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ABSTRACT

With recent changes in availability of forest resources, high quality tension laminations
necessary for glulam construction have become more expensive and increasingly difficult to
procure. Riber reinforced plastics (FRP) offer good promise to gerve both as a substitute for the
high quality wood laminations and as reinforcement for glulam beams. Glulam, like reinforced
concrete, can be reinforced in tension to more efficiently utilize the wood’s compressive

strength.

In this paper, the ultimate strength behavior of FRP-reinforced glulam beams made with
Douglas Fir and Western Hemlock is quantified experimentally. Like many other wood species,
lower grades of Western Hemlock and Douglas Fir have higher compression strength than
tensile strength. It is primarily this differential in tension and compression values that justifies
the usé of tension reinforcement. Sixty, 21 ft span glulam beams, reinforced with fiber-
reinforced plastics (FRP) on the tension side and thirty unreinforced controls were instrumented
and tested to failure in four-point bending. FRP reinforcement ratios were 1 and 3%.
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TESTING PROGRAM

Research on reinforced wood technology has been on-going at the University of Maine
and the Composite Materials Technology Center (COMTEC) in Minnesota since 1989. The
objective of this paper is to briefly summarize four-point bending test results of 21 ft span CR-
glulam beams made of douglas-fir and western hemlock.

_ The beam testing program followed eight months of extensive dcvelopmcnt of wood-to-
" FRP bond strength and durability. A total of 102 beams were manufactured, 90 of which were
used for flexural strength testing and the remaining 12 were used for flexural creep testing. The
beams were all 22 feet long, with a cross-section of 5-1/8 inches x 12 inches (See Figure 1). The
102 beams were distributed as follows:
Western hemlock:

0% reinforcement ratio: 15 beams for bending strength + 2 bearns for creep

1% reinforcement ratio: 15 beams for bending strength + 2 beams for creep
3% reinforcement ratxo 15 beams for bending strength + 2 beams for creep
Douglas fir ) ™. -
0% reinforcement ratio: 15 beams for bending strength + 2 beams for creep

1% reinforcement ratio: 15 beams for bending strength + 2 beams for creep

3% reinforcement ratio: 15 beams for bending strength + 2 beams for creep
The reinforcement ratio is the total cross-sectional area of the FRP reinforcement divided
"+ by the total cross-sectional area of the beam.. For consistency, all beams (including the.
\remforced beams) have the same cross-sectional area. This was accomplished by reducing the
thickness of the wood ‘bumper strip’ (lowest lamination of a beam, below the FRP layer) by the
total thickness of the FRP layer.

The reinforcement consisted of one or more 1/8” thick GFRP pultruded sheets placed
above the lowest wood lamination (referred to as the “bumper strip”). Thus a single 1/8 inch
thick GFRP produced a beam with 1% reinforcement. Three GFRP sheets produced a beam
with 3% reinforcement.

Special “low grade” douglas-fir and “low-grade” western hemlock laminations were
developed for this study, consistent with resource-optimization needs. Tension and compression
strength and stiffness properties of these laminations were obtained by laboratory testing of a
* representative sample according to ASTM D198. The tension strength test used a gage length of
7 feet, and sixty samples each of douglas fir and western hemlock.. The compression test used
- 12 inch long 2x6 members, sixty each for douglas fir and western hemlock.. The tension and
compression specimens- were also matched, that is they were obtained from the same board of
lumber. _

Tension strength and stiffness properties of the GFRP sheets were obtained using five
specimens from the production line.

Fourteen beams of each type were tested in four-point bending at APA in December
1996. The APA testing measured loads and deflections through failure. Three beams of each
type were tested at UM; one of each type was instrumented with strain gages and tested in four-
. point bending. The remaining two beams of each type were used in a creep study. The results
of the creep study are provided in a separate paper in these proceedings.



TEST RESULTS

Flexural test results indicated that the addition of reinforcement substantially increases
the MOR. Reinforcement also increases the MOE, though to a much lesser degree. Table 1
summarizes the performance gains.

