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ABSTRACT Japanese cedar usage is a major issue in Japan, which is why several research
programs concerning civil engineering utilization of this material, for example for guardrails,
timber bridges, are under way. The authors aim to develop a highly durable timber bridge by
using a Japanese cedar-steel hybrid structure. The authors continue to further investigate the
behavior of a proposed glulam beam-steel deck hybrid bridge structure for short and medium
span bridges, introduced in their previous works. In this paper, calculated results are presented
from an analytical approach using plastic composite beam theory and from a finite element
analysis. These are compared to measured results from bending and failure tests.
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1. INTRODUCTION

Japanese cedar usage is a major issue in Japan, which is why several research programs concerning civil
engineering utilization of this material, e.g. guardrails, timber bridges, are under way. The authors aim to
develop a highly durable timber bridge by using a Japanese cedar glulam beam-steel deck hybrid structure.
One purpose of this comprehensive, ongoing study is to check the agreement between measured results and
calculated results from two analytical methods. In this study, the authors continue to further investigate the
behavior of the glulam beam-steel deck hybrid bridge structure by continuing their three-dimensional finite
analysis". This hybrid structure for short and medium span bridges was introduced by the authors in their
previous works? > ¥, A comprehensible design method was necessary to make this bridge structure more
available and familiar for clients and bridge designers. Earlier, the authors proposed the use of plastic
composite beam theory as a simple, but reliable way of design for this type of bridge. In order to validate
the adaptability of this approach for this type of hybrid structure, experimental verification was necessary.

This reason determined the authors to prepare a reduced scale model of the hybrid bridge, initially using
Douglas fir glulam material for the main beams and steel for the floor beams. In order to stimulate the use
of the widely planted Japanese cedar for structural applications, in a newly designed structure Japanese
cedar replaced the Douglas fir: here, Japanese cedar was used not only for the main beams, but also for the
floor beams, too. In addition to the simplified analytical approach and testing of the structure, a
three-dimensional finite element analysis was necessary. Results from the analytical approach using plastic
composite beam theory are presented together with results from the finite element analysis. These are being
compared to measured results from bending and failure tests. This paper presents results focusing mainly
on the deformed shape, as well as deflection and strain distributions of the hybrid structure, using the three
available sets of results, coming from the tests performed, from the plastic composite beam theory and from
the FEM analysis.



2. TESTING OF BRIDGE MODEL

The orthotropic steel deck-glulam beam hybrid bridge model was constructed, instrumented and tested to
bending and failure at the structural testing laboratory of the Institute of Wood Technology, Akita
Prefectural University, situated in Noshiro City, Japan. The tested model was composed of an orthotropic
steel deck, attached to two double glulam main beams made of Japanese cedar. It was a reduced model,
shown in Fig.1, the scale being one-third of a prototype bridge”.

Total length is 5.2 m (span is 5.0 m), width is 2067 mm and thickness is #; = 4.5 mm. The orthotropic steel
deck consists of a deck plate, stiffened by eight U-shaped longitudinal ribs and seven double glulam floor
beams (60x250 mm each), arranged with an interval of 833 mm. A width variation of each main beam takes
place from b = 60 mm to 93.5 mm at near beam-ends, in order to overcome shear forces developed by the
reactions on supports. This variation happens on a length of 335 mm, the length of widened bearh portion
becoming equal to 1015 mm, about 1/5 of the total bridge length4). The depth of main beam is 2 =300 mm.

The cross section of widened main beam at support, together with an end floor beam is shown on the left
side of Fig.1. The right side of the same figure shows the cross section of main beam at midspan and an
intermediate floor beam. Main beams are doubly reinforced by two sets of vertically inserted, glued-in steel
ribs. The compression reinforcement is a single rib of 3x44 mm, while the tension reinforcement is made
up of two ribs, each having a cross section of 6x70 mm.
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Fig.1 Bridge model cross section (left: support, right: midspan)

The applied wood material was Japanese cedar of strength grade E75-F240 JAS (Japanese Agricultural
Standard), while steel was SS400. A measured value of bending moment capacity of Japanese cedar glulam
was used for calculations, being equal to g, = 39 MPa. The measured modulus of elasticity of Japanese
cedar glulam is Ey = 9 GPa, the shear modulus is Gy = 601 MPa. The measured yield strength a5 = 297
MPa and the allowable bending stress os, = 137 MPa was used for SS400. The modulus of elasticity of
steel equals Es = 206 GPa. The bridge was designed using the plastic composite beam theory, where all

steel is converted to an equivalent wood area, resulting in a transformed section®.

