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APPROXIMATE CONVERSIONS TO SI UNITS  

Symbol When You Know Multiply By  To Find Symbol 

LENGTH  
in. inches 25.4 millimeters  mm 

ft feet 0.305 meters  m 

yd yards  0.914 meters  m 
mi miles  1.61 kilometers km 

AREA 
in2 square inches 645.2 square millimeters mm2 

ft2 square feet  0.093 square meters  m2 
yd2 square yard  0.836 square meters  m2 

ac acres  0.405 hectares  ha 
mi2 square miles  2.59 square kilometers  km2 

VOLUME  
fl oz fluid ounces 29.57 milliliters  mL 

gal gallons  3.785 liters  L 
ft3 cubic feet 0.028 cubic meters m3 

yd3 cubic yards 0.765 cubic meters m3 

NOTE: volumes greater than 1,000 L shall be shown in m3 
MASS 

oz ounces 28.35 grams  g 

lb pounds 0.454 kilograms kg 
T short ton (2,000 lb) 0.907 megagrams (or ñmetric tonò) Mg (or "t")  

TEMPERATURE (exact degrees) 

°F  Fahrenheit  
5(F-32)/9 

or (F-32)/1.8 
Celsius  °C  

ILLUMINATION  
fc foot-candles  10.76 lux lx 

fl  foot-Lamberts 3.426 candela per square meter cd/m2 

FORCE & PRESSURE or STRESS 
lbf poundforce  4.45 newtons  N 

lbf/in2 poundforce per square inch 6.89 kilopascals  kPa 

APPROXIMATE CONVERSIONS FROM SI UNITS  
Symbol When You Know Multiply By  To Find Symbol 

LENGTH  
mm millimeters  0.039 inches in. 

m meters  3.28 feet ft 
m meters  1.09 yards  yd 

km kilometers 0.621 miles  mi 

AREA 
mm2 square millimeters 0.0016 square inches in2 
m2 square meters  10.764 square feet  ft2 

m2 square meters  1.195 square yard  yd2 

ha hectares  2.47 acres  ac 
km2 square kilometers  0.386 square miles  mi2 

VOLUME  
mL milliliter   0.034 fluid ounces fl oz 
L liters  0.264 gallons  gal 

m3 cubic meters 35.314 cubic feet ft3 

m3 cubic meters 1.307 cubic yards yd3 

MASS 
g grams  0.035 ounces oz 

kg kilograms 2.202 pounds lb 
Mg (or "t")  megagrams (or ñmetric tonò) 1.103 short ton (2,000 lb) T 

TEMPERATURE (exact degrees) 
°C  Celsius  1.8C+32 Fahrenheit  °F  

ILLUMINATION  
lx lux 0.0929 foot-candles  fc 

cd/m2 candela per square meter  0.2919 foot-Lamberts fl  

FORCE & PRESSURE or STRESS 
N newtons  0.225 poundforce  lbf 
kPa kilopascals  0.145 poundforce per square inch lbf/in2 

*SI is the symbol for the International System of Units. Appropriate rounding should be made to comply with Section 4 of ASTM E380. 
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1 INTRODUCTION  

1.1 Background 

Aesthetic timber bridge railings are used across the U.S. to safely contain and redirect 

errant vehicles and prevent them from traveling off bridges. These timber railings, like all bridge 

railings, require successful completion of crash testing and evaluation programs to be approved 

for use. Over the span of 25 years, from 1988 to 2013, the development of bridge railing systems 

for timber deck bridges has been guided by a number of safety performance criteria. These criteria 

were outlined in the 1993 National Cooperative Highway Research Program (NCHRP) Report 

350, Recommended Procedures for the Safety Performance Evaluation of Highway Features [1]; 

the 1989 American Association of State Highway and Transportation Officials (AASHTO) Guide 

Specifications for Bridge Railings [2]; the 2009 AASHTO Manual for Assessing Safety Hardware 

(MASH) [3]; and 2016 MASH [4]. The MASH criteria incorporated current vehicle profiles and 

characteristics to address changes in vehicular design and usage patterns. New roadside safety 

hardware categories for roadside safety were introduced, crash test documentation was 

standardized, impact conditions and safety performance evaluation criteria were updated, objective 

vehicle damage criteria were added, and refinements were made to the occupant risk limits.  

Prior to the research reported herein, only three bridge railing systems had been developed 

for use on wood bridges using MASH impact safety standards, one of which had been crash tested. 

The only crash tested system to meet MASH impact safety criteria consisted of a Test Level 1 (TL-

1) low-height, curb-type, glued-laminated (glulam) timber bridge railing system for transverse, 

nail-laminated timber decks [5-6]. For a later study, dynamic and static component testing was 

performed on the MASH TL-1 low-height glulam bridge railing when attached to both a 

transverse, nail-laminated timber deck and a transverse, glulam timber deck to establish adequacy 

for the use on a transverse glulam deck [7]. The other bridge railing system was developed to meet 

MASH Test Level 3 (TL-3) criteria and consisted of a steel W-beam rail and steel post bridge 

railing system [8]. Thus, a significant need existed to develop new and/or modify existing bridge 

railings for use on wood bridges under the MASH 2016 impact safety standards. With this need, 

it was also necessary to develop new, or adapt existing, approach guardrail transition systems to 

meet MASH impact safety standards and connect timber bridge railing systems to corrugated-

beam guardrail systems located beyond the ends of the bridges. Barrier systems need to be 

subjected to full-scale vehicle crash testing and evaluation, or, depending on the specific 

requirements and conditions, static and/or dynamic component testing may be conducted as an 

alternative to full-scale crash testing when specific design changes are desired.  

In collaboration with the United States Department of Agriculture ï Forest Service ï Forest 

Products Laboratory (USDA ï FS ï FPL), the US Endowment for Forestry and Communities, and 

the Midwest Roadside Safety Facility (MwRSF) of the University of Nebraska-Lincoln (UNL), 

initiated a multiphase project to: (1) identify timber bridge railing systems developed under earlier 

impact safety standards; (2) document bridge railings currently in use throughout the U.S.; (3) 

develop a comprehensive research plan to update selected bridge railing and approach guardrail 

transition systems; and (4) modify existing systems or develop new systems to meet current 

AASHTO MASH 2016 impact safety standards using the prioritized research plan as funding 

becomes available.  
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The first three goals of the research outlined above were accomplished in a Phase I effort 

[9-10]. During this phase, a survey was conducted which asked multiple state DOTs, companies, 

and agencies that work with timber bridge railings about their needs for timber bridge railings. 

From the survey responses, the most common need pertained to a MASH 2016 TL-4 glulam timber 

railing with a lower curb bridge railing system capable of attachment to transverse and longitudinal 

glulam decks as well as concrete decks. A TL-3 crashworthy approach guardrail transition system 

was also deemed necessary for the TL-4 timber bridge railing. Further discussion of these research 

results with methodologies and cited literature can be found in references [9-10].  

Following the Phase I survey results, the Phase IIa efforts of the research program targeted 

the development of the highest priority bridge railing system, one glulam timber rail with curb 

bridge railing system designed to meet the MASH TL-4 impact safety criteria [10-11]. The 

development process relied upon the use of a two-dimensional (2-D) BARRIER VII finite element 

analysis (FEA) computer program to simulate vehicular impacts into roadside barriers to better 

understand impact performance and evaluate design variations [12-13]. An FEA bridge railing 

model was created to represent the NCHRP 350 TL-4 bridge railing system and subject it to 

simulated vehicle impacts at the conditions used in the physical full-scale vehicle crash tests. After 

close examination of BARRIER VII simulation results using multiple iterations for both crash 

tests, the FEA model was deemed to be sufficiently reliable to investigate and predict the impact 

performance of the bridge railing. Once validated, the BARRIER VII model was used with updated 

vehicle models and impact conditions to evaluate the bridge railingôs structural capacity and safety 

performance under MASH impact conditions. The minimum railing height was increased to allow 

the system to meet the MASH 2016 TL-4 impact safety standards to mitigate concerns for vehicle 

override of the barrier while accounting for future roadway overlays on the bridge deck. The bridge 

railing components were resized to obtain the necessary railing height with the original deck 

wearing surface and a future overlay. Further, the connection between the timber railing and the 

bridge deck was designed to obtain a sufficiently strong connection using the BARRIER VII 

results. For a more in-depth understanding of the methodology, findings, and conclusions, see the  

thesis by Duren and the associated final research report [10-11]. The preliminary layout for the 

MASH TL-4 glulam timber railing with lower curb bridge railing system is shown in Figure 1.  

 

Figure 1. Preliminary Design of MASH TL-4 Glulam Timber Railing with Lower Curb, Phase 

IIa [10-11] 
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Although the Phase IIa effort resulted in a preliminary layout, the structural connections 

were not examined or designed. Only a limited investigation into the connections was performed 

using the American Wood Council National Design Standard (NDS) [14]. The Phase I effort 

outlined the need to develop an approach guardrail transition to connect the bridge railing to the 

adjacent guardrail system, but this effort had not been initiated. 

1.2 Research Objective 

The research objectives of this phase of the project included the continued development of 

a glulam timber rail with lower curb bridge railing to meet the MASH 2016 Test Level 4 (TL-4) 

safety performance criteria for use on both transverse and longitudinal glulam timber bridge decks, 

other desired deck types, and reinforced-concrete bridge decks. An approach guardrail transition 

(AGT) was also configured to connect W-beam guardrail systems to the glulam timber rail and 

lower curb bridge railing, and meet MASH TL-3 impact safety standards.  

The bridge railing system was configured using glulam timber for all the wood 

components, such as the upper rail, lower curb rail, scuppers, spacer or offset blocks, and vertical 

support posts. The bridge railing system should be constructed and crash tested on a critical timber 

deck configuration in order to allow its use on alternative timber and reinforced concrete slab 

decks. A critical deck thickness and deck cantilever, or overhang, is to be determined. The research 

and development effort identified, through survey, literature review, and/or partner expertise, the 

practical ranges for glulam deck panel dimensions (i.e., widths, lengths, and thicknesses) as well 

as the ranges for deck cantilevers for transverse glulam timber decks. Alternative timber deck 

systems, such as innovations in stress-laminated, timber deck panels or beams, were considered 

for this study but not used. The development effort also considered common timber species for the 

structural components, such Southern Pine and Douglas Fir. 

The development of the bridge railing and transition systems began with an initial condition 

in which the glulam timber deck included a 2-in. asphalt wearing surface. This surface thickness 

was intended to reflect the bridge deck condition at the time when the structure was first opened 

to traffic, with the railings installed in that configuration. In practice, many bridge decks will 

receive an additional asphalt overlay in the future, which can increase the total surface thickness 

by 2 in. To address this, the research and development effort considered a total surfacing thickness 

of 4 in. when determining the geometric and structural requirements of the railing system to meet 

the MASH 2016 TL-4 impact safety criteria and of the transition system to meet the MASH 2016 

TL-3 criteria. 

1.3 Research Approach 

The research began with a focused effort to identify and consider various timber decks in 

use to determine the critical configuration. Discussions and collaboration with experienced 

partners were crucial in narrowing down the deck types suitable for the TL-4 bridge railing system. 

Detailed evaluation of timber deck characteristics, including typical dimensions, spans, and 

strengths, were gathered for the range of timber decks built across the US. Additionally, the study 

encompassed an exploration of the possible ranges for deck cantilevers on transverse glulam 

timber decks.  
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The design of all connections for the bridge railing was conducted following the literature 

review of timber bridge decks. A careful review of the Phase IIa BARRIER VII simulation results 

established the demands for the components. Review of lateral, longitudinal, and vertical vehicle 

impact loads from simulations and AASHTO LRFD Bridge Design Specifications (BDS) [15] 

were used to complete the connection designs. The vehicle impact loads applied to the bridge deck 

were the maximum impact loads the bridge railing connection capacities could transfer to the 

bridge deck and were used to evaluate its performance. The critical deck configurations for 

longitudinal and transverse decks were identified, recommendations were developed for dynamic 

component tests on transverse and longitudinal glulam timber decks, and 2-D and 3-D test plans 

were created for the bridge post connection to the critical deck configurations.  

Excessive water on the bridge deck represents a significant risk to railing performance and 

long-term durability. Timber components exposed to repeated moisture infiltration are prone to 

strength loss, swelling, shifting, and other degradation that can compromise structural reliability. 

A literature review was performed to investigate methods for protecting wood against excess 

moisture, focusing on both deck elements and the railingïdeck interface. Based on this review, 

cost-effective options were identified to reduce water exposure beneath the asphalt wearing surface 

and near the base of the bridge railing system. The lower components of the bridge postïscupper 

block system were found to be particularly vulnerable to moisture, prompting the need to design 

for elevated moisture content in those members. Accordingly, additional analysis was conducted 

on the timber scupper, incorporating reduced material properties for high-moisture conditions. The 

updated configuration was then re-evaluated using BARRIER VII simulation to assess 

performance under impact loads. These refinements were carried forward into the bridge railing 

system design, guiding further development of the critical transverse and longitudinal deck 

configurations and informing full-scale crash testing. The results were captured in updated 2-D 

drawings and 3-D models to reflect the optimized system layout and material durability 

considerations. 

The development of an approach guardrail transition began with creating and calibrating a 

BARRIER VII model of a prior thrie-beam system. After the calibration effort, the barrier system 

development process continued with consideration of recent advancements to incorporate into the 

AGT system. A review was also conducted on the impact performance of wood posts embedded 

in soil with cross-sections larger than 6 in. x 8 in. The review identified research gaps that led to 

the need to conduct dynamic component testing on larger wood posts. Two-dimensional (2-D) and 

3-D drawings were created for the necessary bogie tests. Three bogie tests were conducted, and 

the bogie testing results were evaluated and used to support the development of the new AGT.  

Design concepts were brainstormed for the connection between the bridge railing and the 

thrie-beam AGT. The connection concepts were narrowed down through different limiting 

parameters for the bridge rail-to-AGT connection. Both half-post spacing and quarter-post spacing 

AGT concepts were configured and investigated through BARRIER VII computer simulation. The 

new AGT concepts included accommodation for a 2-in. thick wearing surface. The BARRIER VII 

effort simulated impacts with a MASH 2016 2270P pickup truck. Impacts with the small car were 

not performed in this effort as the pickup truck represented the higher impact loading. A critical 

impact point analysis was conducted on the proposed AGT systems to determine the impact 

locations for test designation nos. 3-20 using the 1100C small car sedan and 3-21 using the 2270P 



July 28, 2025 
MwRSF Report No. TRP-03-494-25 

5 

pickup truck. This analysis provided the basis for a new AGT design, including 2-D plans of the 

system and its components.  