TABLE 1- SUMMARY OF PERFORMANCE GAINS OVER CONTROLS
(each figure is average of 14 test specimens)

Structural Property Hem-fir | Hem-fir | Doug-fir | Doug-fir
with 1% | with3% | with1% | with3%
Modulus of Blasticity (MOE) 7% 14% 8% 16%
Modulus of Rupture (MOR) of gross 13% 25% 21% 29%
section at bumper lamination failure :
| Modulus of Rupture (MOR) of 42% 60% *56% 63%
reduced section at ultimate failure '

The allowable stress for each group of beams was calculated according to ASTM D3737.

A table summarizing the allowable level

%, shown below.

%
N

s and the Modulus of Elasticity for each beam type is

TABLE 2 - SUMMARY OF ALLOWABLE STRESSES AND MOE

Test Average | Allowable F,, based on Allowable F,, based on
Specimen MOE | gross section at bumper | reduced section at ultimate
(10° psi) lam failure (psi) load
(psD)
Hem-fir 1.31 1398 N/A
Control
1% Hem-fir 1.40 1676 1916
3% Hem-fir 1.50 2067 2848
Doug-fir 1.49 1557 N/A
Control
1% Doug-fir 1.61 1413 2288
3% Doug-fir 1.74 2059 3452

Clearly, the use of reinforcement adds value to low grade lumber. The tension
reinforcement of glulam with composite sheets significantly increases the bending strength but

increases the bending stiffness to a lesser degree.

fabrication and design of reinforced glulam beams is warranted.

Continued refinement of the material,
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ADVANCED ENGINEERED WOOD COMPOSITES IN CONSTRUCTION:
RESEARCH AND DEMONSTRATION PROJECTS
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ABSTRACT

In the mid-19" Century, reinforcing concrete with steel szgmﬁcamly changed
building and bridge construction throughout the world. As the 20® Century ends, many of
the factors that contributed to the success of reinforced concrete are found in combining
wood with Fiber Reinforced Polymers (FRP). The NSF-funded Advanced Engineered
. Wood Composites Center at the University of Maine is developing the underlying science
and engineering principles that will allow FRP-Wood hybrid materials to change the face .
of the wood construction industry. This paper briefly outlines the goals and objectives of
the Center, the various research projects now on-going within the Center, and features
two FRP-glulam demonstration projects constructed in the US .

]N‘I‘RODUCTION

Recent research has shown that Advanced Engmeered Wood Composites .
(AEWC), i.e. hybrid wood-FRP structural elements, offer superior properties at reduced -
costs. University of Maine and other studies demonstrated, for example, that 2% FRP -
reinforcement can increase the strength of laminated wood beams by over 70%. ;-

As in the development of reinforced and prestressed concrete, basic research is - -
being conducted to unlock the full potential of 2 wide variety of AEWC structural
members, e.g., beams, columns, panels, and connections. The objectives of the AEWC
Center are to develop FRP materials that are compatible with wood, - develop an
~ interface/interphase systemn between the two materials that will ensure full composite -

action, and to develop the basic understanding of the short-term and long-term behavior,
of AEWC structural elements including performance over the full range of loading, - -
ultimate strength, ductility, creep, fatigue, and mmstureltemperamreJUV cycling..

The Center consists of a multi-disciplinary team of engineers and scientists from
_two US universities supported by national industry associations in the wood and
Composites areas, individual companies, and a national laboratory. The Center will be
housed in a new research laboratory currently under construction at the University of
Maine. The $5 million laboratory/pilot plant is des:gned to speed the development and -
application of AEWC technology. .

