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Abstract

This study assessed and proposed a retrofit strategy for bolted timber
connections in the Mandomai pedestrian bridge, constructed from Ulin
wood (Eusideroxylon zwageri). Numerical modeling, analytical evaluation
using Eurocode 5 yield equations, and experimental validation were
conducted. Axial forces from a global Midas Civil model under a 1.25
kN/m? live load showed three critical connections (S11, S13, S14) with
demand-capacity ratios (DCR) exceeding 1.0. A retrofit using steel side
plates and ASTM A325 bolts reduced DCRs to 0.79, 1.02, and 0.70,
respectively. Experimental testing of limited full-scale double-shear
wood-to-wood joints demonstrated an average ultimate capacity of 191
kN, which was 57.65% higher than the theoretical prediction, indicating
the conservative nature of Eurocode 5 and the contribution of
mechanisms such as the rope effect and frictional interlock. The results
confirmed the retrofit’s effectiveness and highlighted the need to refine

Yogyakarta, INDONESIA design provisions for dense tropical hardwoods.
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INTRODUCTION

The Mandomai pedestrian bridge, located in Central Kalimantan, was designed and constructed between 1973 and
1976 by Swiss structural engineer Heinz Frick in collaboration with students from the Mandomai Vocational School
[1]. It was part of a regional effort that involved the construction of three identical bowstring-type timber bridges
located in Pulang Pisau, Kuala Kapuas, and Mandomai, using Ulin wood as the primary material. Among the three,
only the Mandomai Bridge retained its original timber structure, while the other two were later reconstructed using
steel. Since its commissioning in 1976, the Mandomai Bridge served as vital infrastructure, supporting community
mobility and transportation. However, in 2021, it was dismantled due to structural component failure and material
degradation. One of the key contributing factors to the failure was the inadequacy of the bolted joints, which did not
comply with the geometric requirements specified in the National Design Specification (NDS) [2]. Field inspection
revealed that several joints failed to meet the minimum spacing requirements: an end distance of 5D, an edge distance
of 1.5D, a spacing between bolts in the same row of 4D, and an inter-row spacing of 1.5D. These deficiencies were
primarily attributed to the limited timber face height of the members, which ranged only from 180 mm to 220 mm,
making it impossible to accommodate compliant bolt configurations. Such geometric constraints likely led to non-
uniform stress distribution, joint overstressing, and brittle failure in multiple structural elements. The design of the
Mandomai Bridge is shown in Figure 1.

In 2024-2025, the Mandomai Bridge was reconstructed while preserving its original material identity, using Ulin
wood (Eusideroxylon zwageri), a dense tropical hardwood known for its excellent compressive and bending strength,
as well as its natural resistance to weathering and biological degradation [4]. Nevertheless, the structural failure of
the previous bridge highlighted the importance of reassessing the joint design in the reconstruction. The geometric
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limitation in the timber face remained unchanged, necessitating a careful evaluation of the new bolted connection
layout to ensure structural adequacy. Moreover, existing theoretical models such as the yield limit equations in
Eurocode 5 are recognized as conservative and may not fully capture the actual mechanical behavior of dense
hardwood connections. For this reason, a comprehensive structural assessment and validation process was deemed
essential to ensure the safety, reliability, and code compliance of the redesigned bridge structure.

Figure 1. Design of Mandomai Bridge [3]

This study aims to evaluate the structural capacity and safety of the bolted joints in the Mandomai Bridge and to
propose a strengthening strategy based on both analytical modeling and experimental validation. Axial forces acting
on each joint were derived from global structural analysis using Midas Civil software. These internal forces were
then assessed relative to the theoretical joint capacities calculated using Eurocode 5 yield limit theory, incorporating
appropriate correction factors for geometry and material strength. To validate the theoretical predictions, limited full-
scale double-shear tests were conducted on wood-to-wood joint specimens made from Ulin wood. Through this
combined analytical and experimental approach, the study seeks to determine the adequacy of current theoretical
models in predicting joint performance for tropical hardwood structures with constrained connection geometry, as
represented in the Mandomai Bridge case.

