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Abstract In order to explore bamboo glulam utilization in

structure construction, the adhesive bonded steel connection

of bamboo glulam was investigated in this study. By carrying

out both-end pullout tests on glued-in threaded rods in bamboo

glulam, the effects of depth and diameter of embedded rods in

bamboo glulam on the pullout strength and the failure modes

were discussed. Results showed that threaded rods fracture

and adhesive interface failure were the two main different

failure modes in the tests. The pullout peak load of both-end

glued-in rods in bamboo glulam increased with the diameter

and the embedded length of the threaded rods. To satisfy

tensile load of the glued threaded rods (quality 4.8) used in the

connections between engineering structural materials, the

slenderness ratio (k, the ratio of depth and diameter of glued-in

threaded rods) equal to 10 or over was necessary.
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Introduction

As a non-wood natural bio-composite, bamboo has attrac-

ted worldwide attention in construction, transportation,

stationery commodity and even daily articles due to its

abundant resource, excellent mechanical performances and

environmental protection [1]. Based on the better under-

standing of bamboo structural, physical and mechanical

performance [2], bamboo is extremely potential to be uti-

lized as an engineering structure material [3]. However,

lack of strong and reliable connection restricts its further

application in construction. At present, there are many

types of connections used in timber structures in the resi-

dential or commercial houses, including nailed connections

[4], bolted connections [5], dowel connections [6–9] and

adhesive bonded steel connection. Epoxy bonded steel

connection, which is used in bamboo timbers, is that a

threaded steel bar is placed into predrilled holes in timber

members and bonded with epoxy resin. The embedded

steel bar with the epoxy bonding agent allow a strong

connection to be made with increased stiffness of the joint

and the structure could be also kept for its excellent

esthetic appeal and fire resistance without any cover [10,

11]. So epoxy bonded steel connection has been exten-

sively used in column-base, beam-column and elbow

connections [12, 13] for quite a long time since the first

study by Riberholt [14, 15]. There are two different types

of the epoxy bonded steel connection classified by the

different implant bar number: single bar connecting bar and

multitude bar connection. However, there are studies on the

epoxy bonded steel connection in bamboo glulam, better

analyze the performance of epoxy bonded steel connection

into bamboo glulam could explore its utilization [16]. The

ratio of depth and diameter of glued-in rods are the main

factors influencing pull-out connection strength of timber

[17].

The present study focus on the single bar connection in

bamboo glulam. Epoxy bonded steel was glued into bam-

boo glulam parallel to the grain of bamboo glulam; tensile

tests were carried out on both-end. The effects of depth and
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the diameter of the embedded bar in the bamboo glulam on

tensile performances were investigated, and the failure

modes was discussed.

Materials and method

Materials

Four-year-old moso bamboo (Phyllostachys pubescens

Mazei ex H. de Lebaie) culms were obtained from Zhe-

jiang province. The bamboo strips were sliced from bam-

boo culm which is in dimension of 15 mm

(thickness) 9 4 mm (width) 9 1800 mm (length). Bam-

boo glulam are made by bamboo strips in the process of

bamboo strips impregnated into PF and then hot pressing.

The production process of bamboo glulam in detail is

shown in Fig. 1.

Steel rods with metric threads M8, M12 and M16 were

zinc coated and corresponded to quality 4.8 (quality 4.8

refers to the threaded rod performance rating label, label is

made up of two parts, respectively, represent the nominal

tensile strength value and yield ratio of threaded rod. For

example, 4.8 threaded rod, the meaning is: (1) threaded rod

material nominal tensile strength: 400 MPa, (2) threaded

rod material yield ratio: 0.8, (3) threaded rod material

nominal yield strength: 400 MPa 9 0.8 = 320 MPa). The

diameter and embedment length of rods were shown in

Table 1 (k = La/d represented by the slenderness ratio).

Phenol–formaldehyde resin (PF) (Model 16L511) and

polyurethane (Model PURBOND HB S709) were used to

manufacture bamboo glulam which were purchased from

Beijing DYNEA Chemical Industry Co. Ltd. The solid

content and the viscosity of PF were, respectively, 49 %

(3 g/135 �C/1 h) and 20–40 cP (at the temperature of

25 �C). And those of polyurethane were respectively

100 % and 24,000 MPa s. Fast-curing two-component

epoxy resin (E-51) was used for glued-in rods which was

supplied by Shanghai KAIPING resin Chemical Co. Ltd.

The epoxy resin consisted of epoxy resin (epoxy equivalent

weight of 184.3 g/eq) and amine curing agent, with a

weight ratio of 4–1.

Sample preparation

1st—bamboo strips [1800 mm (length) 9 15 mm (thick-

ness) 9 4 mm (width)] were impregnated into PF resin for

2 h, after air dried they were hot pressed to oriented panels.