Prior to failure test, this model was subjected to nine bending tests, corresponding to nine loading cases.
The difference between these cases was the position of the applied truck wheel load®. A load-controlled
testing machine loaded the simply supported model. Results of one of the bending tests (at load case LC1)
and of the failure test (at load case LC2) are presented in Chapter 4. of this paper. A total number of one
hundred strain gauges were installed at four different cross sections along the hybrid bridge model. At
section B-B (midspan) gauges were installed to the bottom of floor beams, to steel side plates and to lower
inserted ribs. At sections C-C (350 mm from midspan) and D-D (Fig.13) gauges were applied along the
depth of main beams, to the upper surface of orthotropic steel deck and to the bottom of U-ribs®.



3. FINITE ELEMENT ANALYSIS

The inserted steel rib on the compression side of the glulam main beams serves as shear connector between
the deck plate and the main beams, while the role of the glued-in steel ribs on the tension side of the main
beams is to compensate the longitudinal axial strength. Thus, a part of the steel deck (determined by the
effective widths A; = 239 mm and 2, = 577 mm, obtained by applying the Japanese shear lag formula for
roadway bridges), the upper and lower ribs and the double glulam main beam form a composite beam.
Therefore the plastic composite beam theory could be used to calculate the bending and shear stresses”.
The composite beam was defined as the glulam-steel hybrid structure within width ; + ¢ + 1, (see Fig.1).

Performing a 3-D finite element analysis represents the next step in understanding the behavior of the
proposed timber-steel hybrid structure. In addition to the already existing experimental and analytical study,
finite element calculations were performed by ANSYS Academy Teaching Introductory v11.0, which is a
general purpose FEM package. Among other mechanical problems, the ANSYS package can be utilized for
static non-linear structural analysis. Considering the loading scheme during testing and taking advantage of
the geometric symmetry, only half of the tested structure was modeled (see Fig.4 and Fig.8). Symmetry
boundary conditions were applied at midspan and the structure was simply supported.

In order to obtain reliable results in FEM, accurate
modeling of material properties is important. Japanese

o
cedar glulam was of strength grade E75-F240, steel was ,((
SS400 (Fig.2). Glulam was modeled as an elasto-plastic 297 MPa
orthotropic material with a bilinear stress-strain curve, o,s 1 (55400
using a bending moment capacity equal to gy, = 39 MPa. ' Compression zone
The following values of modulus of elasticity, shear 39 MPa
modulus and Poisson’s ratio were used: E; = 9 GPa, Ey = T . (E75-F240)
Ey=300 MPa, Gyz= Gyz =601 MPa, Gyy = 60 MPa, vy, = Brittle failure — GyW > 8)(

vyz = 0.01, vy = 0.2, where Z-axis is parallel to grain.

Steel was modeled as a perfect elasto-plastic isotropic Tension zone
material, with the values Eg = 206 GPa, vs = 0.3, together Lo
with a yield strength of gy, = 297 MPa. The applied truck Gl
wheel load was modeled as a pair of uniformly distributed
loads. The geometric model was used to create a mesh of
8-node solid elements with different sizes, comprising
21,266 elements and 21,170 nodes in total®* ©). Fig.2 Applied material models

4. RESULTS AND DISCUSSIONS
4.1 Load case LC1

Prior to failure test in load case LC2, the model shown in Fig.3 was subjected to bending in load case LCI.
A half-structure three-dimensional model (Fig.4) was created for this load case. Fig.5 shows the deformed
shape of the FEM model at midspan (magnified 10 times for better visibility) at load P = 120 kN.

