.5 90.53 8.42
81.01 0.3 61.2 64.00 4.50
105.66 0.3 43.8 44.57 1.82
Lietal [35] 41.57 0.10  229.30 224.42 -2.13
41.57 025 182.69 185.63 1.61
41.57 040  143.60 159.42 11.02
41.57 0.55 126.81 138.66 9.34
41.57 0.70  108.23 121.40 12.17
41.57 0.80  102.24 111.35 8.91
41.57 1.10  80.49 86.53 7.51
41.57 1.20  76.15 79.68 4.64
Lietal [36] 36.81 046  111.08 105.47 =5.05
47.63 046  82.78 86.28 4.24
56.29 046  70.75 75.01 6.02
64.95 046  62.60 66.04 5.50

73.61 046  52.70 58.70 11.39
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Table 2: Comparison between theoretical results and the test results

Group &g €D Y Theoretical results (kN) Test results (kN) Error %
E600  0.0215 0.0105 32.81 181.88 199.47 —8.82
E1100 0.0165 0.0096 36.86 141.69 128.89 9.93
E1700 0.0132 0.0097 42.44 80.67 83.50 —3.39
E2300 0.0110 0.0091 4520 56.95 61.24 —=7.01
E3000 0.0124 0.0099 44.15 56.65 43.77 29.43
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