+ H. Dagher, E. Landis, and S. Shaler, Departments of Civil Engmecnng and Wood Science and
Technology, University of Maine, Orono, ME 04469, :
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objective is to develop the science and processing parameters which will allow the full | .,
benefits of AEWC materials to be realized. '

From a research and development viewpoint, AEWC elements present unique -

challenges because two different classes of materials, FRP and wood, are used together.
Consequently the principles governing the short- and long-term structural behavior differ
in many ways from those involving each of the materials by itself. Wood exhibits large
changes, relative to FRPs, in strength, stiffness, dimensions, and creep properties with
changes in ambient relative humidity. Accordingly, the FRP in the hybrid system will
experience long-term stresses and strains that would not be present in the FRP alone. The
short-term behavior of AEWC hybrids is also different from that of either the FRP or
wood. While the bending failure of a wood beam is typically brittle, the corresponding
failure of a wood beam properdy reinforced on the tension side with FRP is ductile.

Although there has been recent interest in the reinforcement of wood with FRP

systems, there has not been a systematic investigation of the controlling mechanisms and
interactions between materials necessary to develop an optimized, durable hybrid
composite. The goals of the research team at the AEWC Center are to:

¢ Develop a new class of FRP reinforcing materials that are compatible with the

. hygro-expansion and visco-elastic characteristics of wood.

¢ Develop and maintain over time the interface between the two materials
needed to ensure full composite action.

e Develop a basic understanding of the short- and long-term behavior of AEWC
structural elements including performance over the full range of loading,
ultimate strength, ductiiity creep, fatigue, and moisture/temperature/UV
cycling.

Establish microstructure property-performance relationships.

Develop durability and long-term performance models.

Develop models of structural element behavior under service and ulumate
loads to aid structural engineers in the analysis of AEWC hybrids.

¢ Optimize structural element shapes and material composmon to maximize the
efficiency of the AEWC hybrid systems.

¢ Develop Reliability Based Design (RBD) criteria for the-: AEWC hybrid -

systems.
. ON-GOING RESEARCH

A number of research projects are currently being conducted at the Center. These
projects range from laboratory work on the microstructural level of fibers, matrix and the
hybrid interphase to the component level of beams, and to the structural level of building
and bridge systems. Research on the micro level consists of identification, selection and
characterization of FRP constituent materials to continue the development of
reinforcement systems that are compatible with various wood species. The
characterization program consists of determination of physical, mechanical, environmental
and durability properties of FRP systems. Other research efforts are focused on the effect
of surface conditions on the bond quality and durability of the bond between wood and



FRP reinforcement using micro-tomography for interface/interphase analysis,
hygrothermal stresses and mechano sorptive creep.

Research on the component level consists of investigation of damage-performance
relationships, nondestructive evaluation, and fracture toughness testing of FRP reinforced
glulam beams. Research on the structural level inicludes creep properties of AEWC
systems; construction, testing and monitoring of piers and bridges; and development of
nonlinear probabilistic models for the design of FRP reinforced wood structures.

In addition to these research projects, the AEWC Center is actively working with
existing industries to develop new products, test existing products, and provide potentials
for new and expanded markets. Member companies from the composites industry, the
engineered wood industry and the construction industry are engaged in a wide variety of
research and development projects ranging from new FRP-wood product development to
design and construction of bridges using the AEWC technology.

EXAMPLE DEMONSTRATION PROJECTS -

Two of the fourteen demonstration projects constructed, tested and monitored by the
Center are described below. ‘

The Bar Harbor Pier. The Bar Harbor (ME) Yacht Club Pier, the first of its kind, is 2 124
. foot long, 5 foot wide FRP-reinforced glulam pier which replaces 2 structurally deficient

. 40-year-old steel girder pier. The reinforced glulam girder pier allows pedestrian travel
*"from the shorefront to an offshore platform used for docking sailing vessels.

The 40-year-old steel girder pier had a significant corrosion problem and presented
a safety hazard to club members. It consisted of 3 spans, one span was 26'6" and the other
* two spans were approximately 49 feet each. The pier's 5 foot wide wooden deck was -
supported by two steel girders along the entire length of the pier. On the shore side the
steel girders rested on a concrete abutment while over the ocean the girders rested on
* granite block piers topped with concrete caps. The bottom of the steel girders rested 6'5"
above the high water line. On the ocean end of the pier was a gangway which allowed
passage to the offshore platform.. _ - .