Evaluation of the timber bridge railing continued through dynamic component testing. 

Although two post tests were planned on both transverse glulam and longitudinal glulam decks for 

a total of four tests, only one test is reported herein. The first dynamic component test was 

conducted to investigate the adequacy and performance of bridge post connection attached to a 

transverse, glulam timber bridge deck. The component test was extensively instrumented with 

string potentiometers and strain gauges on timber and steel components and accelerometers on the 

bogie vehicle. The test results were used to evaluate adequacy and effectiveness of the connection 

details. Based on the performance, changes were made to the bridge railing system for 

consideration in the future dynamic component tests and possibly for the full-scale vehicle crash 

testing program.  
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2 LITERATURE REVIEW  

2.1 Introduction  

The literature was reviewed for previous higher-performance bridge railings that were 

developed for timber bridge decks. Following this step, a review of prior NCHRP 350 and MASH 

approach guardrail transitions (AGTs) was performed to inform the design process for the new 

AGT system. The impact performance of 8-in. x 8-in. and larger timber guardrail posts embedded 

in soil was briefly investigated for the AGT design process as well. This investigation was followed 

by a review of timber deck types, sizes (i.e., widths, lengths, and thicknesses), and the mechanics 

for load distribution through them. Issues regarding the protection of timber decks from water 

runoff, the application of preservatives, and the mechanical properties of wood under impact 

loading emerged as significant focus areas over the course of railing development.  

2.2 PL-2/TL-4 Bridge Railings for Timber Bridge Decks 

2.2.1 GC-8000 

Currently, four bridge railings for use on timber deck bridges have been developed and 

tested to the AASHTO PL-2/NCHRP-350 TL-4 impact conditions in the U.S. The Glulam Timber 

Rail with Curb Bridge Railing, also called GC-8000, was crash tested on a longitudinal timber 

bridge deck at MwRSF in 1993 [16]. The bridge railing was originally adapted from an AASHTO 

Performance Level 1 (PL-1) system crash tested by MwRSF and modified to meet the AASHTO 

PL-2 impact conditions [17-18].  

The bridge deck was composed of 10¾-in. thick Douglas Fir-Larch glulam panels 

measuring 4 ft wide and 18 ft ï 9 in. long. The post-to-deck panel connections included two ȩ-in. 

diameter, ASTM A722 steel transverse stressing rods spaced 22 in. apart. These rods passed 

through the exterior panels for a total length of 48 in. and were centered 3 in. below the top of the 

deck surface. The posts in this system were spaced at 6 ft ï 3 in., so that the spacing would be 

consistent across multiple longitudinal deck panels. The system had an overall height of 35 in. and 

utilized a 2-in. asphalt wearing surface on top of the timber deck, which resulted in an effective 

height of 33 in. Photographs of the installed system are shown in Figure 2.  
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Figure 2. GC-8000 Timber Bridge Railing on Longitudinal Glulam Deck [16] 

The only glulam component of the bridge railing system was the upper rail, which was 13½ 

in. tall x 6¾ in. wide and fabricated from combination 2 Douglas Fir-Larch glulam. The sawn 

lumber curb rails were nominally 6 in. tall x 12 in. wide. The sawn posts nominally measured 8 in. 

x 10 in. x 45¾ in. long. The sawn blockouts measured 4¾ in. wide x 7½ in. long x 13½ in. tall, 

and the scuppers nominally measured 8 in. tall x 12 in. wide x 4 ft long. All sawn components 

were Grade No. 1 Douglas Fir surfaced on all four sides and pressure-treated with creosote to a 

retention of 12 lb/ft3. Splices used a single ȩ-in. thick x 13½-in. wide x 29-in. long steel plate 

placed in a groove cut through the middle of the upper rail. Four ASTM A307A 1¼-in. diameter 

bolts held the plate to the railing on either side, and four ASTM A307A ȩ-in. diameter bolts held 

the railing to the post. The upper railing was attached to the post at every other post location with 

two ASTM A307A ȩ-in. diameter bolts. The post was attached to the curb rail with one ASTM 

A307A 1¼-in. diameter bolt. The curb rail and scupper blocks were anchored to the deck with six 

ASTM A307A ¾-in. diameter vertical bolts with 4-in. diameter shear plates. These components 

are shown in Figure 3. The maximum dynamic deflection for this railing was 14.2 in., as 

determined from the pickup truck used in test no. FSCR-4.  
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Figure 3. NCHRP 350 TL-4 Bridge Railing Cross-Section on Longitudinal Glulam Deck [16] 

The bridge railing adequately resisted impact from an 18,000-lb single-unit-truck (SUT) 

traveling at 82.4 km/hr and at an angle of 16.8 degrees in crash test no. FSCR-1. Because this test 

condition also met NCHRP 350 TL-4 requirements (a 17,637-lb SUT travelling 80 km/hr and 15 

degrees), the GC-8000 would be crashworthy for NCHRP 350 TL-4 with an additional pickup 

truck crash test. The test resulted in maximum dynamic and permanent set deflections of 6.5 in. 

and 1.2 in. respectively. 

The bridge railing adequately resisted impact from a 4,508-lb pickup truck traveling at 57.5 

mph and at an angle of 21.8 degrees in crash test no. FSCR-3. The test resulted in maximum 

dynamic and permanent set deflections of 6.1 in. and 0.4 in. respectively. These impact conditions 

were insufficient for TL-4 for NCHRP 350, so the test was rerun as test no. FSCR-4.  

The bridge railing adequately resisted impact from a 4,601-lb pickup truck traveling at 61.4 

mph and at an angle of 24.9 degrees in crash test no. FSCR-4. The test resulted in maximum 

dynamic and permanent set deflections of 14.2 in. and 2.1 in. respectively. The impact event led 

to rupture for one of the two transverse deck stressing rods at a post location, but this outcome was 

not a reason to consider the crash test a failure as the vehicle was safely captured and smoothly 

redirected.  
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2.2.2 TBC-8000 

The Thrie-Beam and Channel Bridge Railing, also called TBC-8000, was crash tested on 

a longitudinal timber bridge deck at MwRSF in 1992 [19]. The Missouri combination steel railing 

system successfully met NCHRP 230 safety performance requirements [20] and was the concept 

behind introducing a steel bridge railing to test an alternate railing on a longitudinal timber bridge 

deck. A steel post and thrie-beam, similar to the Missouri system, were the primary components 

for redirecting vehicles for an AASHTO Performance Level 1 (PL-1) ñsteelò system [17-18]. The 

PL-1 AASHTO railing system, crash tested by MwRSF using a 5,600-lb vehicle at 44.2 mph and 

19.1 degrees, successfully met impact requirements with a maximum dynamic deflection of 13.8 

in. and a permanent maximum deflection of 8.1 in. [17]. To meet AASHTO PL-2 impact 

conditions, a C8x11.5 A36 steel channel was added to the top of the steel spacer blocks. A cross-

section of the bridge railing is shown in Figure 4. 

 

Figure 4. AASHTO PL-2 Bridge Railing Cross-Section on Longitudinal Glulam Deck [19] 

The bridge deck was composed of 10¾-in. thick Douglas Fir-Larch glulam panels 4 ft wide 

and 18 ft ï 9 in. long. The post-to-deck panel connections included two ȩ-in. diameter ASTM 

A722 steel stressing rods spaced 16 in. apart. These rods passed through the exterior panels for a 

total length of 48 in. and were centered 3 in. below the top of the deck surface. The posts in this 

system were spaced at 6 ft ï 3 in. The system had an overall height of 35¼ in. and utilized a 2-in. 
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asphalt wearing surface on top of the timber deck, which resulted in an effective height of 33¼ in. 

The post and the blockout were both cut from W6x15 A36 steel sections. A photograph of the 

installed system is shown in Figure 5.  

 

Figure 5. TBC-8000 Steel Bridge Railing on Longitudinal Timber Bridge Deck [19] 

The bridge railing adequately resisted impact from an 18,001-lb SUT traveling at 51.2 mph 

and at an angle of 16.1 degrees in crash test no. FSTC-1. The test resulted in a maximum permanent 

set deflection of 8.19 in., which pertained to the thrie-beam railing. No damage was noted to the 

bridge deck as a result of the crash test into the bridge railing system. 

2.2.3 Glulam Rail with Curb on Transverse Glulam Deck 

In 1997, the third timber bridge railing was tested at MwRSF according to the NCHRP 350 

TL-4 impact conditions when installed on a transverse glulam timber deck [21-25]. Two crash 

tests were conducted on this bridge railing, one test with the SUT and another test with the pickup 

truck. The bridge deck comprised 5ȧ-in. thick Douglas Fir-Larch glulam panels measuring 4 ft 

wide and 13 ft long. The bridge posts were spaced on 8 ft centers, so that the posts would be 

centered at every other joint between panels. The bridge deck overhang was approximately 2 ft 

away from the centerline of the exterior girders. The bridge railing system had an overall top rail 

height of 35 in. above the deck panels and utilized a 2-in. thick concrete wearing surface on top of 

the timber deck, resulting in an effective top rail height of 33 in., similar to the GC-8000 bridge 

railing. Photographs of the installed system are shown in Figure 6.  
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Figure 6. NCHRP 350 TL-4 Glulam Timber Bridge Railing with Curb on Transverse Glulam 

Deck [25] 

This system was completely fabricated with glulam components, with the upper rail 

segments and the posts using higher graded glulam as compared to the scupper blocks, curb rail 

segments, and blockouts. The upper railôs cross-section was 13½ in. tall x 8¾ in. wide, and the 

post dimensions were 8¾ in. x 10½ in. x 41½ in. long, both fabricated from Combination 48 

Southern Yellow Pine glulam. The curb railôs cross-section was 6¾ in. tall x 12 in. deep, the 

blockout dimensions were 3ȧ in. thick x 8¾ in. wide x 10½ in. tall, and the scupper dimensions 

were 6¾ in. tall x 12 in. deep x 54 in. long. All three parts were fabricated from Combination 47 

Southern Yellow Pine glulam. All components were pressure-treated with pentachlorophenol to a 

retention of 0.6 lb/ft3. The upper railing was attached to the post with two ASTM A307A ¾-in. 

diameter bolts. The posts were held to the curb rail with one ASTM A307A 1¼-in. diameter bolt. 

The curb rail and scupper blocks were anchored to the deck with six ASTM A307A ¾-in. diameter 

vertical bolts with 4-in. diameter split rings between timber layers. These components are shown 

in Figure 7.  

During the third research and development program, the researchers reviewed and used the 

successful crash test results from the GC-8000 bridge railing system to revise the bridge railing 

configuration to avoid excessive damage to posts and blockouts. In test no. FSCR-1, it was 

observed that the 8000S SUT van body and frame structure leaned on the upper rail and extended 

over and below it on the back side, contacting and snagging on the top of several support posts and 

spacer blocks during the crash event. This behavior led the research team to place the upper rail 

higher than the top of the posts and spacer blocks in order to minimize vehicle snag and the 

associated damage to the timber elements.  



July 28, 2025 
MwRSF Report No. TRP-03-494-25 

12 

 

Figure 7. NCHRP 350 TL-4 Bridge Railing Cross-Section on Transverse Glulam Deck [20] 

The bridge railing adequately resisted impact from a 17,637-lb SUT at 46.5 mph and at an 

angle of 16.0 degrees in crash test no. TRBR-1. The test resulted in maximum dynamic and 

permanent set deflections of 3.3 in. and 0.4 in. respectively. The vehicle obscured the railing from 

the overhead camera for much of the crash event, and greater dynamic deflections may have 

occurred but were not visible. No impact damage was noted to have occurred to the bridge deck 

during the crash test on the bridge railing; however, this damage would have been difficult to 

observe due to the placement of a 2-in. concrete wearing surface on top of the deck. A review of 

photographs revealed cracking in the concrete wearing surface at the interface to the concrete 

tarmac. The railing experienced gouging along the front face of the upper and curb railings as well 

as on top of the posts supporting the upper railing.  

The bridge railing also adequately resisted impact from a 4,394-lb pickup truck traveling 

at 61.6 mph and at an angle of 27.4 degrees in crash test no. TRBR-2. The test resulted in maximum 

dynamic and permanent set deflections of 8.0 in. and 1.1 in. respectively. Most of the railing was 

visible to the overhead camera during the crash event, and the maximum deflection was not 

obscured. Again, no damage was noted to the bridge deck, and no photographs revealed any 

potential damage to the timber deck. 
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2.2.4 Steel Thrie-Beam Rail on Transverse Glulam Deck 

In 1997, the fourth timber bridge railing was tested at MwRSF according to the NCHRP 

350 TL-4 impact conditions when installed on a transverse glulam deck [21-25]. The previously 

developed TBC-8000 served as the basis for the development of the Steel Thrie-Beam on 

Transverse Glulam Deck. Two crash tests were conducted on this bridge railing, one test with the 

SUT and another test with the pickup truck. The bridge deck comprised 5ȧ-in. thick Douglas Fir-

Larch glulam panels measuring 4 ft wide and 13 ft long. The bridge posts were spaced on 8-ft 

centers, so that the posts would be centered at every other joint between panels. The deck panel 

overhang was approximately 2 ft away from the centerline of the exterior girders. The bridge 

railing system had an overall top rail height of 36 in. above the deck panels and utilized a 2-in. 

thick concrete wearing surface on top of the timber deck, resulting in an effective top rail height 

of 34 in. Photographs of the installed system are shown in Figure 8.  

 

Figure 8. NCHRP 350 TL-4 Steel Thrie-Beam Bridge Railing on Transverse Glulam Deck [25] 

This system was completely fabricated with steel components, using a 10-gauge thrie-beam 

rail as the primary railing component. An 8-in. wide x 3-in. tall x 3/16-in. thick ASTM A500 Grade 

B HSS steel tube section was used for the top railing. The steel blockout and post were both ASTM 

A36 W6x15 steel sections. The blockout was 193/16 in. long, and the post was 3713/16 in. long. The 

top rail was attached to the blockout using four ȩ-in. diameter bolts, which held it to two 3½-in. x 

3½-in. x 5/16-in. steel angles measuring 4ȩ-in. long. These angles were bolted to the web of the 

blockout with two ȩ-in. diameter bolts. The thrie-beam rail was attached to the blockouts with two 

ȩ-in. diameter bolts, and the blockouts were attached to the posts with four ȩ-in. diameter bolts. 