METHODS
Structural Analysis of Existing Bridge

Structural modeling was conducted to determine the internal axial forces acting on the truss elements of the
Mandomai Bridge. These forces were subsequently used to evaluate the loads on each bolted connection. Midas Civil
software was employed due to its ability to analyze and manage truss systems, as well as its support for complex
structural geometries and various loading combinations. The axial forces obtained from the modeling results served
as the basis for calculating the Demand-Capacity Ratio (DCR) at each connection. This DCR was then used in the
evaluation of the existing condition and in developing recommendations for structural reinforcement.

The Mandomai Bridge has a total length of 69.6 m, a width of 3.0 m, and an overall structural height of 11.4 m (as
shown in Figure 1). It accommodates two pedestrian lanes and two lanes for motorcycles. All structural connections
were modeled as bolted connections. The material properties used in the analysis include ASTM A36 steel with a
modulus of elasticity of 200 GPa and Ulin wood with a bending modulus of elasticity (MoEy) of 16063 MPa. The
density of the Ulin wood is 1070 kg/m®.

Loading conditions were defined in accordance with the Indonesian bridge design standard SNI 1725:2016 [5],
encompassing both static and dynamic load combinations to simulate realistic operational scenarios. The static load
combination consisted of structural dead load (MS), superimposed dead load (MA), prestressing force from cables
(PR), pedestrian live load (TP), and 30% of wind load (EWs), expressed as MA + MS + PR + TP + 0.3 EWs+.
Meanwhile, the dynamic combination included motorcycle live loading (MV) in place of pedestrian loading, yielding
the expression MA + MS + PR + MV + 0.3 EWs+. These load combinations represent different usage scenarios and
were applied to evaluate the impact of various loading patterns on the axial force distribution throughout the structure.
The superimposed dead load (MA) accounted for structural components added after the primary structure was
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constructed, such as handrails, and was conservatively estimated at 0.5 kN/m. The cable prestressing force (PR) was
modeled as a 1 kN pretension force applied to the cables connecting the bridge deck to the truss framework. A
uniformly distributed load of 1.25 kN/m? was applied to represent the pedestrian live load. The motorcycle load (MV)
was modeled as a moving point load, with rear and front wheel loads of 1.5 kN and 1.7 kN, respectively, and a wheel-
to-wheel spacing of 1.4 m [6]. Wind load calculations were performed in accordance with the stipulations of SNI
1725:2016. To reflect actual structural constraints, the model applied boundary conditions consisting of a pinned
support at one end and a roller support at the other. The pinned support permitted unrestrained rotation while
restraining both vertical and horizontal displacement, whereas the roller support facilitated longitudinal movement.
A visual representation of the modeling results is provided in Figure 2.
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Figure 2. Bridge Model in Midas Civil

A linear elastic static analysis was adopted in this model, as the primary objective was to determine axial forces in
bridge members under service load conditions. The analysis produced a distribution of axial forces throughout the
structure, with notable tensile forces observed in the bottom chords and compressive forces in the top chords. These
axial member forces were then mapped to their corresponding joint locations based on the structural configuration
of the bowstring truss. The extracted forces served as the basis for evaluating the performance of both the existing
and retrofitted bolted joints.

Connection Design Criteria in Eurocode 5 and NDS

The joint design capacity was calculated using the yield limit theory provided in Eurocode 5, which defines the
characteristic load-carrying capacity of dowel-type fasteners based on distinct failure modes. Additionally, the
National Design Specification (NDS) employs an approach that focuses on adjusting reference strengths through a
series of modification factors to account for service conditions, material variability, and geometric influences.
Adjustment factors are applied to adjust the reference strength of wood joints (F, gx) to account for geometric and
material-related conditions affecting joint performance. The corrected joint strength for key fastener types, including
bolts, screws, nails, wood screws, dowels, drift bolts, and studs, is calculated using Equation (1).