The FRP-reinforced glulam pier was modeled after the steel girder pier. The .
existing concrete abutment and concrete-capped granite block piers were re-used.
Consequently, the new pier has the same deck width and approximately the same spans as
the original pier. The new pier offers a chance to demonstrate the use of FRP technology,

* to identify real-life fabrication problems for FRP glulams, and the opportunity to evaluate
long-term durability of FRP glulam in an aggressive environment.

The pier is designed for a live load of 85 psf. The structure is designed for a dead
load of 39 psf. The lateral bracing system, consisting of a combination of lumber and.
galvanized steel angle sections, is designed for & 90 mph wind speed (approximately 32 psf
using UBC standards). The post and rail system along the walkway was designedto
BOCA 1990 standards. The girder seats were designed for an uplift force on the structure
of 25 psf and buoyant forces considering the girders fully submerged in water. The FRP-
glulam girders and other structural wood components of the pier were designed for wet



service conditions. Construction of the FRP glulam girders and the bracing system is
shown in Figure 1, and the completed pier is shown in Figure 2.

The beams for the Bar Harbor pier were fabricated by Unadilla Laminated
Products in Sidney, NY. Constructed in the summer of 1995 by Harbor Place, the pier will
be monitored through 1999, It will be load tested and inspected every year to se¢ if there
is any reduction in properties over time. The FRP-wood bond will be examined. -
periodically using acoustic methods to monitor the quality of the bond between the FRP

. and the wood.

- The MEDWAY Bridge: The Medway bridge is a 54 ft long two lane vehicular bridge
- constructed in Medway, Maine. The bridge consists of 15 FRP reinforced glulam beams.
The beams were demgned to meet the Maine DOT specrﬁcatlons of:
F,=2,400 psi MOE = 1.8x10° psi
Beam Depth = 51inches; Beam width 5-1/8 inches; Beam Length =54 ft.
- Each beam consists of a total of 33 red maple wood laminations which are 1-1/2
inch thick, 1 percent FRP reinforcement on the tension side, and one +wood lamination -
 acting as a “bumper strip” below the FRP. The total depth of the beams is 51-1/4 inch. _
The total thickness of the FRP reinforcement is ¥ inch and the total Iength is 54 fi. The
- properties of the FRP laminas in the 'longlwdmal direction consist of a minimum modulus
of elasticity of 6 million psi, and a minimum strength of 104,000 psi. The lay-up of the
\ beams is shown in Figure 3 and a close-up of a beam with the FRP reinforcement is shown
N m Figure 4.
The FRP reinforcement was produced by Strongwell (formerly Aligned Flber
Composites) in Chatfield, Minnesota. The FRP reinforced glulam beams were fabricated
. by Unadilla Laminated Products in Sidney, NY under the supervision of a research team
~from the University of Maine. . Construction of the Medway Bridge was completed in
October 1997. ‘ )

SUMMARY AND CONCLUSIONS

Advanced engineered wood composite hybrids represent a new class of construction
materials that offer superior properties at reduced cost. These materials feature low-cost
wood combined with fiber reinforced plastics to produce a variety of structural members
that can readily be applied in today’s buildings and bridge construction. A number of
studies and demonstration projects conducted by many researchers show the potential of
these new materials. The Center for Advanced Engineered Wood Composites at the
University of Maine is established to develop the underlying science and engineering
principles that will allow the full benefits of these materials and to facilitate their
applications in the construction industry.