2nd—the panels were cut and polished to regular panels

in dimension of 15 mm 9 110 mm 9 1800 mm.

3rd—the panels were laminated to bamboo glulam

(similar as typical LVL or solid wood boards to glulam) of

in size of 110 mm 9 110 mm 9 1800 mm (Fig. 1). Every

single specimen was cut from glued-laminated with a

desired dimension respectively.

The holes for the rods were drilled using standard spiral

bits. Its diameter d/D was 4 mm larger than the outer

diameter of the rods. Epoxy resin was poured into the hole

firstly, then the rebar was inserted slowly. At the same

time, epoxy resin was pushed up and drained away air

pocket [11]. The rebar was fixed at the centre of the hole

(Fig. 2a). Aging time was 7 days.

Experimental method

The pullout tests were performed according to ASTM

D1761-88 ‘‘Standard Test Methods for Mechanical Fas-

teners in Wood’’ [18]. Tensile tester (MTS810, USA, as

shown in Fig. 2b) was equipped with a load cell with a

capacity of 250 kN. The displacement rate was 1 mm/min.

The nominal bond shear strength (fv) was obtained by the

following equation:

fv ¼ F

S
ð1Þ

S ¼ La � p� da ð2Þ
Fig. 1 Process of laminated bamboo glulam
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where F is the pullout peak load; S is the gluing area; La is

rod embedded depth; and da is the diameter of hole for rod

after tests.

Results and discussion

The failure modes and the shear strength

At different rod diameters and ratios of length to diameter

(k), the typical pullout test curves and the statistical results

are shown in Fig. 3 and Table 1. As the statistical results of

failure mode in Table 1, there were two main failure modes

in tests: threaded rod tensile fracture and threaded rod

pullout. In threaded rod tensile fracture mode, rod necking

and tensile fracture of the threaded rod were also found.

However, in threaded rod pullout fracture mode, interface

shear failure of the bamboo glulam around the anchoring

zone of the threaded rod happened.

Failure modes were different in M8, M12 and M16.

According to the failure mode statistical results in Table 1,

when it was M8(5 B k B 20), only the threaded rod tensile

fracture mode occurred and the peak load of series M8 had

no difference which was due to the peak load of the metal

material. When it was M12(k = 5), both of threaded rod

pullout failure and threaded rod tensile fracture happened,

and the number of specimens was, respectively, 2 and 6.

The Favg(M12, k = 5) = 30.69 kN, fv(M12, k = 5) = 10.18 -

MPa. When it was M12(10 B k B 20), the failure mode of

specimens was threaded rod tensile fracture. But the peak

load of M12(10 B k B 20) was similar to specimens

M12(k = 5), which was due to the stable peak load of the

metal material was relatively. When it was M16(k = 5),

the failure mode was threaded rod pullout failure, and the

Favg(M16, k = 5) = 52.93 kN, fv(M16, k = 5) = 10.54 MPa.

However, when M16(k = 10), the failure mode was

threaded rod tensile fracture, and the peak load of the

specimens M16(10 B k B 20) was greater than that of

M16(k = 5).

The effect of the ratio of length to diameter

of the threaded rod embedded in bamboo glulam

on pullout strength

When the rods were in the same slenderness ratio k but

different threaded rod diameters d, the influence of the

threaded rod diameter d on peak load was analyzed. As

Fig. 3 showed that the peak load increased with threaded

rod diameters. When k = 5, as threaded rod diameters

increasing, the failure mode of three series samples (M8,

M12, M16) changed from threaded rod tensile fracture to

pull out fracture. However, when k C 10, the failure mode

of three series samples (M8, M12, M16) was same which

was threaded rod tensile fracture (Table 1). Therefore, to

satisfy the utilization of glued threaded rods connection

bamboo glulam in engineering and structure, k C 10 was

very necessary.

With the same diameter conditions, the peak load of

M16 series samples increased with k. Moreover, the peak

loads was the limit load of metal rods and remained

stable when the threaded rod tensile failure. And in the

same way, the peak load of M8 and M12 series increased

with k.

As shown in Table 1, fv decreased with increasing k due

to the increasing gluing area S. The value fv = 10 MPa was

a cut-off point of the fracture modes. When fv\ 10 MPa,

the fracture mode was the threaded rod tensile failure; but,

when fv[ 10 MPa, the fracture mode was pull-out of

Table 1 Geometric properties and failure mode of specimens

Specimen

code

Rod

diameter,

da (mm)

Rod effective

stress cross

sections (mm2)

Rod embedded

depth, La (mm)

k S (mm2) Number of

specimens

Failure mode Nominal bond

shear strength,

fv (MPa)

Favg (kN)