Fv,Rk’ = Fv,Rk Cp Cy C¢ Cg Ca Ceg Cin (1)

Bolted timber connections are generally categorized into two main types: wood-to-wood (w-t-w) and steel-to-wood
(s-t-w) configurations. The load-carrying capacity of each type can be determined using yield limit equations from
Eurocode 5, which account for various failure modes depending on the connection geometry and material properties.
Figure 3 through Figure 6 illustrate the failure modes associated with double-shear wood-to-wood connections [2],
whose capacities are calculated using Equations (2) through (5). Meanwhile, Figure 7 and Figure 8 depict failure
modes specific to steel-to-wood double-shear connections [2], corresponding to Equations (6) and (7). A summary
of the yield modes along with their corresponding equations is provided in Table 1. The parameters used in these
equations include Fy, gx, which is the characteristic load-carrying capacity per shear plane per fastener; fy, ; ., the
characteristic embedment strength of the timber member; M,, gy, the characteristic yield moment of the fastener; and
Fax rk the characteristic withdrawal resistance of the fastener. Geometrically, d denotes the bolt diameter, t; refers
to the thickness of the outer or side member, and t, represents the thickness of the inner or main wood member. It
should be noted that the resulting capacity from these equations represents the strength of a single shear plane per
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bolt, thus, the total joint strength must be calculated by multiplying this value by the number of bolts installed in the
connection.

Table 1. Yield modes and Their Corresponding Yield Strength
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Experimental Wood-to-Wood Connection Testing

Experimental connection tests were carried out for double-shear wood-to-wood to verify the yield limit theory, which
states that mechanical fasteners, especially bolts, increase the connection bearing capacity by 25%. The double-shear
wood-to-wood testing follows the guidelines of ASTM D5652-95 [7], a standard that outlines the test methods for
bolted connections in wood and other wood-based products. This standard serves as a guideline for determining the
joint strength values and potential failure modes.
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Ulin wood (Eusideroxylon zwageri) sourced from the tropical forests of Kalimantan was used as the primary material.
The wood type employed is solid (massive) timber without any additional treatment, naturally known for its high
resistance to weather and biological degradation. The mechanical properties of Ulin wood, presented in Table 2, were
obtained through laboratory testing conducted by Subchan [8,9]. The bolts used have a diameter of M20 with flexural
resistance values of £, 310 MPa and £, 425 MPa.

Table 2. Mechanical Properties of Ulin Wood

Property Strength (MPa)

Bending modulus of elasticity MOoE) 16063
Compressive strength parallel to grain fen 60.92
Compressive strength perpendicular to grain fe, 1 22.52
Tensile strength parallel to grain St 98.53
Shear strength parallel to grain S 6.41

Dowel-bearing strength parallel to grain (D20) fe 56.35
Dowel-bearing strength perpendicular to grain (D20) fe, . 52.11

In this test, the configuration, dimensions, and boundary conditions are shown in Figure 9. Three pieces of Ulin
wood, each measuring 65 mm % 130 mm % 500 mm, were connected using M20 bolts. The bolt spacing was designed
to meet the minimum standards as specified in NDS regulations.
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Figure 9. Dimensions and Geometry of the Type of Joint

In this experiment, three samples were prepared, each possessing identical characteristics regarding the wood, bolts,
and rings, as illustrated in Figure 10(a), ensuring consistency across all specimens to accurately assess the double-
shear wood-to-wood connection performance under controlled laboratory conditions.

The experimental procedure involved using a universal testing machine (Figure 10(b)) to apply the load through a
hydraulic jack. A load cell with a capacity of 300 kN was used to ensure consistent load application and precise
control throughout the testing. The load was estimated based on analytical calculations (£, z). Two Linear Variable
Differential Transformers (LVDT) with a capacity of 50 mm and a sensitivity of 5.0 mV/V were employed to measure
the slip between the middle and side elements. A data logger was used to record all measurements accurately
throughout the testing process. The primary parameters observed included the ultimate load, load—displacement
response, and failure mode.
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(a) (b)
Figure 10. (a) Sample Specimen, (b) Experiment Setup

RESULTS AND DISCUSSION

Experimental Result

The ultimate loads recorded for Specimens 1, 2, and 3 were 151 kN, 186 kN, and 196 kN, respectively. In Figure 11,
specimen 1 exhibited significantly lower strength, with an absolute deviation of 40 kN (over 20%) from the average
of Specimens 2 and 3 (191 kN). Visual inspection revealed an irregular surface condition on the underside of
Specimen 1, likely contributing to non-uniform stress distribution and premature failure. Based on statistical
deviation and mechanical justification [10], specimen 1 was considered an outlier, and further analysis used the
average of Specimens 2 and 3.