Outer Compression Zone: 10% of depth or 4 x1.5” lams; Grade 2.0E-1/3

Inner Compression Zone: 15% of depth or 6x1.5” lams; Grade 1.8E-1/3

51- 1/4 inch — - Core: Max 50% of depth or 13x1.5” lams; Grade NELMA #2

QOuater Tension Zone; 10% of Depih or 4x1.5” lams; Grade 2.0E-1/3
B Bottom 2 lams, slope of grain 1/16

i re— 11 :
\.7‘.1 \ FRP: 4x1./8”lams =112n

1.25 inch wood lam
Grade 2.0E-1/3
Slope of Grain=1/16

Figure 3. Red Maple and FRP Lay-up of the Medway Bridge Glulam Beams

Figure 4. Close-up of the FRP Reinforced Glulam Beam,
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ABSTRACT' 'I‘welve 2211, long glulmnbeamsarctestedforereep m4-ptbendmgma D
controlled environment and a stress of 25% above the allowable design stress. This is an ongomg
test that was started in May, 1997, and is scheduled to continue for one year. The beams aré - -
Douglas-fir and Western hemlock and are reinforced with 0%, 1%, or 3% E-glass FRP on the
tension side. A wood bumper strip was added to the tension face to protect the FRP layers, Mid-
span deflections and wood moisture content are reported for the first five months of testing.| -
Reinforced beams can support up to twice as much load as unreinforced beams. Howeyer, the
preliminary results show that desplte the mcreased loadmg for remfomd beams, there is no“ '

' mcrease in mlatlve creep
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stress values were detemuned ﬁ'om data of prewous ultimate strenigth tests on 90 beams (15 in:
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-creep.

‘ificreases, the element has reached the teruary stage and creep can increase rapldly and lead to -
creep rupture (Bodig and Jayne 1982). The twelve test beams were all in the primary creep stage
for the first two months; then entered secondary creep where they have remained until this
‘writing. The increased creep rate for the last two weeks of testing does not appear to be tertlary

.creep, since all the beams expenenced increasing creep at the same time, This increase in creep . ‘

- rate may be attributed to the change in the moisture eentent of the beams, brought on by the

* onset of the heating season. © .~ . .. :

“* Figure 2 for Douglas-fir shows that the addmon of 3% remforcement decreases the

relative creep. However, the curves for the controls and 1% reinforced beams are more difﬁcult

““to interpret, since the curves for the two beains in the same FRP category do not match each .

- other. ‘Figure 3 for Western hemlock clearly shows the difference between the beams in Groups
'1 and 2, which were started in May; and Group 3, which were started in June. All three beams in
Group 3 have experienced less relative creep than the beams in Groups 1 and 2. However, within
the two sets, both of whlch mclude one beam from each value of remforcement, the beams Wlth

SP7E1E The' most probable reasori for the 1fference in‘creep. between Groups 12 and Greup 3
“me;.:he explamed hy obsemng the change in ' moisture content over the course of the test).In
3'_ Mair, the' moistiire content was onl y 10%, and |t mcreased suddenly (+1 5%) atthe end of the,

lﬂ-ﬂ—«

.{n-:mth '1_'he njn_clsttn'e'eo

"-’ p -ﬁ-‘r t§€§4il;w .e 16; e v L WA )
rienice thg _ E_i‘noiét&i v Chiarig w’Whlle Toaded %AS" ch'é’fictenzed by the mechano

*’Ni-" fol oy Rt M;’.*i-u'i* ST L2

_ 1ange,in moisture content of
: nas the eti cre: u}g o the creep ra'tes 1n ‘lGaded members. . |
The mmsti?re ee et ﬂé”oﬂarcnped dmmgucell' mthe last; Tew weeks of the test, due o]

-‘923“#?“-’! o 5 g, o L ¥

cftheﬁ_heat ng season ince th ‘the Creep T d
conitent Was 1"_5, *steaislv ﬁthgﬂ &hanged dramatgcgl_ly‘as ith)e ﬁmsture content changed, l1t can
at'th ili’ct dsed creep rates-in th'" 1ast two Q@ﬁﬁf ‘testing’ |s'due to mech

e

LTI of ac d ; all ranges of temperature (65-
= %] ;I'j and monsture eontent (10-12 §%) ‘there. -appears, tobe httle differefice in the creep’ behavxox:
ﬂf e]ass FRP rel_nforced glulam and uhremf C rced.glu_lax_n his ts_:desplte the fact that the' apphed