Yield Pull out

8–1 8 35.77 40 5 1507.2 8 8 0 6.74 10.16

8–2 8 80 10 3014.4 8 8 0 3.25 9.8

8–3 8 120 15 4521.6 8 8 0 2.16 9.77

8–4 8 160 20 6028.8 8 8 0 1.59 9.59

12–1 12 82.47 60 5 3014.4 8 6 2 10.18 30.69

12–2 12 120 10 6028.8 8 8 0 5.11 30.83

12–3 12 180 15 9043.2 8 8 0 3.57 32.24

12–4 12 240 20 12057.6 8 8 0 2.45 29.6

16–1 16 153.86 80 5 5024 8 0 8 10.54 52.93

16–2 16 160 10 10048 8 8 0 5.56 55.89

16–3 16 240 15 15072 8 8 0 4.03 60.69

16–4 16 320 20 20096 8 8 0 3.03 60.96
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threaded rod and the glue-bamboo glulam interface

fracture.

The tensile mechanism of glued-in rods

Glued-in rod connection strength is determined by two

different interfaces: one is the interface between glue

and threaded rods which is enhanced by the increasing

contacting area; and the other is the interface between

base materials and inherent bonding (Fig. 2a).When the

glued-in rods are strong enough, the interface is criti-

cal to the connection strength. In terms of bamboo

glulam, the glued rods with k should be above the

critical ratio.

Fig. 2 a Schematic of sample

and the key parameters.

b Schematic of longitudinal

tensile test
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The normal shear strength of threaded rod glued-in

bamboo glulam was completely determined by the shear

strength of interface between glue and materials, which

was caused mainly by the poor permeability of glue into

the bamboo. A typical threaded rod pullout curve was

presented in Fig. 4. And a representative surface mor-

phology of threaded rods pull out from bamboo glulam was

showed in Fig. 5a. The interfacial failure between glue and

base materials is found in Fig. 5a. Instead, the interface

between glue and threaded rods kept intact. Therefore,

enhancing the contacting surface roughness and perme-

ability to increase the contacting area between glue and

base materials could be an efficient way to improve the

connection strength.

Comparison of ultimate pull-out strength

and failure mode between the wood connection

and bamboo connection

Figure 5a, b showed the different pullout failure modes of

bamboo-base materials and wood-base materials. The

failure manner of wood was the material fracture which
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Fig. 3 Typical pullout test curves and statistical figures at different

rob diameters (A) and ratios of length to diameter (k). a Typical

pullout test curves at different rob diameters (A) and ratios of length

to diameter (k). b Typical pullout statistical figures at different rob

diameters (A) and ratios of length to diameter (k)
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Fig. 4 The typical threaded rod pullout curves

Fig. 5 a The typical surface morphology of threaded rods pull out

from bamboo glulam. b The typical surface morphology of threaded

rods pull out from glulam
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was different from bamboo glulam failure in resin–bamboo

interface. Therefore, the mechanical performances of the

glued-in rod materials are mainly determined by the base

materials.

The normal interfacial shear strength between bamboo

glulam and the adhesive is, respectively, 10.18 and

10.54 MPa at different diameters of threaded rods (M12,

M16) with the same ratio of length to diameter (k = 5),

which is higher than those of SPF (Spruce-pine-fir), MP

(Masson pine) and the adhesives. Besides, the interfacial

shear strength between bamboo glulam and the adhesive

slightly increases with the rise of the diameter and the

embedded length of the glued-in threaded rods, contrary to

those of SPF and MP (as shown in Fig. 6). It could be

partly explained by the excellent tensile strength parallel to

grain of bamboo (216.7 MPa) [17], which is far higher than

those of SPF (124.4 MPa) and MP (111.3 MPa) [16].

Conclusion

By carrying out both-end pullout tests on glued-in threaded

rods in bamboo glulam, the effects of depth and diameter

of embedded rods in bamboo glulam on the pullout

strength and the failure modes were significant, which

provide an efficient way to study connection strength of

glued-in threaded rods in bamboo glulam. The conclusions

are as follows:

• There are two different failure modes (threaded rod

tensile fracture and threaded rod pullout fracture) for

glued-in rods on connection strength of bamboo

glulam. In threaded rod tensile fracture mode, rod

necking and tensile fracture of the threaded rod also

were found. However, in threaded rod pullout fracture

mode, interface shear failure of the bamboo glulam

around the anchoring zone of the threaded rod

happened. The mechanical performances and the fail-

ure modes of the glued-in rod materials are mainly

influenced by the inherent base materials.

• The normal shear strength (fv) of threaded rod glued-in

bamboo glulam is completely determined by the

interfacial shear strength between glue and materials.

Therefore, an efficient way to improve connection

strength is to increase the contacting area between glue

and base materials.

• For the interface stability and base material transfer

load to the metal, the quality 4.8 threaded rods with

k C 10 is propitious to bamboo glulam.
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