225

200
175
150

125 L

Load (kN)

100

75

Sample 1

50 Sample 2

Sample 3
25

= = = EBurocode 5

0 2 4 6 8 10 12 14 16 18 20 22 24 26
Relative slip (mm)

Figure 11. Experimental Load-displacement Curve

The test results revealed a significant discrepancy between theoretical predictions and experimental findings. The
analytically calculated yield capacity based on Eurocode 5 was 121 kN. In contrast, laboratory testing of the double-
shear wood-to-wood joint produced an experimental yield load of 140 kN, as determined using the 5% offset method
in accordance with ASTM D5652-95. Furthermore, the ultimate load capacity observed in the test reached 191 kN,
indicating a 57.65% increase over the theoretical yield prediction. This substantial surplus suggests the presence of
additional resistance mechanisms not considered in the standard yield model, such as rope effect, frictional interlock,
or localized densification. Previous studies have reported similar behavior. Debertolis et al. [11] demonstrated that
doweled timber joints exhibited an approximate 15% post-yield load increase, despite Eurocode 5 assuming no rope
effect contribution for smooth dowels.
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The test results indicate that the failure in dowel connections using Ulin wood was predominantly governed by a
brittle failure mechanism, visually characterized by damage in the form of embedment and splitting. Embedment
failure was evidenced by permanent deformation on the wood surface surrounding the dowel contact area, resulting
from localized pressure exceeding the wood’s bearing capacity. On the other hand, splitting failure (Figure 12) was
observed as longitudinal cracks parallel to the grain direction, particularly in the main joint elements, indicating the
presence of transverse tensile stresses due to dowel penetration and uneven force distribution. Based on Eurocode 5
classification, the observed failure corresponds to Mode IV, which involves a combination of dowel yielding and
wood crushing or splitting in the main member. These damage characteristics demonstrate the brittle behavior of
Ulin wood, which, despite its high compressive strength, tends to fail suddenly without significant deformation when
subjected to lateral tensile stress.

Figure 12. Wood Failure from the Side

This observation is consistent with the findings of Ji et al. [12], who reported that loading parallel to the grain often
leads to abrupt splitting failure once the tensile strength limit is reached. The observed embedment and progressive
crushing around washers, as illustrated in Figure 13, corroborate the findings of Dominguez et al. [13]. They
demonstrated that combined bending and compressive stresses induced by washers result in increased deformation
and altered bearing width. Additional validation comes from Zhou and Zhou [14], who analyzed brittle splitting in
dowelled joints under load and reported similar patterns of cracking parallel to the grain.

g

Figure 13. Failure of Bolts and Inside Wood: (a) Sample 2, (b) Sample 3

Validation of Eurocode 5 Design Predictions

The experimental results confirmed the conservative nature of the theoretical approach based on Eurocode 5,
consistent with observations reported by previous researchers, who have also found that the analytical predictions
provided by Eurocode 5 tend to be conservative [15—18]. The experimentally determined average ultimate load of
191 kN exceeded the theoretical prediction by approximately 57.65% than the theoretical yield strength prediction
of 121 kN. This substantial discrepancy confirms that the yield limit equations tend to underestimate the actual
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strength of bolted wood-to-wood joints, particularly in dense hardwoods such as Ulin. Similar patterns have been
reported by Dominguez et al. [13], where experimentally measured strengths substantially exceeded code-based
predictions.

Johansen’s yield theory includes a rope effect, which allows for up to a 25% increase in joint capacity due to bolt
tension and deformation of the surrounding wood. While this enhancement is incorporated into the theoretical model,
the observed strength gain in this study surpassed that threshold. This suggests that additional mechanisms, such as
increased frictional interlock, localized fiber densification around the dowel, or stress redistribution within the joint
zone, may have contributed to the improved resistance beyond what is predicted by design codes [19].