Four stiffeners were welded in each post to increase local buckling resistance at the base. Two ¾-

in. and two 1-in. diameter bolts were used to hold each post to two steel plate assemblies, one 

resting on the deck surface and the other attached beneath the bottom of the deck. Each steel plate 

assembly was 44 in. wide and 14 in. deep. Twelve ASTM A325 Ȫ-in. diameter bolts held the steel 

plate assemblies to the transverse glulam deck panels. The farthest line of bolts holding the steel 

plate assemblies to the bridge deck was 12 in. centered away from the deck edge. The steel plate 

assemblies straddled two transverse glulam bridge deck panels. These components are shown in 

Figure 9.  



July 28, 2025 
MwRSF Report No. TRP-03-494-25 

14 

 

Figure 9. Steel Thrie-Beam Railing for NCHRP-350 TL-4 on Transverse Glulam Deck [25] 

The bridge railing also adequately resisted impact from a 4,396-lb pickup truck traveling 

at 58.2 mph and at an angle of 25.5 degrees in crash test no. STTR-1. The test resulted in maximum 

dynamic and permanent set deflections of 5.4 in. and 4.6 in. respectively. No damage was noted 

on the timber bridge deck. Photographs showed cracking in the 2-in. concrete wearing surface 

above the steel assembly at some posts, and the concrete wearing surface was removed at some 

locations to examine damage to the steel assembly. No photographs showed the bridge deck 

following impact.  

The bridge railing adequately resisted impact from a 17,785-lb SUT traveling at 47.5 mph 

and at an angle of 14.6 degrees in crash test no. STTR-2. The test resulted in a maximum permanent 

set deflection of 5.4 in. No maximum dynamic deflections were recorded. During the second test, 

the vehicle obscured the view of the top of the railing for an extended time period. No damage was 

noted to the timber deck.  
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2.2.5 Z B4-20 on Stress-Laminated Deck 

The timber bridge railing designation Z B4-20 was developed in Norway in 2011 for use 

on stress-laminated timber decks [26]. The design conformed to the H2 containment class specified 

by EN1317 [27]. It was first simulated with LS-DYNA using impact conditions consisting of a 

13,000-kg (28,660-lb) bus impacting the railing at a 20-degree angle and traveling 70 kph (43.5 

mph) and a 900-kg (1,984-lb) small car impacting at a 20-degree angle and travelling at 100 kph 

(62 mph) [26]. Posts were spaced at 2 m (6.6 ft), which supported three railings (1.41 m, 0.74 m, 

and 0.47 m centered from the top of the bridge deck). The top of the system was 1.45 m (4.8 ft) 

above the bridge deck surface. The posts were secured to steel plates that were attached to the deck 

with two steel stressing rods, which penetrated 2 m (6.6 ft) into the deck and had a diameter of 20 

mm (Ȫ in.). The railings were composed of three steel pipe railings measuring 82.5 mm (3ı in.) 

in diameter and made from low-strength steel with a 235 MPa (34 ksi) yield strength. These 

elements are shown in Figure 10.  

 

Figure 10. Bridge Railing Developed for Stress-Laminated Timber Decks in Norway: Cross-

Section (left) and Plan View (right) [deck stressing rods not shown for clarity] [28] 

The research and development effort for this railing utilized computer simulations instead 

of physical component testing. Furthermore, researchers investigated how the length of the rods 

used to anchor the posts to the bridge deck affected the deck rotation. Researchers found that longer 

stressing rods resulted in stiffer bridge decks and that a minimum stressing rod length of 1.6 m (63 

in.) provided superior stress distribution and a reduction of the dynamic impact loads. Note that 

study details were not available in the railing development report. The stressing rods were spaced 

240 mm (9.4 in.) from one another on a simulated bridge deck measuring 350 mm (13.8 in.) thick. 

The stressing rods were centered up to 57 mm (2¼ in.) from the top of the timber surface in the 

Norway bridge railing [28]. The simulated maximum dynamic deflections were not reported in the 

development effort, but additional documentation on the railing noted that dynamic deflections 

were intended to be 800 mm (31.5 in.) [29]. A photograph of the as-built railing system is shown 

in Figure 11.  
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Figure 11. Timber Bridge Railing for Stress-Laminated Deck Built by AB Varmförzinkning [30] 

2.3 Approach Guardrail Transitions  

2.3.1 Overview 

Approach guardrail transitions (AGTs) are attached to the ends of bridge railings to provide 

structural continuity between the vehicle barrier systems on the bridge and along the approach 

roadway. These transitions prevent motorists from striking the bridge rail ends, which are often 

configured with rigid end buttresses. They also provide a gradual lateral stiffness transition 

between strong bridge railings and deformable guardrails to reduce risks for high deflections 

upstream from low deflection barriers, which may result in either vehicle snag or pocketing with 

excessive decelerations. These transition systems also need to perform in an acceptable manner by 

safely containing and smoothly redirecting errant vehicles without vehicle rollover.  

AGTs incorporate posts that are embedded in soil, and the satisfactory performance of the 

posts placed in the soil is critical to their proper function. An appropriately-designed transition 

must consider a reasonable combination of post spacing, post type, post size, and embedment 

depth, which are gradually matched to the adjacent guardrail in advance of the transition. An AGT 

system is typically configured with thrie-beam or W-beam rail elements, both of which can be 

nested, but only W-beam rails have been stacked vertically. Nesting refers to two railings that 

overlap one another in the same ñlayer,ò and stacking refers to setting one railing above the other 

in elevation. AGT systems often use thrie-beam rails, while guardrail systems often use W-beam 

rails. For this common configuration, a transition piece is used to connect the W-beam guardrail 

to the thrie-beam AGT. These pieces were traditionally symmetric; however, more recently these 

segments have become asymmetric. Symmetric pieces maintain the same centerline between the 

thrie-beam and W-beam rails, and asymmetric transition sections maintain the same relative top 

elevation between barrier systems.  



July 28, 2025 
MwRSF Report No. TRP-03-494-25 

17 

For the higher performance steel bridge rails that were developed and crash tested on timber 

decks, no details and crash-testing information are provided herein for the approach guardrail 

transitions connecting the steel bridge rails with the guardrail. These AGTs did not possess relevant 

background, such as a timber railing connection or timber posts of sizes of 8 in. x 8 in. or larger, 

which were deemed important to the new AGT design. 

2.3.2 Thrie-Beam Transition to GC-8000 

The GC-8000 bridge railing included an approach guardrail transition at the end of the 

bridge rail. The main upper transition rail was a 10-gauge thrie-beam rail measuring 12 ft ï 6 in. 

long with a top rail height of 31 in. from the ground. The thrie-beam rail connected directly to a 

thrie-beam terminal connector, which was bolted to the bridge railing with five Ȫ-in.-diameter 

bolts and an ASTM A36 ½-in. thick steel plate. The 10-gauge thrie-beam rail was also connected 

to a 12-gauge symmetric transition section, which connected to a 12-gauge W-beam guardrail 

system at a height of 27 in. The spacing between the last bridge railing post and the first AGT post 

was 4 ft ï 1½ in., which shifted to quarter-post (18¾-in.) spacing between transition posts 1 

through 5. The first two AGT posts were 8 in. wide x 8 in. deep x 6½ ft long with an embedment 

depth of 46 in. The gap between the end of the bridge deck and the edge of the first post was 8 in. 

AGT posts 3 through 7 were 8 in. wide x 8 in. deep x 6 ft long with an embedment depth of 40 in., 

although the spacing switched from quarter-post to half-post (3 ft ï 1½ in.) spacing between posts 

5 and 6. All posts were Grade No. 1 SYP treated with chromated copper arsenate (CCA).  

The connection from the AGT to the bridge railing also included a taper in the lower timber 

curb railing under the thrie-beam rail and a reverse-tapered block underneath the upper timber 

railing. The transition is shown in Figure 12. The approach guardrail transition connected to the 

bridge railing with a steel plate embedded within a midplane kerf through the end of the upper 

bridge railing. This connection is detailed on several FPL plans for TL-4 timber bridge approach 

guardrail transitions [31-32].  
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Figure 12. AGT Developed for GC-8000 [16] 

The thrie-beam transition to the GC-8000 was crash tested to NCHRP Report 230 Multiple 

Service Level 2 (MSL-2) standard impact conditions with a 4500S car in test no. FSCR-2 [33]. 

The transition adequately resisted impact from a 4,506-lb sedan traveling at 62.4 mph and at an 

angle of 24.8 degrees. The test resulted in maximum dynamic and permanent set deflections of 7.4 

in. and 1.6 in., respectively. The lower tapered curb rail that transitioned to the lower curb bridge 

rail was significantly damaged. The bolts, which held the curb rail to the bridge deck, began to 

pull through the lower curb rail at the first bridge post. System CAD details are shown in Figures 

13 and 14.  
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Figure 13. Front View of AGT Developed for GC-8000 [16] 

 

Figure 14. Cross-Section View of AGT Posts Closest to Bridge Railing [16] 

2.3.3 Thrie-Beam Transition to Glulam Rail with Curb Bridge Railing 

The 1997 AGT developed for the NCHRP 350 TL-4 Glulam Rail with Curb Bridge Railing 

was configured with an upper 10-gauge thrie-beam mounted at 31ȩ in. The lower curb rail was 

tapered off beneath the thrie-beam rail. Farther upstream, the thrie-beam rail transitioned to a 12-

gauge W-beam guardrail system with a top mounting height of 27¾ in. [20]. These rail elements 

are shown in Figure 15. The spacing between the last bridge railing post and the first AGT post 

was 4 ft, which shifted to quarter-post (18¾-in.) spacing between AGT transition posts 1 through 

7. The gap between the end of the bridge deck and the edge of the first post was 1 ft ï 6 in. The 

first four AGT posts were 8 in. x 8 in. x 6½ ft with an embedment depth of 45.35 in., followed by 

three 6-ft long posts embedded 39.35 in. into the ground. Three additional 8-in. x 8-in. timber posts 

were located upstream from the half-post spacing using various embedment depths for the 

symmetric transition segment. All 8-in. x 8-in. posts were Grade No. 1D SYP treated with CCA. 
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After the transition element, a strong-post W-beam guardrail system was used for the roadside 

barrier. AGT CAD details are shown in Figures 16 and 17.  

 

Figure 15. AGT Connecting to NCHRP 350 TL-4 Railing on Transverse Glulam Deck [25]  

 

Figure 16. Front View of AGT Connected to NCHRP-350 TL-4 Railing on Transverse Glulam 

Deck and W-Beam Guardrail [25]  
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Figure 17. Cross-Section View of AGT Posts Closest to Bridge Railing [25]  

The thrie-beam transition to the Glulam Rail with Curb was crash-tested to NCHRP 350 

TL-4 impact safety standards. The transition adequately resisted impact from a 4,473-lb pickup 

truck traveling at 65.2 mph and at an angle of 26.4 degrees in crash test no. TRBR-3. The test 

resulted in maximum dynamic and permanent set deflections of 6.4 in. and 1.4 in. respectively. 

This impact did not seriously damage the timber curb rail transition. The primary damage was 

flattening of the thrie-beam rail and gouging of the upper glulam timber rail.  

The transition also adequately resisted impact from a 17,644-lb SUT traveling at 51.3 mph 

and at an angle of 13.7 degrees in crash test no. TRBR-4. The test resulted in maximum dynamic 

and permanent set deflections of 4.9 in. and 1.9 in. respectively. Again, very little damage was 

observed to the tapered timber curb rail underneath the thrie-beam rail, which was flattened, and 

the end of the upper glulam rail was gouged.  

2.3.4 Midwest Guardrail System Transition to Stiff Bridge Railing 

In 2005, a new AGT system was crash tested, which was designed with a new upstream 

transition between the AGT and the guardrail following a previous failed crash test [34-35]. The 

upstream transition was designed with a new standard asymmetric guardrail piece, as shown in 

Figure 18. Three different posts were used for this AGT design: three W6x15 sections closest to 

the bridge rail with embedment depths between 54 to 55 in., seven W6x12 sections with a 58-in. 

embedment depth, and the remainder of the guardrail posts using W6x9 steel posts at a 40-in. 

embedment depth [35]. Half-post spacing was used for all posts, with three W6x9 posts spaced at 

half-post spacing before the fourth post was shifted to full-post (6 ft ï 3 in.) spacing for the 

guardrail. The AGT configuration is shown in Figure 18.  
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Figure 18. Front-View, Final Design of AGT Connection between MGS and Stiff Bridge Rail 

[35]  

The transition adequately resisted impact from a 4,431-lb pickup truck traveling at 61.5 

mph and at an angle of 24.9 degrees in crash test no. MWT-5. The test resulted in maximum 

dynamic and permanent set deflections of 23.8 in. and 14.8 in., respectively. Following this 

successful test, the transition also adequately resisted impact from a 1,992-lb small car traveling 

at 65.5 mph and at an angle of 20.4 degrees in crash test no. MWT-6. The test resulted in maximum 

dynamic and permanent set deflections of 12.1 in. and 9.7 in., respectively. A post-test photograph 

of crash test no. MWT-5 is shown in Figure 19.  

 

Figure 19. Post-Test Photograph of Successful Crash-Test MWT-5 on Upstream Transition [35]  
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2.3.5 Standardized Midwest Guardrail System Transition to Stiff Bridge Railing 

In 2010, additional modifications were made to the previous AGT design so that it utilized 

standard steel post sizes with only two sections versus three sections, and additional crash tests 

were conducted according to MASH 2009 safety performance criteria, which was the new crash 

testing standard. The two standard steel sizes in roadside construction are W6x15 and W6x9. The 

new AGT design changed the embedment depth, post spacing, and used only two posts sizes by 

eliminating the W6x12 posts. The AGT began (going upstream from the bridge) with three W6x15 

posts at half-post spacing with a 55ȧ-in. embedment depth, then four W6x9 posts at quarter-post 

spacing and a 40-in. embedment depth, and at the end four W6x9 posts at half-post spacing and a 

40-in. embedment depth, all before connecting to the MGS [36]. CAD details for this design are 

shown in Figure 20.  

 

Figure 20. Elevation View of AGT Built with Two Standard Post Sizes [36] 

Crash tests using MASH 2009-compliant vehicles, a 2270P pickup truck and a 1100C small 

car, were successfully conducted. The transition adequately resisted impact from a 5,158-lb pickup 

truck traveling at 61.2 mph and at an angle of 26.3 degrees in crash test no. MWTSP-2. The test 

resulted in maximum dynamic and permanent set deflections of 32.8 in. and 25.75 in., respectively. 