Measured and calculated deflections are shown in Table 1 and compared in Fig.6. In the test, glulam floor
beams and main beams were not connected to each other in order to check the effectiveness of the special
structural members (situated on top of the main beams) used for load transfer from floor beams to main
beams, as shown in Fig.1. At this stage of the FEM analysis, these members were not modeled yet. In the
test, as well as in the analysis, double glulam floor beams are connected to the steel deck plate only. There
is a disagreement between the two sets of values, because the special structural members responsible for
load transfer from floor to main beams (Fig.1) were not modeled at this stage.



Fig.3 Bridge model in LC1 Fig.4 Finite element model in LC1

Table 1 Deflections for load case LC1 Section C—C (350 mm from midspan)
5 WA, ) WA U/

erss Deflection 6 (mm) P o ,
section meter Test FEM | | |

CH2 8.4 75 l !
B—B

CHI1 8.3 1.5 :

CHS5 13.8 1551 1 f aenn | B
C—C CH4 13.5 15.0 Sec{ion B—IB (mids;l)an) ) CH1

CH3 13.9 15.1 l I |

Deck m'{th (mm)

|
|

| |

L | I T I

, | | |

5 g
g g
El
> ————» 3
15 ¢—¢——0 i
20

0 250 500 750 1000 1250 1500 1750 2000

[ -]

On the right: vertical deflection (UY) values in mm (=B B AR =R BIVEM) o= B RIE G T RN

Fig.5 Deformed shape at 7 =120 kN Fig.6 Deflection distribution at P = 120 kN

(magnified 10 times)

4.2 Load case LC2

After bending tests performed in load case LC1 and the other load cases”, the failure test in load case LC2
took place (Fig.7). The corresponding FEM model is shown in Fig.8. Based on the applied material models,
a non-linear static analysis was performed. Fig.9 shows the bridge model during testing at yield load Py and
ultimate load Py, while Fig.10 shows the accompanying load-deflection curves, capturing only a portion of

the ductile experimental curve”.

Calculated P-& curves determined for deflection meters CH2 and CH1 at midspan by the plastic composite
beam theory (PCBT), along with curves resulted from the FEM analysis are included here, the latter being
in good agreement with the measured ones. Yield load Py, plastic load Pp and ultimate load Py was
determined by the plastic composite beam theory4). Plastic composite beam theory assumes that at yield
load Py, the steel of lower rib at deflection meter CH2 reaches its yield strength and starts to yield: in the
FEM analysis, this happened at a load larger than the assumed yield load.



Fig.7 Bridge model in LC2 Fig.8 Finite element model in LC2

However at plastic load Pp, the whole lower rib at midspan was in fully plastic state, as assumed by the
PCBT. At ultimate load Py, the glulam of main beam at deflection meter CH2 did not reach its modulus of
rupture as predicted by the PCBT: in the FEM analysis, this happened at the experimental ultimate load
Pyexp, being the load where ductile failure of the structure started to begin during testing.

Failure of the bridge model occurred in a ductile manner, based on the observed failure mechanism. Eight
distinct failure positions were detected during the test”. Flexural failure started from a knot situated at the
tension side of main beam G4, near midspan (Fig.13). Then failure propagated due to a horizontal crack,
close to the first failure position. Glue line represented a major a cause of premature failure, because the
next failure is due to the separation of glulam and glue from the lower ribs of main beam G3. The fourth,
fifth and sixth positions also exhibited flexural failure. Shear failure occurred at the seventh position, close
to the neutral axis, just as at the eighth (final) failure position. Up to the seventh position, deck plate and
U-ribs were in elastic state. But at the final position, U-ribs were already in plastic state.
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Deformed shape of hybrid structure at midspan (shown in Fig.11) is obtained from the FEM analysis under
each applied truck wheel load Py (N = Y, P, U), calculated by the plastic composite beam theory. Note that
deformed shapes from the FEM analysis are magnified 10 times to provide better visibility. Fig.12 shows
deflection distributions at loads Py (N = Y, P, U). Three sets of deflection are included: first, experimental
deflections of main beams G4 and G2, measured at section B-B by deflection meters CH2 and CH1, as well
as experimental deflections of U-ribs, measured at section C-C by deflection meters CH3, CH4 and CHS5
are shown. Then, deflection values calculated by FEM analysis are included for the same sections. Finally,
for glulam main beams at section B-B, deflection values determined analytically by the plastic composite
beam theory (PCBT) are also included.
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Comparing these three sets of values to each other, a good agreement can be observed, calculated values
from the FEM analysis closely following the measured data. Compared to measured deflections, deflections
obtained from FEM are larger for U-ribs and smaller for main beams due to a simplified approach in the
analysis, regarding connection between structural members. All deflection values used to construct Fig.12
are shown in a tabulated form in Table 2. In addition to the deflection data at applied truck wheel load Py
(N =1, P, U), measured deflections and deflections calculated by the FEM analysis are also included for the
experimental ultimate load Py, to demonstrate the good agreement between the two sets of data. For
section C-C, deflections calculated by the plastic composite beam theory are not available.