Connection Analysis of Mandomai Bridge

The connection capacity was determined using the Eurocode 5 yield limit equations, adjusted by service-specific
correction factors. These included the wet service factor €y of 0.85, the group action factor Cy of 0.98, and the
geometry factor C, of 0.90. These coefficients were applied to account for environmental moisture exposure, the
distribution of load among multiple fasteners, and the geometric configuration of the joint, respectively. The adjusted
values reflect the actual performance conditions of the tropical timber material, ensuring that the predicted capacity
remains conservative and safe under design conditions, as formulated in Equation (1). Figure 5 illustrates the joint
placement. Based on these calculations, the wood-to-wood connection type failed in Mode 1V, while the steel-to-
wood connection type failed in Mode II.
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Figure 14. Mandomai Bridge’s Joint Placement [3]

To assess the structural performance of critical joints in the Mandomai Bridge, a demand-capacity ratio (DCR)
analysis was conducted under various design scenarios. The DCR is defined as the ratio between the applied demand
(typically an internal force such as axial load) and the available resistance or capacity of the joint. A DCR value
greater than 1.0 indicates that the joint is overstressed and potentially unsafe, while values below 1.0 suggest that the
joint has sufficient strength to carry the applied loads. In the existing configuration, bolts with a flexural yield strength
/fy of 310 MPa and an ultimate strength £, of 425 MPa were used, resulting in an average bending resistance f;» of
367.5 MPa. Under a design live load of 1.25 kN/m?, three joints—S11, S13, and S14—were identified as
overstressed, with DCR values of 1.11, 1.52, and 1.40, respectively.

The first retrofitting strategy involved adding side steel plates to joints S11 and S14 to convert them into steel-to-
wood configurations, while the bolt material in joints S11 and S13 was upgraded to ASTM A325 high-strength bolts.
These bolts provide a yield strength of 660 MPa and an ultimate strength of 830 MPa, resulting in an average f,» of
745 MPa. This intervention significantly reduced the DCR values: S11 dropped to 0.79, S14 to 0.70, while S13
remained slightly above the threshold at 1.02.

Furthermore, when this retrofitting result is considered alongside the laboratory findings, which showed that the
experimental ultimate load (191 kN) exceeded the theoretical yield prediction (121 kN) by 57.65%, it further supports
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the argument that Eurocode 5 predictions are conservative. Therefore, even though Joint S13 still exhibited a DCR
of 1.02 under the 1.25 kN/m? load after bolt strengthening, this condition may still be structurally acceptable when
accounting for the additional resistance mechanisms identified in the experimental tests. These include rope effect,
bearing densification, and frictional interlock, which are not fully captured in code-based calculations.

CONCLUSIONS

This study presented a comprehensive structural assessment and retrofit strategy for bolted timber connections in the
Mandomai Bridge, constructed from Ulin wood (Eusideroxylon zwageri). The investigation combined analytical
evaluation using yield limit theory based on Eurocode 5 with full-scale laboratory testing of double-shear wood-to-
wood specimens. The structural analysis revealed that three joints (S11, S13, and S14) in the existing bridge exhibited
demand-capacity ratios (DCR) greater than 1.0 when subjected to a live load of 1.25 kN/m?, indicating overstress
conditions. A proposed retrofit strategy consisting of the addition of steel side plates and the application of ASTM
A325 high-strength bolts proved effective in reducing all DCRs to below 1.0, except for S13, which slightly exceeded
the threshold at 1.02. Experimental validation confirmed that the average ultimate capacity of the joints reached 191
kN, representing a 57.65% increase over the theoretical prediction of 121 kN. This outcome supports the conservative
nature of Eurocode 5 and suggests the contribution of additional resistance mechanisms, such as the rope effect,
frictional interlock, and localized wood densification, that are not captured in conventional yield limit models.
Overall, the findings emphasize that mechanical strengthening, through plate addition and high-strength fasteners,
remains the most effective and structurally reliable solution for enhancing the safety and performance of timber
joints, especially in hardwood bridges with geometric constraints that limit the flexibility of bolt placement.
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