Following this successful test, the transition also adequately resisted impact from a 2,591-lb small 

car traveling at 61.0 mph and at an angle of 25.7 degrees in crash test no. MWTSP-3. The test 

resulted in maximum dynamic and permanent set deflections of 18.5 in. and 15.6 in., respectively. 

The small car test resulted in some tire snag on the posts, as shown in Figure 21, but this snag 

behavior did not result in a failed test because ride down accelerations and occupant impact 

velocities were not excessive.  



July 28, 2025 
MwRSF Report No. TRP-03-494-25 

24 

 

Figure 21. MWTSP-3 Final Location of Small Car after Test with Wheel Snag [36] 

2.3.6 Wood Post Alternative for Midwest Guardrail System Transition to Stiff 

Bridge Railing 

As the above development effort concluded, research began investigating a timber post 

alternative for the W6x15 posts used in the steel post design [37]. Both W6x15 and W6x9 steel 

posts were used in the AGT design, however, a timber post equivalent was only needed for the 

W6x15 steel shapes as 6-in. x 8-in. timber posts have long been recognized as an equivalent to 

W6x9 steel posts. For this comparison, a total of twenty bogie tests on W6x15 steel posts and 8-

in. x 8-in., 8-in. x 10-in., 10-in. x 10-in., and 6-in. x 10-in. timber posts, all embedded in soil, were 

conducted. The 8-in. x 8-in. timber posts were embedded at 54 in. into the soil, two in AASHTO 

Grade B material with moderate compaction and two with the same material with heavy 

compaction. One of these posts is shown in Figure 22. Four tests were also conducted on W6x15 

steel posts placed in soil at both compaction levels.  
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Figure 22. Bogie Test MGSATB-8 on 8-in. x 8-in. Post Embedded 54-in. into Heavily 

Compacted Soil 

All 8-in. x 8-in. timber posts ruptured instead of rotating in the soil. Following this finding, 

eight tests were conducted on 8-in. x 10-in. timber posts, a single test on a 10-in. x 10-in. timber 

post, and three tests on 6-in. x 10-in. timber posts. The 8-in. x 10-in. post embedment was either 

54 in. (three tests) or 48 in. (five tests); the 10-in. x 10-in. post embedment was 54 in.; and the 6-

in. x 10-in. posts were embedded at 52 in. All posts were placed in heavily compacted soil. The 8-

in. x 10-in. timber post was recommended as the equivalent post to the W6x15 steel section, largely 

because that size demonstrated post rotation in soil rather than post rupture. These posts absorbed 

more energy than the W6x15 posts, so the selection was conservative [37]. No crash tests were 

conducted to validate the performance of the AGT system using equivalent wood posts; only 

BARRIER VII simulations were performed to support the alternative post types in AGTs. Two 

AGT design variations were developed using alternative wood posts and are shown in Figures 23 

and 24.  

 

Figure 23. Proposed AGT Design Utilizing Quarter-Post Spacing [37] 
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Figure 24. Proposed AGT Design Utilizing Half-Post Spacing [37] 

The AGT system with wood-post equivalents replaced W6x9 steel posts with 6-in. x 8-in. 

timber posts at a 40-in. embedment depth and replaced W6x15 steel posts with 8-in. x 10-in. timber 

posts at a 48-in. embedment depth. In addition to the wood-post equivalent AGT, another system 

was configured with 8-in. x 8-in. timber posts at quarter post spacing, which was based on the 

satisfactory performance of the 1997 AGT [25], but utilizes a raised railing height of 31 in. and 

incorporated an upstream stiffness transition to prevent pocketing. Four 8-in. x 8-in. timber posts 

at quarter-post spacing would be installed with a 46-in. embedment depth, followed x three 8-in. 

x 8-in. timber posts at quarter post spacing and a 40-in. embedment depth. Four 6-in. x 8-in. timber 

posts at quarter post spacing and a 40-in. embedment depth compose the remainder of the AGT, 

shown in Figure 23.  

2.3.7 Midwest Guardrail System Transition to Stiff Bridge Railing with 3-in. 

Overlay 

MwRSF conducted further AGT research to investigate and develop a system that could 

accommodate a future 3-in. wearing surface and remain crashworthy [38]. The height of the 

guardrail is critical for allowing AGTs to redirect vehicles. Further, a future wearing surface can 

lower the effective height of the guardrail by increasing the height of vehicles relative to the 

guardrail elements. The thrie-beam terminal connector at the end of the bridge railing cannot easily 

be vertically adjusted years later for most systems.  

MwRSF proposed an AGT design which vertically adjusted the initial height 3 in. upward 

using a symmetric transition section to maintain the 31-in. guardrail height, which positioned the 

thrie-beam rail at an overall height of 34 in. The symmetric transition segment does not exactly 

match between the 34-in. thrie-beam height and the 31-in. guardrail height, so the transition 

segment was shifted vertically ¾ in. upward to connect to the W-beam guardrail, as shown in 

Figures 25 and 26. When a 3-in. asphalt overlay is placed on the road, the symmetric transition 

piece can be removed and replaced with an asymmetric transition segment along with the W-beam 

guardrail being shifted up 3 in. to maintain a 31-in. rail height above the new overlay [38]. The 

shifted elevation of the guardrail and transition segment on a post is shown in Figure 27.  
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Figure 25. AGT System Configuration before Installation of 3-in. Wearing Surface [38] 

 

Figure 26. AGT System Configuration after Installation of 3-in. Wearing Surface [38] 

 

Figure 27. AGT System with Adjustable Height Post Cross-Section for Connecting Guardrail 

[38] 
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Crash testing with the MASH 2270P pickup truck and the 1100C small car were 

successfully conducted. The transition adequately resisted impact from a 5,024-lb pickup truck 

traveling at 62.2 mph and at an angle of 24.8 degrees in crash test no. 34AGT-1. The test resulted 

in maximum dynamic and permanent set deflections of 7.8 in. and 5.75 in., respectively. Following 

this successful test, the transition also adequately resisted impact from a 2,420-lb small car 

traveling at 62.1 mph and at an angle of 25.5 degrees in crash test no. 34AGT-2. The test resulted 

in maximum dynamic and permanent set deflections of 2.7 in. and 0.75 in., respectively.  

2.3.8 Dynamic Component Testing of 8-in. x 8-in. Wood Posts and Larger 

The development of a new AGT system to connect the timber bridge railing to the W-beam 

guardrail required additional research into post-soil interaction for wood posts measuring 8-in. x 

8-in. and larger. Wood posts, due to their potential for rupture, need to rotate through soil to 

effectively maximize the energy absorbed during vehicle impacts. Dynamic component tests on 8-

in. x 8-in. posts and larger placed in soil were less common, and several of these studies are 

discussed below.  

The first study was conducted by the Southwest Research Institute (SwRI) to develop 

AGTs through dynamic component tests and full-scale vehicle crash tests [39]. The research effort 

examined 8-in. x 8-in., 10-in. x 10-in., and 12-in. x 12-in. wood posts and W6x15.5 steel posts, all 

struck by a swinging pendulum weighing 4,000 lb at 21 in. above the ground with a target speed 

of 20 fps. The set up for this test is shown in Figure 28. Twelve tests were conducted, two on 8-in. 

x 8-in., two on 10-in. x 10-in., and two on 12-in. x 12-in. wooden posts, two on W6x15.5 posts 

bent about the strong axis with soil paddles, two on W6x15.5 posts bent about the strong axis 

without soil paddles, and two on W6x15.5 posts bent about the weak axis. Neither the grade nor 

species of wood posts were provided in the SwRI study. The wood posts were embedded 36 in. 

into the ground (Strong Soil, Type S1), while the steel posts were embedded 44 in. into the ground 

(Strong Soil, Type S1).  
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Figure 28. Diagram of Dynamic Component Test Setup by SwRI [39] 

The results from the dynamic pendulum impact tests into wood posts are shown in Table 

1. The designation ñP#ò in the table refers to the post shape size, so ñP8ò involves a test on an 8-

in. x 8-in. post and so on. Test no. ñ2P10ò lacks additional data as the post ruptured during the test. 

All other tests on wood posts resulted in rotation through soil.  
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Table 1. SwRI Study Dynamic Component Testing Results ï Wood Posts [39] 

Test No. 
Maximum 

Force (k) 

Time 1 

(ms) 

Distance 1 

(in.) 

Stiffness 

(k/in.) 

Total 

Impulse 

(lb-s) 

Time 2 

(ms) 

Distance 2 

(in.) 

1P12 20.7 32 7.32  2273.8 116 18.62 

1P12-R 23.8 25 5.76  2271.2 98 15.67 

Average 22.3  6.54 3.41   17.15 

1P10 16.3 30 6.84  1544.2 100 18.12 

2P10 16.4 26 6.00  - - - 

Average 16.35  6.42 2.55   18.12 

2P8 13.2 30 6.96  1287.3 103 19.75 

1P8-R 11.6 34 7.92  1091.0 101 20.42 

Average 12.4  7.44 1.67   20.07 

 

The other study was conducted by MwRSF and was discussed in the summary of the AGT 

wood post alternative connecting MGS and a stiff bridge railing (Section 2.3.6) [37]. The results 

from the impact tests on 8-in. x 8-in., 8-in. x 10-in., 10-in. x 10-in., and 6-in. x 10-in. posts are 

shown in Table 2. Refer to Section 2.3.6 for an example of the test set up for that study.  

Table 2. Wood-Post Dynamic Test Results, MGS Wood-Post Testing Series [37] 

Test No. 
Post 

Type 

Embedment 

Depth (in.) 

Impact 

Velocity 
(mph) 

Peak 

Force 
(kips) 

Average Force Total 

Energy 
(kip-in.) 

Failure 

Type @ 5 in. 

(kips) 

@ 10 in. 

(kips) 

@ 15 in. 

(kips) 

MGSATB-3 
SYP 

8x8 
54 18.2 14.7 7.2 9.2* NA 94.6 Fracture 

MGSATB-4 
SYP 

8x8 
54 18.7 25.4 7.3 10.6 11.9* 180.9 Fracture 

MGSATB-7 
SYP 

8x8 
54 21.4 17.3 10.9 7.5* NA 73.0 Fracture 

MGSATB-8 
SYP 

8x8 
54 21.9 24.6 12.7 6.9* NA 66.8 Fracture 

MGSATB-9 
SYP 

8x10 
54 19.9 15.7 7.5* NA NA 37.3 Fracture 

MGSATB-10 
SYP 

10x10 
54 20.5 36.7 25.6 28.2 NA 307.4 Rotation 

MGSATB-11 
SYP 

8x10 
54 20.6 30.9 21.6 25.1 NA 311.7 Rotation 

MGSATB-12 
SYP 

8x10 
54 19.4 25.6 18.1 20.8 NA 275.5 Rotation 

MGSATB-13 
SYP 

8x10 
48 20.2 19.1 13.7 14.6 15.1 298.8 Rotation 

MGSATB-14 
SYP 

8x10 
48 19.7 20.5 15.6 17.2 17.1 283.5 Rotation 

MGSATB-15 
SYP 
8x10 

48 21.0 31.5 20.0 24.5 20.8 324.5 Rotation 

MGSATB-16 
SYP 

8x10 
48 20.2 30.7 20.1 19.3* NA 194.4 Fracture 

MGSATB-17 
SYP 
8x10 

48 19.6 32.1 23.4 24.7 NA 285.6 Rotation 

MGSATB-18 
SYP 

6x10 
52 21.0 21.8 14.7 17.7 18.4 352.2 Rotation 

MGSATB-19 
SYP 
6x10 

52 19.7 17.0 11.8 11.5* NA 124.3 Fracture 

MGSATB-20 
SYP 

6x10 
52 24.5 13.9 5.5* NA NA 28.5 Fracture 

* Fracture had already been initiated. 
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The Southwest Research Institute also conducted a study in 1971 to examine the rupture 

strength of wood posts [40]. Over 100 tests were conducted on Douglas Fir, Southern Pine, Red 

Oak, and Red Pine posts with sizes 4-in. x 4-in. through 8-in. x 8-in. A swinging pendulum was 

also used to strike the posts, which weighed 4,000 lb, as it represented the weight of a medium-

sized passenger car. The test results for the 8-in. x 8-in. Southern Pine and Douglas Fir posts are 

summarized in Tables 3 and 4.  

Table 3. SwRI Pendulum Test Results ï 8-in. x 8-in. Southern Pine Posts [40] 

Specimen 
Width 

(in.) 

Depth 

(in.) 

Impact 

Velocity 

(fps) 

Fracture 

Energy 

(kip-ft) 

Peak 

Force 

(kips) 

Average 

Force 

(kips) 

A 7.88 8.38 19.9 11.7 22.0 11.6 

B 8.25 8.38 29.8 17.3 24.3 9.4 

C 8.06 8.12 29.4 13.9 25.9 11.8 

D 8.06 8.50 27.6 6.3 29.4 7.3 

E 8.00 8.12 27.6 12.1 25.2 10.9 

F 8.12 8.38 29.6 12.4 28.4 10.5 

G 7.94 8.31 29.2 9.9 28.0 9.2 

H 8.12 8.25 27.6 10.9 25.4 9.9 

Table 4. SwRI Pendulum Test Results ï 8-in. x 8-in. Douglas Fir Posts [40] 

Specimen 
Width 

(in.) 

Depth 

(in.) 

Impact 

Velocity 

(fps) 

Fracture 

Energy 

(kip-ft) 

Peak 

Force 

(kips) 

Average 

Force 

(kips) 

A 7.60 8.00 15.0 7.52 22.1 9.8 

B 7.60 7.88 14.7 6.70 16.9 6.9 

C 7.75 8.00 14.9 7.45 21.5 9.5 

D 7.60 7.88 14.7 6.18 17.5 7.2 

E 7.60 7.88 15.0 6.86 20.9 9.2 

F 7.60 7.75 14.8 8.00 23.0 10.5 

G 7.75 7.75 14.8 8.23 22.1 10.6 

H 7.60 7.88 14.9 7.07 19.0 8.9 

 

2.4 W-Beam Guardrail System Background 

2.4.1 Midwest Guardrail System with SYP 6-in. x 8-in. Grade No. 1 Posts 

After MASH 2009 was published, additional full-scale vehicle crash testing was performed 

on the MGS using 6-in. x 8-in. Southern Yellow Pine (SYP) Grade 1 or better posts, which 

included the 2270P and 1100C vehicles impacting systems with at 31 in. and 32 in. rail height, 

respectively [43]. The successfully crash-tested system is shown in Figures 29 and 30. Note that 

the 32-in. top railing height was achieved with a 39-in. post embedment depth during the 1100C 

small car test where the top of the blockout matched the top of the post.  
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Figure 29. MGS Utilizing SYP Grade No. 1 Posts [43] 

 

Figure 30. MGS Cross-Section of SYP Grade No. 1 Posts [43] 

Crash testing under MASH 2009 was successfully conducted with the 270P pickup truck 

and 1100C car. The transition adequately resisted impact from a 5,029-lb pickup truck traveling at 

62.2 mph and at an angle of 24.9 degrees in crash test no. MGSSYP-1. The test resulted in 

maximum dynamic and permanent set deflections of 40.0 in. and 30.25 in., respectively. Following 

this successful test, the transition also adequately resisted impact from a 2,442-lb small car 

traveling at 61.5 mph and at an angle of 25.3 degrees in crash test no. MGSSYP-2. The test resulted 

in maximum dynamic and permanent set deflections of 22.2 in. and 16.25 in., respectively. 