Table 2 Measured and calculated deflection values at applied loads for load case LC2

Py=143 kN Pp=179 kN Py=244 kN Pyexp =266 kKN
Cross | Defl.
section | meter J (mm) d(mm) 6 (mm) J(mm)
Test | FEM | PCBT || Test | FEM | PCBT | Test | FEM | PCBT | Test | FEM
CH2 (193] 173 | 20.7 |23.9| 222 | 270 | 363 | 31.1 | 424 | 446 | 400
B—B
CHI1 | 32 | 3.1 50 | 41| 4.0 6.3 57 | 5.6 8.5 6.2 6.1
CHS [ 178 186 | N/A 219 23.8 | NA |33.1| 355 | NVA | 40.0 | 409
C—C | CH4 |146| 148 | N/A [18.1]| 189 | NA | 269 | 280 | NnA | 32.1 32.0
CH3 | 99 | 100 | N/A [ 123 128 | N/A |179]| 185 | N/A | 209 | 21.0

Fig.13 presents a lateral view of longitudinal strain distribution of glulam main beams at the ultimate load
Py =244 kN, determined by the plastic composite beam theory. Measured and calculated strain values are
included, FEM strain distribution following closely the measured one. For G4 and G3, measured strain
values and strains determined by the FEM analysis are also included for the deck plate and lower rib at
each section considered. Composite action could not be achieved completely between deck plate, glulam
beam and lower ribs, therefore differences between strain values of these members occurred.
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Fig.13 Longitudinal strain distribution of glulam main beams at P, = 244 kN (lateral view)




5. CONCLUSIONS

Test results of a one-third-scale hybrid bridge model showed that the plastic composite beam theory could
not predict closely enough the behavior of the tested bridge model. Therefore, in addition to this approach,
a non-linear three-dimensional FEM analysis was performed to describe more accurately the performance
of the structure. Since several details from the tested structure are not yet included in the FEM model,
further work is needed to obtain a more thorough view of the behavior of the hybrid bridge structure
considered. In the failure test, glue line represented a major cause of premature failure: while glue was not
modeled this time, it also needs to be modeled in the future, since glue stiffness, thickness, etc. seems
critical for this hybrid structure.

The authors intend to model the entire tested structure as shown in Fig.14, so they will be able to perform
analyses for the remaining load cases, t00>. Due to the limited node and element number capabilities of the
ANSYS University Intermediate package, this model can only be achieved by converting the double glulam
floor beams to equivalent single steel floor beams, modeling them as 4-node elastic shell elements. The
steel deck plate, U-ribs and inserted steel ribs will also be modeled by shell elements. Double glulam main
beams will be modeled by 8-node solid elements, but applying a finer mesh compared to the one used in
this paper. Also the effectiveness of the special structural members (situated on top of the main beams) used
for load transfer from floor beams to main beams will be checked. The authors wish to present the results
of these new analyses in a future paper.

Fig.14 Finite element model of full-structure
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	(4) * FEM analysis of timber-steel hybrid bridge structure　(木・鋼ハイブリッド橋の有限要素法による解析) 