2.4.2 Guardrail System using Raised Blockouts 

The placement of future wearing surfaces will also raise the effective vehicle height relative 

to the top of the W-beam railing attached to the support posts. Texas A&M Transportation Institute 

(TTI) researchers investigated the efficacy of raising the blockouts on guardrail systems without 

raising or reinstalling the posts [44]. A new hole could be drilled into the posts above the old 

guardrail mounting hole to increase the guardrail height. TTI researchers conducted dynamic 
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component testing to investigate a rail height increase of 4 in. Two pendulum tests were conducted 

on 6-in. x 8-in. posts embedded 44 in. into the soil. The setup for these tests is shown in Figure 31.  

 

Figure 31. Pendulum Testing Setup on Timber Guardrail Posts [44] 

In both tests, a post 28 in. above grade had two ¾-in. diameter holes drilled in it, with one 

hole 3 in. from the top and the other 7 in. from the top. A ȩ-in. diameter bolt was inserted through 

the hole 3 in. from the top and fastened a surrogate W-beam guardrail and wooden blockout, which 

had a top mounting height of 32 in. above grade. A pendulum mass struck the W-beam guardrail 

29.5 in. from the ground. The test configuration is shown in Figure 32. The post was embedded at  

40 in., which was typical for MGS posts.  
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Figure 32. Test Configuration for Pendulum Impact Tests on Posts with Raised Timber 

Blockouts [44] 

TTIôs study found that increasing the top rail height by 4 in. did not adversely affect the 

timber posts in pendulum tests. In addition to these tests, an LS-DYNA computer simulation 

investigation was performed into whether the MGS could work as intended with a 4-in. overlay. 

Three different scenarios were evaluated using LS-DYNA: (1) MGS performance with a 4-in. 

overlay, (2) a 27¾-in. tall guardrail with a 4-in. deeper post embedment depth, and (3) a 27¾-in. 

tall guardrail with 4-in. overlay (maintaining system height). The first two simulations utilized 

MASH 2016 TL-3 impact conditions on the MGS (calibrated by both previous component tests 

and crash tests at MwRSF) using a 2270P vehicle. The final simulation used a NCHRP 350 2000P 

pickup truck vehicle model. All systems were found to provide satisfactory safety performance. 

Subsequent research has been conducted, along with a successful crash test, on steel-post guardrail 

systems with raised blockouts [45-46].  
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2.5 Deck Types 

2.5.1 Introduction  

The United States Forest Serviceôs (USFSôs) Timber Bridges: Design, Construction, 

Inspection, and Maintenance [47] offers an in-depth examination of the various types of timber 

bridge decks. These deck types may be either transverse or longitudinal, with transverse decks 

sitting on top of beams or stringers, and longitudinal decks supporting themselves on the abutments 

without connecting to additional super structure elements. Deck types include nail-laminated, 

glulam, spike-laminated, stress-laminated, and many others. This section will discuss the various 

deck types according to their fabrication and use.  

2.5.2 Nail-Laminated Decks 

The use of nails for assembling timber decks represents one of the most traditional methods 

in bridge construction. This technique involves aligning boards adjacently across their wide faces 

and securing them with multiple nails, as depicted in Figure 33. This method binds the smaller 

wooden pieces into a single, expansive, shallow beam structure. Typically, lumber dimensions for 

this application range from nominal 2 in. thick and 8- to 16-in. wide laminations [48], although 

current specifications from AASHTO LRFD Bridge Design Specifications require a nominal 6 in. 

as the minimum deck thickness for wood structures [15]. The construction process of transverse 

nail-laminated decks is depicted in Figure 34 for a nominally 6-in. deep deck constructed by 

MwRSF, illustrating how the individual boards are interconnected to form a cohesive decking 

system.  

 

Figure 33. Nail-Laminated Lumber with Staggered Nailing Pattern [48] 
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Figure 34. Transverse Nail-Laminated Deck Construction [7] 

An important component in the construction of longitudinal decks for timber bridges is the 

spreader beam, which distributes loads across the deck roadway width [50]. This assistance to load 

distribution is especially requisite for longitudinal nail-laminated decks because these decks 

struggle with load distribution. The nail-laminated design gained approval from AASHTO by 

idealizing the deck as a beam with a width equal to the vehicle tire width and deck depth [50]. The 

orientation of the boards can span either the length or the width of the bridge, as illustrated in 

Figure 35. It is important to note, however, that the schematic does not fully conform to AASHTO 

specifications. In particular, butt joints are not permitted, and each lamination must span 

continuously between abutments. Regardless of the board orientation, short deck spans are 

generally preferred to limit vertical deflections under traffic loads [47].  

 

(a)  (b) 

Figure 35. Nail-Laminated Decks: (a) Longitudinal and (b) Transverse [51] 

Nail-laminated decks have also been used with deck shear connectors and cast-in-place 

concrete to make a composite deck [51-52]. An example of this configuration is shown in Figure 

36. A big advantage of the composite aspect is the rigidity of the concrete, promoting superior load 

distribution through the nail-laminated boards. In some cases, this deck has also been noted to 

perform well for up to eighty-four years with little maintenance [52].  
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Figure 36. Cross-Section View of Timber-Concrete Composite Deck [51] 

A notable advantage of nail-laminated decks is their low cost, owing to simple construction 

which does not require any specialized labor or machinery [6, 53]. The most specialized stage of 

construction is the pressure treatment of the wood, which is a cost borne by any timber bridge per 

AASHTO requirements [15]. This process made nail-laminated decks an attractive option 

compared to other timber bridge types, balancing traditional construction methods and the practical 

demands of bridge engineering.  

Nail-laminated bridge decks rose to prominence in the 1920s, marking a significant trend 

in bridge construction. AASHTO (originally AASHO) had recently been founded, and new 

standards were being implemented across the U.S. for highway bridges. During the Great 

Depression, steel was expensive and wood was less costly, motivating the construction of highway 

bridge decks with timber and concrete with composite connections. The increased reliance on 

wood as a building material continued through World War II because steel continued to be 

expensive due to the war [52]. These decks demonstrated sufficient performance over that time 

frame so that thousands of nail-laminated decks would continue to be built into the 1960s [47, 50, 

52].  

While design guides in subsequent years continued to include references to nail-laminated 

decks [48, 52], changes in construction standards have led to restrictions. In Canada, the 

construction of longitudinal nail-laminated decks is now limited [51], and AASHTO LRFD Bridge 

Design Specifications has removed specifications for nail-laminated decks from Section 9: Decks 

and Deck Systems [15]. Despite these changes, many nail-laminated decks continue to 

demonstrate effective performance across various regions of the United States [52-54], using both 

longitudinal and transverse orientations [52, 55]. 

The adaptability of nail-laminated decks allows for construction in a range of thicknesses. 

While standard deck thicknesses typically align with standard dimension lumber widths ï for 

example, dress lumber sizes of 2 in. x 6 in., 2 in. x 8 in., or 2 in. x 10 in. translating to deck 

thicknesses of 5½ in., 7¼ in., or 9¼ in. ï custom dimensions can also be achieved by cutting larger 

sawn lumber boards to specific thicknesses. The actual size of the lumber used in these decks can 

vary, often leading to inconsistencies in the height of individual boards within the assembled deck. 

Such variations can result in some boards protruding more than others, and the natural curvature 

of wood beams may lead to further unevenness. This phenomenon results in uneven bearing on 

the superstructure, substructure, or spreader beams [50], as observed by construction crews at the 

MwRSF test site, illustrated in Figure 37.  
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Figure 37. Uneven Bearing of Nail-Laminated Decks on Supports [7] 

The inherent variability in the dimensions of boards used in nail-laminated decks presents 

several challenges, particularly concerning load distribution and structural integrity. One 

significant issue arises at the point of load application  typically, a vehicleôs tire. This localized 

stress tends to impact the first boards in contact, initiating a crushing effect around the nails. 

Consequently, this stress can lead to the gradual loosening or pulling out of nails, diminishing their 

ability to effectively transfer load from board to board ï a process typically called delamination 

[51]. When the timber boards are not effectively shielded from water, this process becomes even 

more destructive, allowing the expansion and shrinkage of hydrophilic wood to further loosen nails 

and speed up the process of delamination [53]. This issue extends to composite nail-laminated 

decks which have not been properly designed to protect the timber from excess moisture [52]. 

Nail-laminated deck vulnerability to delamination is also a function of the deckôs bending stiffness. 

The stiffness, oriented perpendicular to the wood boards, heavily depends on the frictional 

resistance offered by the nailsô withdrawal capacity [56]. Point loads are less easily resisted 

because of nail-laminationôs lower load distribution [57]. 

In response to these identified weaknesses, alternative deck types, such as spike-laminated 

and stress-laminated decks, have been developed [50]. While nail-laminated decks are likely no 

longer viable for meeting MASH 2016 TL-4 impact conditions, understanding their limitations 

and mechanics is crucial. This knowledge provides valuable insights into the challenges and 

functional considerations pertinent to other deck types, thereby informing the ongoing 

development of a MASH 2016 TL-4 bridge railing on multiple bridge deck types.  

2.5.3 Glued-Laminated Decks 

Glued-laminated timber (glulam) is a specialized construction material fabricated by 

bonding wooden boards using a waterproof structural adhesive. Following the adhesive bonding, 

these newly formed members undergo a pressure-treating process with preservatives, enhancing 

their durability and longevity [47]. Typically, glulam panels used in bridge decks are 

approximately 4 ft wide, although it is possible to increase the deck panel width to meet specific 

requirements [50]. A representative example of a typical loading condition for a glulam deck panel 
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is illustrated in Figure 38. It is important to note the designation of the bending axis in this context. 

Perpendicular to the bond line, this axis is identified as the y-y axis in Figure 38.  

  

Figure 38. Glulam Deck Panel Loading Diagram [32] 

In bridge construction, glulam deck panels distribute wheel loads through the panel with 

good lateral load distribution, and often employ a stiffener beam bolted underneath the panels to 

transfer the load from panel to panel [32]. Glued-laminated methods produce stiffer timber decks 

than nail-laminated and stress-laminated decks [56]. Correspondingly, glulam panels have the 

highest load distribution within the panel. The high load distribution is a function of the method 

of load transfer from lamination to lamination. In nail-laminated decks, the load must transfer 

through the nails to transfer into the next lamination, and through friction between laminations in 

stress-laminated decks (requiring that high stress be maintained). In glulam panels, the glued 

completely covers the area between two laminations, so that the whole area transfers load and the 

two laminations can act like a single rigid body. 

In theory, glulam can be manufactured in any size. However, practical limitations arise due 

to the size constraints of pressure-treatment cylinders. This limitation is significant, because the 

AASHTO LRFD Bridge Design Specifications mandates preservative treatment for all permanent 

wooden members used in bridge construction, directly influencing the feasible dimensions of 

glulam deck panels [15]. Consequently, the fabrication process of glulam deck panels, involving 

both gluing and pressure-treating, necessitates their manufacture offsite. Once completed, these 

panels are transported to the bridge construction site for final installation. Maintenance 

requirements for glulam decks are relatively straightforward, primarily involving regular 

inspections and measures to protect the timber from water ingress.  

The advent of glulam beam bridges can be traced back to the 1940s, a development largely 

facilitated by the introduction of fully water-resistant, phenol-resorcinol adhesives. These 

adhesives were a crucial innovation, enabling glulam structures to withstand exposure to water 

without compromising the adhesiveôs bond strength [47]. An exemplary instance of early glulam 

beam bridge construction is the Keystone Wye Bridge, constructed in 1968 in South Dakota. 

Originally, this bridge incorporated a concrete deck, but in 2022, it underwent a significant 

transformation with the replacement of its deck with a transverse glulam timber deck, complete 

with an asphalt overlay, as illustrated in Figure 39. 
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Figure 39. Keystone Wye Glulam Deck Panels [58] 

The option of using glulam deck panels for the original construction of the Keystone Wye 

Bridge was not feasible at the time, as these panels were yet to be developed. It was not until the 

late 1960s that the Forest Products Laboratory pioneered the development of glulam deck panels 

[47]. Following this development, the usage of glulam deck panels in bridge construction began 

gaining traction in the 1970s [50]. These innovative deck panels offered versatility in their 

application, being suitable for laying across girders for transverse decks or across supports for 

longitudinal decks. The structural configurations and applications of these panels in both 

transverse and longitudinal deck orientations are further detailed in Figures 39 and 40.  
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Figure 40. Longitudinal Deck Diagram [32] 

The layout of glulam timber in bridge construction is strategically designed based on each 

memberôs specific location and function within the bridge's structure. The optimization of glulam 

encompasses both species selection and configuration, ensuring maximal structural efficiency and 

cost-effectiveness. For glulam girders, a common strategy involves using stronger species or 

higher-grade timber at the outer fibers ï areas subjected to the greatest stress ï while integrating a 

more economical, lower-grade species in the core. This approach balances strength requirements 

with material costs, optimizing the girder for its critical role in load bearing. In contrast, glulam 

panels, which form the bridge deck and directly bear vehicle loads, necessitate uniformity in 

species and grade throughout their construction [32]. This uniformity is crucial since vehicle loads 

can be applied at any location across the panel, demanding consistent strength and durability 

characteristics throughout. 

The thickness of glulam panels can vary considerably, yet there are standard sizes that are 

commonly used. For western species, typical thicknesses range from 5ȧ in. to 12¼ in., whereas 

for southern pine species, the standard thicknesses span from 5 in. to 12 in. These dimensions play 

a significant role in determining the span capabilities of the decks. For instance, longitudinal deck 

spans can vary dramatically based on thickness, ranging from 11 ft  2 in. for 8½ in. thick Southern 

Pine panels to 30 ft  10 in. for 16 in. thick panels. Transverse decks, characterized by their 

overhang lengths, also demonstrate variation based on panel thickness ï extending from 3 ft  2 

in. for 5 in. thick Southern Pine decks to 8 ft 10 in. for 8¾ in. thick Douglas Fir panels. 

Maintenance inspections of glulam deck panels have found that they are prone to warping 

at the glulam panel ends, which can lead to cracking in the asphalt overlay. Such cracking is 

detrimental as it exposes the underlying wood to sitting water, accelerating the degradation process 

(an issue in common with nail-laminated deck) [59]. This warping behavior is typically associated 

with wood's natural expansion when its moisture content increases. The repeated cycles of 

expansion and contraction, driven by alternating wet and dry conditions, can gradually accumulate 
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damage within the timber. Cracks developing in the panel sections can expose areas of the timber 

that preservative treatments have not adequately penetrated. Consequently, all boards within a 

glulam panel become susceptible to water damage, rot, and insect infestation. 

A significant factor contributing to this vulnerability is the manufacturing process of 

glulam. Since most glulam panels are pressure-treated after assembly, the preservative penetration 

is often less comprehensive than individual board treatments. The ends of bridges, where glulam 

panels are typically located, are particularly prone to various forms of damage. Contributing 

factors include the hydrophilic nature of the panel end grain [60], the accumulation of gravel and 

debris that trap moisture, limited airflow that would otherwise aid in moisture evaporation, and 

direct exposure to the ground. 

Another challenge with longitudinal deck panels is their inability to transfer loads 

transversely between panels without mechanical connections. This limitation can lead to uneven 

load distribution, with some panels bearing disproportionate loads. Various techniques have been 

explored to facilitate transverse load transfer across the deck, thus avoiding concentrated loads that 

could weaken certain panels. Currently, the use of spreader beams is the prevalent method for 

achieving this load distribution, ensuring a more uniform stress profile across the deck structure 

[32, 50]. An example of this for longitudinal glulam bridge decks is shown in Figure 41.  

 

Figure 41. Elevation View of Longitudinal Glulam Bridge Deck with Railing and Spreader 

Beams [32]  

2.5.4 Spike-Laminated Decks 

Spike-laminated decks refer to a specific pre-fabrication method where long steel spikes 

are driven into lumber laminations to create partial-width deck panels. These panels are then 

transported to the bridge construction site for final assembly into a full-width bridge deck. The 

development of long-steel nail spikes represents a significant advancement in timber bridge deck 

design, emerging as a solution to the challenges posed by nail-laminated decks, such as uneven 

load bearing. This innovative design retains the basic principle of load distribution from board to 
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board utilized by nail-laminated decks, but furnishes large, 15.5-in. long Ȩ-in.-diameter spikes for 

this purpose instead [50].  

This deck construction method has also been called panelized, nail-laminated decks by the 

Timber Bridge Manual [47], nail-laminated by Torgerson Forest Products [61], and dowel-

laminated by Wheeler Consolidated Inc, the construction firm which originated the design [50]. 

The Forest Products Laboratoryôs general technical report and the 9th edition of the AASHTO 

Bridge Design Specifications [15, 48] use the term ñspike-laminatedò to describe this deck type. 

Therefore, to maintain consistency with sources possessing the most authority among current 

bridge engineers, the term ñspike-laminatedò will be used throughout thus study to refer to decks 

constructed with steel spikes in prefabricated wooden panels. 

In spike-laminated decks, the arrangement of spikes is critical. Spikes are typically placed 

in an alternating top-to-bottom pattern, spanning across four boards in a single ñrow.ò Each 

subsequent row features a different spike placement pattern, creating a staggered arrangement until 

the pattern replicates that of the first row. This spike placement is instrumental in ensuring effective 

load transfer across the panels or deck. The integration of ship-lap joints, supplemented by spikes 

for panel connection, further facilitates this load transfer, as illustrated in Figure 42.  

 

Figure 42. Example of Ship-Lap Joint 

Typically spike-laminated deck thicknesses correspond to nominal dimension lumber 

widths, 6-in., 8-in., etc. For spike-laminated decks to achieve even load bearing on the foundation, 

the design requires only one side be surfaced after the whole panel has been assembled. The 

unsurfaced/uneven side, though irregular, is covered by a wearing surface, thereby circumventing 

the uneven load distribution commonly encountered in nail-laminated deck designs [50]. As a 

result of surfacing only one side of the lamination, spike-laminated decksô actual thickness relative 

to the nominal is not reduced as severely. Where a nail-laminated deck may have an actual 

thickness of 5½ in. for the 6-in. nominal deck, a spike-laminated deck will have an actual thickness 

of 5¾ in. The Minnesota Department of Transportation LRFD Bridge Design Manual for 

longitudinal spike-laminated bridges estimates that for spans 10 ft or less, nominally 10 in. decks 

are typical, and for spans 17 ft or less, nominally 12 in. decks are typical [62].  
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The construction of spike-laminated decks involves an offsite panel fabrication process, 

followed by transportation to the intended bridge site [50]. This process begins with the selection 

of lumber, typically 4 in. in width and depth, that meets the specific requirements of the bridge 

design. Subsequently, holes are drilled in each lumber member according to the design 

specifications to accommodate the spikes. Prior to assembly, the lumber undergoes a pressure-

treatment process, which may include incising for deeper preservative penetration if necessary. 

Following this treatment, spikes are driven through the pre-drilled holes, as depicted in Figure 43. 

The final step in the panel fabrication is surfacing the bottom of the panel for a smooth bearing.  

 

Figure 43. Spikes Being Driven Through Lumber for Spike-Laminated Deck Panel [63] 

Upon completion, the panels are marked to indicate their specific placement within the 

bridge structure. They are then assembled on-site, utilizing shiplap joints to connect the panels 

securely. This construction method offers the flexibility to widen the bridge if needed by simply 

unbolting the panels (after removal of the initial wearing surface) and adding new panels to the 

structure. The assembly of these panels into a bridge deck is presented in Figure 44.  
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Figure 44. Assembly of Spike-Laminated Deck Panels into Bridge Deck [63] 

AASHTO Bridge Design Specifications advises that spike-laminated deck applications be 

predominantly confined to secondary roads characterized by lower volumes of truck traffic. A 

potential vulnerability of these panels is the risk of delamination, particularly near edge-to-edge 

panel joints that are not interconnected [15]. Despite the improvements in mechanical load transfer 

offered by spike-laminated decks compared to their nail-laminated counterparts, they are not 

immune to the gradual weakening of this transfer over time [64]. The potential for delamination 

due to moisture content fluctuations and weak transverse stiffness, which adversely affect load 

distribution and sharing capabilities, remain issues for this deck type relative to glulam deck 

panels. Although it should also be noted that spike-laminated decks exhibit an added layer of 

redundancy in terms of water protection due to treating the timber member earlier on in the bridge 

panel process, maximizing the amount of surface area into which the preservative can penetrate 

[50].  

However, it is noteworthy that Wheeler Consolidated, Inc. has undertaken full-scale testing 

of spike-laminated decks, conducted under the supervision of an independent testing firm. The 

results of these tests, which were presented to AASHTO and subsequently accepted, allowed 

Wheelerôs spike-laminated decks to be designed using a deck distribution width equal to the tire 

width plus twice the deck thickness. In comparison, nail-laminated decks are typically designed 

with a distribution width equal to the tire width plus the deck thickness [65]. This difference 

reflects the improved mechanical load transfer capability of spike-laminated decks in addressing 

some of the inherent limitations of nail-laminated deck systems. 
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2.5.5 Stress-Laminated Decks 

Stress-laminated decks represent a more advanced approach in timber bridge deck 

construction, where structural integrity is achieved through steel stressing rods. These rods vary in 

size, spacing, and pattern [48, 66], and their primary function is to exert pressure on the wooden 

boards, holding them together in tight contact. This pressure generates significant friction between 

the members, facilitating the transfer of loads across the deck through frictional forces. A crucial 

aspect of the design and maintenance of stress-laminated decks is the consistent maintenance of 

this friction to prevent slippage between boards, which is essential for load transfer [67-68].  

The structural behavior of stress-laminated decks closely aligns with the theoretical model 

of an ideal orthotropic plate. A specific distribution mechanism is required to distribute the 

prestressing force effectively across the timber deck, as illustrated in Figure 45. This mechanism 

ensures that the stressing rod, particularly at the deck's edge, does not cause damage by pulling 

through the wood. 

 

Figure 45. Stress-Laminated Deck Anchorage [68] 

The thickness of stress-laminated bridge decks depends on the type of lumber used, which 

may consist of either sawn dimension lumber or prefabricated glulam members [48]. When sawn 

lumber is used, the deck thickness typically follows nominal dimensions (for example, 6 in. or 8 

in.) and is planed to actual sizes during fabrication. Due to the limited availability of long sawn 

lumber, butt joints are often necessary [48]. These joints reduce structural continuity and can 

compromise deck integrity. Some designs, although not approved by AASHTO, have incorporated 

larger timber beams interspersed between the laminations. This creates a hybrid system that 

resembles a cast-in-place concrete deck supported by longitudinal girders. An example of such a 

configuration is shown in Figure 46. As an alternative, glulam members may be used for stress-

laminated decks. In this case, the deck thickness is defined by the depth of the glulam members 

placed side by side. This method eliminates the need for butt joints for simple spans up to ~ 100 ft 
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but allows for longer (butt-jointed) continuous spans. For stress-laminated longitudinal decks 

designed to carry HL-93 loading, the minimum deck thickness typically begins at 12 in. [32, 48]. 

 

Figure 46. Cross-Section of Humphrey Stress-Laminated T-Beam Timber Bridge Deck [69] 

The origin of the stress-laminated deck can be traced back to Canada, where it was initially 

conceptualized as a repair technique for nail-laminated decks. However, the method demonstrated 

such remarkable performance that it swiftly transitioned from a mere repair strategy to a 

foundational design approach [47]. The significance of this decking technique was further 

underscored in 1988 when the U.S. Congress enacted the Timber Bridge Initiative. This initiative 

aimed to establish a national program for constructing timber bridges, leveraging U.S. timber 

resources to enhance highway infrastructure. As a part of this initiative, several demonstration 

bridges featuring stress-laminated timber decks were constructed [69-71]. These bridges were 

subjected to extensive evaluation over subsequent years to assess their performance and viability. 

Despite these efforts, the adoption of stress-laminated bridges in the U.S. remains limited. 

Kenneth Johnson from Wheeler Consolidated noted that, in light of Wheelerôs funded research 

and knowledge of the deck performance, these decks were not expected to be very cost-effective 

relative to other timber bridge deck types [50]. While noting that one of the remarkable attributes 

of stress-laminated decks is their high strength capacity, deflection rather than strength often 

became the limiting factor in design and made the deck type less desirable for Wheeler to build 

relative to spike-laminated or glulam [50]. Other researchers have also noted that stress-laminated 

decks are typically less stiff than glulam deck panels [56].  

In contrast to the US, the design has gained substantial traction in Nordic countries. There, 

stress-laminated decks are frequently integrated with transverse steel members, glulam trusses, 

and concrete abutments [64]. The stress-laminated deck spans are reduced by the transverse steel 

members (effectively curbing deflection). An illustration of this method, featuring a stress-

laminated deck supported by steel cross beams, is presented in Figure 47. 
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Figure 47. Stress-Laminated Deck Built on Steel Cross-Beams [73] 

Stress-laminated decks are also renowned for their exceptional dimensional stability. They 

exhibit high resistance to moisture-induced expansion and contraction, significantly mitigating the 

risk of cracking in bridge asphalt overlays [67]. This stability suggests that stress-laminated decks 

are less prone to differential expansion, which could otherwise lead to offsetting bridge railing 

posts. Although field investigations by bridge inspectors in the U.S. have revealed concerns 

regarding excessive moisture content in stress-laminated timber decks, this issue is often attributed 

to the absence of a waterproof layer over the deck [72]. Thus, it is important to note that the absence 

of dimensional shifts or differential expansion should not be misconstrued as an indication of 

reduced water protection requirements for these decks. Ensuring proper waterproofing remains 

critical to maintaining the longevity and structural integrity of stress-laminated timber bridges. 

Moisture protection concerns will be discussed in greater detail in the following section, but it 

should also be mentioned that these stress-laminated demonstration bridges were built prior to 

more recently published recommendations for moisture protection of the timber deck surface [32].  

One of the primary challenges associated with stress-laminated decks lies in the 

maintenance of stress in the stressing rods, which was integral to the deck's load-transfer capacity. 

Post-construction, the rods must be restressed at several intervals over the following weeks and 

years. The need for re-stressing arises from the timber laminations compressing together and 

relieving the stress in the stressing rods [66]. Regular inspections are crucial to verify that the 

tension in the stressing rods remains adequate. If left unchecked the stressing rod tension will drop 

below acceptable thresholds, potentially compromising the deck's structural integrity [15]. Further 

concerns relate to the stiffness of stress-laminated decks, particularly in transverse orientation near 

the deck edges. Observations of mock-up stress-laminated bridge tests showed that serviceability 

loads allow interlaminar slip in these bridge decks, indicating a non-linear load-deflection 

relationship for typical loads [68].  
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2.5.6 Alternative Deck Types 

2.5.6.1 Plank Decks 

Among various timber bridge deck types, plank decks represent a notably common yet 

under-evaluated category [54]. Characterized by their simplicity, these decks consist of lumber 

boards laid flat on supports, which are typically fastened using nails or bolts [15]. While 

structurally straightforward, the AASHTO Bridge Design Specifications advise against using 

plank decks for roads subjected to heavy vehicle traffic. The Timber Bridge Manual also provides 

guidance for the design of these decks, and explicitly states that these decks should not be used 

with asphalt wearing surfaces and would not perform adequately with traffic railings, making this 

deck unsuitable for MASH TL-4 bridge railings [47]. 

 

Figure 48. Wooden Plank Bridge Deck [74]  

2.5.6.2 Cross-Laminated-Timber Decks 

Cross-Laminated-Timber (CLT) is an evolving method in timber lamination that is gaining 

prominence in construction. This technique involves the adhesive bonding of layers of boards at 

right angles to each other. This method resembles glulam timber but differs in the orientation of 

the laminations. An illustrative example of cross-laminated timber is depicted in Figure 49. 
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Originally popularized in European construction, CLT is now seeing increased adoption in North 

American building projects [49]. One notable application of CLT is in the construction of the 

Mistissini Bridge. However, it is important to highlight that the cross-laminated panels, in this 

instance, did not directly transfer vehicle loads from the superstructure to the substructure. Instead, 

they were placed atop glulam panels, which performed the load-bearing function [75]. Currently, 

the industry lacks specific design standards or guidelines for using CLT in bridge deck panels 

intended to carry vehicle loads. This gap in standardization and understanding is being addressed 

by ongoing research [76-77].  

 

Figure 49. Cross-Laminated Timber [49]  

2.5.6.3 Miscellaneous Techniques 

In Switzerland, there is an emerging interest in utilizing glulam stress-laminated deck 

sections as a potential alternative to conventional pre-stressed concrete deck sections [78]. This 

innovative approach involves the design of a box girder superstructure that doubles as the bridge 

deck. This design aims to position it as a viable competitor to traditional concrete box girder 

bridges. However, the performance of this superstructure, particularly in real-world applications, 
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remains to be empirically validated. While specific design details of this glulam stress-laminated 

deck were not publicly disclosed, available images (as seen in Figure 50) indicate the design might 

incorporate elements of cross-laminated deck panels. This suggests a blend of stress-lamination 

and cross-lamination techniques in the construction of the deck.  

 

Figure 50. Timber Glulam Box Girder [78] 

Given the nascent stage of development for cross-laminated deck panels, particularly in 

bridge construction, it was prudent to await the establishment of standard practices and guidelines 

for these panels. Such standards will be instrumental in confirming whether the design can meet 

the impact safety and performance criteria set by the MASH 2016 TL-4 for bridge railings.  

Bridge decking offered a wide range of possibilities for adhering wood into larger structural 

members, bringing unique properties and potential applications. Among these methods were cross-

laminated panels, dowel-laminations using wood, laminated veneer lumber, parallel-strand 

lumber, laminated strand lumber, and various panel types, such as stapled, glued oriented strand 

board, screwed, dovetailed, and wood welded plates [57]. Despite this diversity, many of these 

timber fastening techniques have not been extensively explored in bridge deck construction, 

especially in bridges designed for vehicular traffic. Two noteworthy methods that merit discussion 

were oblique interlocked laminated decks and screw-laminated panels.  

Oblique interlocked laminated timber decks functioned much like a stress-laminated timber 

bridge deck. Transverse steel rods were placed without prestressing in the deck fabricated from 

hexagonal timbers. Load was transferred by the timberôs shear and bearing resistance and the rods 

prevented excessive transverse deformations. This potential deck design was investigated due to 

concerns about the ability of stress-laminated decks to maintain stress and transfer shear forces. 

Slip between stress-laminated deck laminations occur at low stress levels in the rods, which occur 

due to creep in the wood. Research reports showed that these decks lacked transverse stiffness 
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compared to the stress-laminated deck but succeeded in transferring shear forces without friction 

[79]. Testing of an oblique interlocked laminated timber deck is shown in Figure 51. 

 

Figure 51. Testing of Oblique Interlocked Laminated Timber Deck [79] 

Developed as an innovative alternative to traditional nail-laminated bridge decks, screwed-

laminating was a technique which involved fastening the deck using screws set at 45° angles into 

adjacent boards. Comparative testing demonstrated that screw-laminated decks performed better 

than their nail-laminated counterparts. However, they have not shown comparable advantages 

when benchmarked against glulam or stress-laminated decks [56]. Spike-laminated decks were not 

examined for comparison, based on the published report.  

The production of screw-laminated decks was limited, with no known manufacturers 

actively building these decks. This lack of commercial availability, coupled with their relative 

performance metrics, suggested that pursuing screw-laminated decks would not be a fruitful 

avenue for future development in bridge decking. Figure 52 shows a photo of a screw-laminated 

deck panel during testing to develop and compare performance against other timber deck types.  
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Figure 52. Screw-Laminated Deck Panel Under 4-Point Bending Test [56]  

2.6 Timber Bridge Design with Moisture Mitigation Considerations 

In the design of timber bridges, it is crucial to account for various service conditions to 

ensure their structural integrity over extended periods. A critical factor in this regard is the 

vulnerability of system components to high moisture content, known to reduce woodôs structural 

strength [15]. Therefore, the design of bridge railings must incorporate strategies to withstand such 

wet-use conditions, and some review of bridge deck protection methods against moisture provides 

insight into the bridge deck vulnerability relative to the bridge railing. This review also 

investigated whether the wet-use factor should be applied to estimates of timber strength when 

impact load duration conditions were also present.  

Protection of timber bridges from high moisture content was typically a serviceability 

concern, which included protection against rot, insect infestation, and other similar threats. 

Protection mechanisms against high water content were typically identical to the protection 

mechanism for the other serviceability concerns, and so some discussion of both was necessary. 

While using decay-resistant wood species could be used to alleviate serviceability concerns, such 

materials were often unavailable in the necessary quantities or specifications [3]. 

2.6.1 Timber Bridge Deck Waterproofing 

When MwRSF built and tested TL-4 timber bridge railings on longitudinal and transverse 

glulam bridge decks, no material or design was used to protect the bridge deck surface beyond an 

asphalt or concrete wearing surface [16, 25]. This form of protection was noted to be insufficient 

for wood protection when wood shrinks or expands, which created cracks where water seeped into 

the wood deck surface and began deteriorating the wood [82]. To handle these issues, a three-layer 
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system was proposed to prevent water from reaching and sitting on the timber bridge deck surface: 

(1) an asphalt base course placed on the bridge deck; (2) a waterproof membrane; and (3) an asphalt 

base course placed over the waterproof membrane [82]. The referenced report describes the 

requirements for the membrane and asphalt specifications in greater detail. These 

recommendations continued to be included with the latest glulam timber bridge reports from the 

Forest Products Laboratory produced in 2019 [32]. The application of the two asphalt layers, 

waterproof layer, and relationship to the bridge railing are shown below in Figure 53.  

 

Figure 53. Diagram of Membrane Protecting Bridge Deck Surface, with Timber Railing [32] 

In Minnesota, two demonstration bridges were constructed which utilized this method for 

protection of the bridge deck along with numerous other methods designed to protect the bridge 

deck and railing from water accumulation near vulnerable locations [83]. In addition to the asphalt 

wearing surface, a tack coating was applied to the top of both demonstration bridges, as shown in 

Figure 54. A tack coating is typically applied to increase the bonding connection either between 

different layers of asphalt or between asphalt and concrete so that fatigue cracking and other forms 

of damage to the asphalt wearing surface resulting from lack of bond to the ground surface do not 

occur [84]. Other methods of deck protection from water infiltration included the use of steel plates 

over the ends of the deck and flashing over the edges of the deck. Mechanical methods of deck 

and railing protection are discussed in greater detail in the following sections.  
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Figure 54. Tack Coat Applied to Timber Bridge Demonstration Bridge in Minnesota [83]  

2.6.2 Consideration of Wet-Use Factor in Timber Bridge Railing Design 

In Phase IIa of the project, the wet-use factor, a critical parameter in determining the 

strength of timber under varying moisture conditions, was initially set at 1.0. This decision was 

based on preliminary analyses indicating that the average moisture content throughout the year did 

not surpass 16% [11]. Additionally, the quick evaporation and lack of stagnant water around the 

upper and lower railings mitigated the risk of moisture-induced weakening because the water could 

not remain for extended periods. However, this approach drew concerns from FPL engineers. It 

was highlighted that during intense rainfall events, wood could temporarily absorb significant 

amounts of water, potentially leading to elevated moisture content levels that would not be 

reflected in the average. Such scenarios could temporarily weaken the timber's strength, posing a 

risk of railing failure post-storm, especially around the scuppers where water runoff would be 

concentrated. The flow of water around the scupper and sitting water on the deck suggested a high 

probability that this water would be adsorbed by the hydrophilic end grain of the scupper blocks.  

The performance of wet timber under static loading vs impact loading was not initially 

considered to be affected by the moisture content in different ways, but A.J.M. Leijten discussed 

this relationship briefly when writing about the applicability of an instantaneous load factor for 

impact conditions [82]. Leijten mentions that timber is weakest under impact loading at 10%-15% 

moisture content (a dry moisture content for both glulam and sawn lumber), citing research by 

N.H. Kloot from the 1950s. Kloot's research suggested a complex relationship between timber 
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strength and moisture content under impact loads, differing from static loads, but his findings did 

not extend to providing a definitive method to describe this relationship [86].  

These insights reinforced the initial decision to disregard the upper and lower railings from 

an analysis of performance with system components highly saturated with water. But this choice 

did not provide clarity regarding the resistance of the scupper in wet conditions and impact loading. 

Further investigation was conducted to describe the scupper compressive resistance perpendicular 

to the wood grain under impact loads and high moisture content. Three distinct research efforts 

were identified that investigated this question, focusing on wood compression properties under 

high-strain rates and varying moisture contents [87-89]. These studies included tests on both radial 

and tangential compression resistance, which are orientations perpendicular to the grain.  

The findings of these studies all indicate a consistent trend: as moisture content in the 

timber increases, its resistance perpendicular to the grain decreases. Notably, experiments revealed 

that the resistance was at its lowest at the fiber saturation point. Intriguingly, at moisture contents 

reaching 200%  a level achievable due to the cellular structure of wood  an increase in resistance 

was observed. This phenomenon, however, might not directly indicate an enhancement in impact 

resistance. Instead, it could result from the water being unable to permeate further within the short 

timeframe of the impact, leading to a bursting of the cell walls. This bursting requires a greater 

initial force, which could be misconstrued as increased compressive resistance. This hypothesis 

was visually corroborated by Pierre et al. [88] through photographic evidence, shown in Figure 55.  

 

Figure 55. Results of Impact Compression Under Different Moisture Contents [88] 

In the referenced experiments investigating timber compression properties under high-

strain rates and varying moisture contents, the specimen sizes were notably small, with one set of 
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experiments using specimens measuring only ½ in. in each dimension. This disparity in size 

between the test specimens and actual scuppers used in bridges raises questions about the 

scalability of these effects from smaller to larger sizes. However, two key considerations suggest 

that size effects might not significantly alter the observed behaviors when scaled up. 

Firstly, the American Society for Testing and Materials (ASTM) employs a standard 

specimen size of 2 in. x 2 in. x 30 in. for tests designed to measure standard compression stress 

perpendicular to the grain at various deformations [90]. Despite the relatively modest size of these 

standard specimens, the derived properties were considered to be applicable to 5-in. by 5-in. and 

larger structural timbers, as per typical engineering practices [91]. This indicated confidence in the 

representativeness of smaller specimen test results for larger timber components. 

Secondly, the failure mechanism in the timber under compression perpendicular to the 

grain was predominantly characterized by the collapse of cellular walls [92-93]. This phenomenon 

was particularly relevant for glulam and was reflected in the NDS and ASTM definition for glulam 

design values perpendicular to the grain [14, 94]. When a lamination bears against an object, the 

resistance perpendicular to the grain of that lamination is the tabulated value because cell wall 

collapse (shown in Figure 56), signifying failure initiates in the cell walls of that particular 

lamination. This process is well-documented in existing literature [14, 93]. Essentially, the local 

capacity at the point of load application governs the overall capacity. Therefore, tests on smaller 

specimens are likely to be indicative of the behavior in larger timber components. 

 

Figure 56. Cell Wall Collapse at Microscopic Level [93] 

Consequently, based on these considerations, applying the wet-use factor to reduce the 

compressive resistance of the scuppers during high strain-rate impact loads is advisable. This 

application acknowledges the influence of moisture content on timber resistance. It ensures that 

the structural analysis and design of timber bridges, particularly the scupper elements, are effective 

under various environmental conditions. 

2.6.3 Application of Preservatives in Timber Bridges 

There are two general methods of improving the serviceability of timber, prevent water 

from obtaining access into the timber, and pressure-treating timber. Obstructing water access will 
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be discussed in the next section. Pressure treatment involves filling the wood with substances that 

are toxic to invasive organisms, effectively preventing them from consuming the wood. 

Historically, constructing bridges from naturally decay-resistant timber was feasible due to the 

availability of large, robust woods. As these strong, decay-resistant woods have become scarce in 

contemporary times, the industry has applied preservatives to less decay-resistant wood species to 

ensure similar durability and strength [47]. Some preservatives can serve a dual function: deterring 

wood-consuming or wood-inhabiting organisms by either making the wood toxic or unsuitable for 

habitation, primarily by preventing moisture penetration [95].  

Wood preservation could be completed solely through various water-repellant coatings, 

but these options may be insufficient if excessive water is trapped into the wood by the coating. 

Oil-borne preservatives both poison the wood and offer water-repellency due to the co-working of 

the preservative and the oil solvent carrying the preservative [96]. AASHTO requires all structural 

timber members to be treated in oil-borne preservatives, because of water-repellency and reduced 

risk of check/splitting inherent to water-borne preservatives [15].  

Water-borne preservatives are attractive for their compatibility with painting, but they 

present significant drawbacks. To apply these preservatives, the preservative is dissolved in water 

and then introduced into the wood under pressure. This process causes the wood to swell due to 

water absorption. As the wood dries and loses this absorbed water, it shrinks, which can lead to 

issues like checking, splitting, warping, or bending. Thus, the application of water-borne 

preservatives, despite its benefits, carries an inherent risk of wood deformation. 

In water-borne preservatives suitable for treating glulam timber, the use of Ammoniacal 

Copper Zinc Arsenate (ACZA) is distinctly limited. ACZA is currently the only water-borne 

preservative approved for use in glulam timber, and its application is restricted to Coastal Douglas 

Fir among the various glulam species. This constraint presents a challenge for bridge builders who 

rely on Southern Yellow Pine or other types of glulam for their railing systems. Furthermore, 

ACZA and water-borne preservatives, in general, are known to be corrosive to steel hardware, 

complicating their use in construction [95].  

The corrosion risk posed by water-borne preservatives to steel hardware used inside timber 

members is heightened compared to this hardware exposed to air. In solid wood, galvanized steel 

undergoes a different chemical reaction that accelerates corrosion, because the reaction inside 

wood does not produce insulating by-products obstructing the reaction [97]. The presence of 

copper in these preservatives further exacerbates this issue. The cupric ions, integral to the 

preservative's function of poisoning the wood, actively oxidize galvanized steel, leading to 

increased corrosion [97].  

Available oil-borne preservatives for glulam timber, according to the American Wood 

Protection Association (AWPA), include Creosote (CR) formulations, Pentachlorophenol (PCP), 

Copper Naphthenate (CuN), 4,5-Dichloro-2-N-Octyl-4-Isothiazolin-3-One (DCOI), 3-Iodo-2-

proponyl carbamate (IPBC), and Copper -8-quinolinolate (Cu8). Currently, IPBC and Cu8 have 

not received AWPAôs approval for use categories 4A or 4B, but they remain potential candidates 

for future sanctioning. Another noteworthy development is the advent of borates combined with a 

creosote coating, known as SBX-O, which, while approved for solid lumber, is yet to be authorized 

for glulam timber, presenting an area of future exploration.  
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In this array of preservatives, only Copper Naphthenate (CuN) and Copper-8-quinolinolate 

(Cu8) employ copper as their active biocidal component, effectively combating invasive 

organisms. Notably, the oil-based nature of these formulations plays a crucial role in minimizing 

the risk of corrosion, a significant consideration in maintaining the structural integrity of timber in 

construction [95]. However, out of all the options mentioned, only Creosote (CR), 

Pentachlorophenol (PCP), Copper Naphthenate (CuN), and 4,5-Dichloro-2-N-Octyl-4-

Isothiazolin-3-One (DCOI) have currently obtained approval for use in bridge construction.  

Coal-tar creosote, derived from the by-product of coal coking processes, stands as the most 

enduring wood preservative in industrial applications. It functions by imparting a water-repellent 

oily barrier and infusing wood with chemicals lethal to fungi, insects, and other invasive organisms 

[95]. Despite its efficacy, creosote poses significant health risks, being a recognized carcinogen 

[98]. These health concerns have prompted a shift within the timber bridge industry, with 

professionals increasingly avoiding coal-tar creosote due to the hazards it presents, particularly to 

those handling it [99].  

Parallel to the decline in creosote usage, Pentachlorophenol (PCP), another widely-used 

oil-based wood preservative [100], faces its own challenges. Global cessation of PCP production 

has been driven by its detrimental environmental impacts [101]. While temporary means to access 

PCP for wood treatment might exist, its discontinuation globally necessitates that future 

preservative strategies for timber bridge railings exclude PCP [99].  

The gradual discontinuation of traditional preservatives such as creosote and 

pentachlorophenol has narrowed the focus on alternative treatments for long-term use in glulam 

timber bridges. Currently, Oilborne Copper Naphthenate and 4,5-Dichloro-2-N-Octyl-4-

Isothiazolin-3-One (DCOI) emerge as the primary choices for this application.  

Copper naphthenate, in particular, has gained prominence as the most prevalent 

preservative treatment for highway bridges [99, 102-103]. Its formulation is available in both oil-

borne and water-borne variants, with the industry demonstrating a strong preference for the oil-

borne type. This preference is attributed to the oil-borne form's superior water repellency [102]. 

Comparative studies have indicated that oil-borne copper naphthenate is more effective than its 

water-borne counterpart, though this efficacy gap narrows at higher concentration levels [95].  

DCOI represents a relatively new entrant in the wood preservative landscape, initially 

finding application in pole treatments and recently receiving approval for use in glulam timber. 

Conversations with DCOI suppliers have affirmed its availability for broader application in timber 

bridge construction.  

2.6.4 Other Methods of Protection 

Concerns over the damage caused by timber preservatives in the environment have 

motivated the development of timber protection methods that do not rely on them. These methods 

typically involve employing physical barriers to prevent rainwater from directly contacting the 

wood. Protection methods by design which precludes standing water near vulnerable components 

has also been explored in detail by Kropf [104] as well as by RISE more recently in Sweden [64]. 
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2.6.4.1 Covered Timber Bridges 

The use of covered bridges has been evaluated and subsequently deemed unsuitable for 

timber highway bridges. Protecting the bridge deck with a fully covered overhead structure is 

insufficient for a highway bridge because rain can still come onto the bridge deck from outside, 

high-speed vehicles, particularly large trucks such as semi-trucks, will propel a sheet of rainwater 

into the covered area [64]. This ingress of water is also coupled with limited airflow in covered 

structures and results in ineffective evaporation, leaving the wood exposed to prolonged periods 

of moisture. The issues with water mitigation only compound additional issues with using this 

concept for highway bridges, appropriate crash-tested bridge railings for these bridges would 

require additional design considerations for the walls/truss of the covered bridge, which cannot 

afford to be adversely affected lest the entire bridge collapse. An example of a covered bridge built 

in Middlebury, Vermont allowing two lanes of traffic and including a bridge railing and an 

approach guardrail transition is shown in Figure 57.  

 

Figure 57. Pulp Mill Bridge Rd. in Middlebury, VT [105] 

2.6.4.2 Flashing 

A more common method of timber bridge protection from moisture by mechanical means 

involves the use of flashing, or metal plates designed to gather water and redirect it off the bridge 

deck. This method was used in two demonstration bridges built in Minnesota previously discussed 

[83]. Because the end grain of wood is very hydrophilic, flashing is ideally covering the edges of 

transverse bridge decks, as shown in Figure 58. There are two different plates used for the flashing 

in this figure, one of them covering the end grain (offset from the end grain by 1/16 to ȧ in. to avoid 

direct contact), while the other drained water away from the post hardware locations. There are 

different metals for this flashing material, and their quality as flashing material is based on their 
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propensity to corrode, which is a function of their active (anodic) vs passive (cathodic) properties 

(altogether forming a galvanic scale) in seawater [106].  

 

Figure 58. Flashing on Transverse Timber Bridge Deck Edges, Covering Panel End Grain [83] 

The other demonstration bridge built in Minnesota for this project used the TL-4 timber 

bridge railing crash tested by MwRSF on a longitudinal bridge deck [16]. On this bridge, the 

flashing, as shown in Figure 59, was located on both the bridge deck and the scuppers. Water 

flowing off the bridge flows to both sides of the bridge scupper, near the hydrophilic end grain 

which readily absorbs water. Flashing at this location protected the most vulnerable part of the 

scupper. However, it should be noted that the flashing was held in place by small nails ï 

representing locations for water to make its way into the wood and cause damage. Unlike the 

previous method of flashing, the flashing here was not offset from the end grain of the wood, which 

may carry risks of trapping water against the end grain. Additionally, while the end grain was 

protected, the edges of the scupper were not. Water can still seep into the wood cells of the timber 

through the sides of the scuppers.  
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Figure 59. Flashing on Longitudinal Timber Bridge Deck Panels and Railing Scuppers. Top 

arrow: points to the flashing protecting the ends of the bridge scuppers. Bottom arrow: points to 

the flashing which carries water away from the bridge deck [83]  

The last covering, very similar to flashing, applied to protect these bridges is a plastic cap 

over the top of the timber posts, as shown in Figure 60. Similar issues as previously noted were 

noted with this design. The nail that was used to hold the cap in place represented a risk for 

corrosion and a place for water to infiltrate and degrade the post.  
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Figure 60. Plastic Cap Covering Top of Post [83]  

2.6.4.3 Heat and Chemical Treatments 

Another method that was explored to enhance timber's durability in bridge construction 

involved the modification of wood surfaces to impede water absorption. Two prominent methods 

have emerged ï heat treatment and chemical modification. Heat treatment of wood has 

demonstrated efficacy in altering its structure to resist water uptake. However, this benefit comes 

with a notable trade-off ï the process weakens the wood's structural integrity [106]. This reduction 

in strength has been empirically validated through impact testing conducted in the Netherlands, 

where heat-treated wood exhibited diminished resilience under stress [108].  

On the other hand, chemical treatments involve chemical reactions with the cellular walls 

of the wood, leading to the formation of a modified cellular structure. Unlike its untreated 

counterpart, the new cellular wall structure lacks the innate hydrophilicity [106]. The resulting 

wood possesses a substantial increase in dimensional stability over untreated counterparts, making 

it less prone to warping or swelling due to moisture fluctuations [109]. Comparisons with other 

treatment methods, however, have not been clearly established. In addition, the commercial 

application of this technology has faced hurdles, primarily due to the elevated costs of production 

[110]. Chemical treatments do not have the same level of widespread research and comparison in 

demonstrating efficacy compared to other wood preservation methods, especially wood 

preservatives. For example, its use as a treatment does not appear to be commercially available for 

commonly used species to build timber glulam bridges, nor were there any studies located which 

investigated its application to these species.  
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Although these treatments can bolster resistance to water, they may inadvertently escalate 

corrosion rates, surpassing even those observed in untreated wood [111]. This revelation poses 

significant implications for the long-term viability and maintenance of treated timber structures, 

especially when the wood is in close contact with metallic components or subjected to harsh 

environmental conditions. While in the future chemical treatment may become common, it has not 

been demonstrated to be a cost-effective measure which can reliably protect the timber bridges.  

2.7 Summary and Conclusions 

This literature review provided an examination of timber bridge railings, approach 

guardrail transitions and wooden posts used with them, and guardrail systems. Different bridge 

deck types used in bridge construction were reviewed, particularly emphasizing their mechanical 

response under impact loading conditions. The review examined construction methods, material 

properties, and suitability for different load-bearing scenarios. Serviceability limitations dealing 

with moisture content in the bridge members were investigated to evaluate design parameters for 

deck and railing components. Finally, the existing literature on dynamic testing of posts larger than 

6 in. x 8 in. was reviewed. The key findings and conclusions are:  

¶ Timber bridge railings and approach guardrail transitions have successfully handled 

NCHRP 350 TL-4 impact conditions and are properly the basis for design for MASH 

2016 TL-4 and TL-3 impact conditions for bridge railings and AGTs respectively. 

¶ Approach guardrail transitions (AGTs) have evolved since the most recent test of an 

appropriate MASH 2016 TL-3 transition, and will require updates to height, upstream 

transition, and compatibility with a wearing surface. 

¶ Prior research into posts 8 in. x 8 in. and larger is not extensive, with limited research 

reports providing information on dynamic component and bogie tests on these posts in 

soil. Additional data was located on identifying the MOR of 8-in. x 8-in. posts. 

¶ Nail-laminated timber decks are now considered outdated due to structural limitations. 

Limitations include uneven load distribution, susceptibility to delamination due to 

moisture changes, and a tendency for the nails to loosen under repeated stress cycles. 

The limitations have led to a decline in their use, particularly for roadside safety 

applications requiring adherence to updated impact safety standards like MASH 2016 

TL-4. 

¶ Glulam timber decks offer enhanced durability and structural efficiency. Adhesives 

make this method of lamination very stiff across laminated components, superior to 

any other method of lamination. Constraints include limitations to panel size down to 

the size of pressure-treatment cylinders, and load transfer beyond the glulam panel to 

other portions of the deck.  

¶ Prefabricated spike-laminated panels, characterized by their use of steel spikes for load 

transfer, have been shown to provide superior load distribution and increased resistance 

to water damage over nail-laminated decks, overcoming the uneven bearing issues 

prevalent in nail-laminated decks. 
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¶ Stress-laminated decks exhibit high structural strength, utilizing steel rods to create 

frictional forces between timber boards. However, these decks face challenges in 

maintenance due to the need for periodic restressing, and cost considerations often 

constrain their implementation. 

¶ Alternative deck types, including plank and cross-laminated timber (CLT), were 

evaluated for their potential in timber bridge construction. Plank decks, while simple, 

lack comprehensive design guidelines for modern load requirements, such as HL-93 

loading. CLT, an emerging technology in timber lamination, shows promise but 

requires further empirical studies to establish its viability as a bridge decking material. 

¶ Service conditions for timber bridge railings, such as wet-use scenarios and the 

selection of preservatives, were critically assessed. The study explored the implications 

of high moisture content on timber strength under impact loading and evaluated the 

efficacy of various preservative treatments in enhancing timber durability and 

longevity.  
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3 DEVELOPMENT OF A MASH TL -4 TIMBER BRIDGE RAILING SYSTEM  

3.1 Overview 

This project continued the work of a previous project, referred to here as ñPhase IIa,ò 

involving the development of a MASH TL-4 glulam timber bridge railing. Phase IIa evaluated the 

needs of a MASH TL-4 timber bridge railing within BARRIER VII by modeling the glulam bridge 

railing and simulating impacts with MASH 2270P pickup truck and 10000S SUT vehicles [10-

11]. The resulting design included several resized components and changes to the connection 

geometry from the original NCHRP Report 350 TL-4 timber bridge railing system [21-25, 121]. 

The glulam timber bridge railing connections were incomplete when Phase IIa concluded, which 

was the starting point for this project.  

A design overview was provided in the Phase IIa study, which included the member sizes 

and changes from the NCHRP 350 configuration. Following this review, an overview of the 

BARRIER VII computer program has been provided for context to help others understand the 

logic and reasoning behind the BARRIER VII design input parameters used for the glulam timber 

bridge railing. These input parameters were reviewed and updated according to sponsor concerns 

about how effectively the timber bridge railing system handled excessive moisture within the 

bottom scupper and gutter-zone of deck superstructure underneath curb/scupper members. 

Following these updates, the connection design was completed, and an analysis of bridge deck 

capacity was conducted to determine the necessary dynamic component testing program to inform 

the critical deck parameters and determine the sufficiency of the timber bridge railing systemôs 

support posts.  

3.2 Re-evaluation of Phase IIa Timber Bridge Railing Design 

3.2.1 Phase IIa Final Design 

The successful performance of the Glulam Rail with Curb on Transverse Glulam Timber 

Deck in 1997 [21-25, 121] served as the basis for design of the MASH 2016 TL-4 glulam timber 

bridge railing. The new railing design objectives included accommodation of a 2-in. wearing 

surface. For the revised design, the top railing height was increased beyond prior NCHRP 350 

TL-4 guidelines to mitigate vehicle-to-barrier override risks. Thus, the railing height was set to 36 

in. above the 2-in. asphalt overlay already on a 2-in. concrete wearing surface, marking a 5-in. 

height increase over the 1997 bridge railing. To accomplish the height increase while avoiding 

large gaps in the railing and increased vehicle snag on posts, the scupper block height was 

decreased from 6Ĳ in. to 5ȧ in., and another scupper block was added. The curb rail height was 

also increased from 6¾ in. to 8¾ in. The gap between the curb rail and the upper rail decreased by 

½ in. from 8 in. to 7½ in., and the upper railing height did not change. Figures 61 and 62 illustrate 

how the configuration changed from the NCHRP-350 system by Fowler [21-25, 121] to the MASH 

2016 system by Duren [10-11].  
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Figure 61. Cross-Sectional View of Phase IIa Design Changes from NCHRP-350 to MASH 2016  




























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