35 E

ff-the unrémforeed beams. -
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FRP POST-TENSIONING OF LAMINATED TIMBER BRIDGES
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'ABSTRACT

_ In this paper Giass Remforced Plastto (GRP) tendons, rather thau the commonly employed . _..‘

-steel threaded bars, are used to’ post-tension . a laminated wood, deck. _Monitoring of-

prestress forces after. 260_days showsfthat properly designed GRP. tendons can slgmﬁcantly a e

‘reduce prestréss losses: .While initial resuits are encouragmg, fong term concerns with GRP .,

" - - tendons include creep-ropture in the E-glass remforcement and env:ronmental attack on the

" glass ﬁbers 'I‘he paper also rewews some of the hterature on oreep-mpml'e of GRP Tt

KEY WORDS Composues prestress, wood

v a_

In stress-lannnated brldges longlmdmal wood larmnations, conststmg of e:ther sohd saWn
lumber, glulam girders, :LVL.:girders; or. a :combination -of these-are: post-tensuoned
transverse to traffic (1). The prestress force causes fiiction.to develop between the onod
laminations, enhancing the load sharing capacity of the system and causing the behawor of

the individual laminations to approach that of a continuous orthotroplc plate. .. TR

One of the blggest draw—backs of stress—larmnated bndges is the need to penod:cally
retention them in service. ... Creep in the wood laminations over time can cause significant -
losses of prestress.- According to the AASHTO Guide Specification for Stress-Laminated .
Decks(2), the initial prestress p; applied to the deck should be 2.5 times the minimum

required value p to compensate for losses due to creep and relaxation.. Also,.the AASHTO -
Guide Specification calls for re-stressing the deck to the same initial level p; during the .-

second and again between the fifth and eighth weeks after the first laminating,

L

e
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Even though the re-stressing operation is relatively easy to perform and requires less than',©
one day on most bridges, DOT'engineers and maintenance personnel are often not at ease’ -
with a bridge design that needs periodic re-stressing. = Stress-laminated systems would.
therefore gain more acceptance if re-stressing in service can be avoided. - The objective of
this’ paper is to evaluate the effectiveness of Glass Reinforced Plastic (GRP) tendons in’
reducing prestress losses in stress-laminated wood decks thereby avoiding re-stressing in-
service. ' .

2. BACKGROUND
2.1 Prestress Losses in Stress-Laminated Wood Decks . - An early study .on prestress
 losses in stress-laminated wood systems was conducted at Queen's University using smali-
scale laboratory models post-tensioned using 19 mm Grade $ steel threadbars (3). The test
results showed that long-term prestress losses :may be as high as 65 % of the initial
prestress. Restressing could however. reduce the prestress losses to' 45% of the initial
prestress.  Subsequent restressing did not show any-further reduction of prestress loss.
About 50% prestress loss was observed in the Herbert Creek Bridge, the first stress-
- laminated wood bridge deck, constructed in Ontario; Canada. . Another laboratory study of
prestress loss conducted on a 14.m x 3-m deck ‘at thé University of Wisconsin showed that
the long-term prestress losses exceed 50% (4). "= .- i1 o el

In order to reduce the magnitude of the long-term prestress losses, it is possible to install
the bridge at-a moisture content-(MC) below the: expected Equilibrium Moisture Content
. (EMC) for the site. The wood expansion in service will ‘comipensate in part for the loss of
prestress in the deck.. . Another way 'to reduce the prestress.{osses may be to reduce the ™" -
-stifffiess of the'steel - strésssing ‘Systein by using “curved-washier:type” springs (Bélleville 132 ** -
springs) in seris with'th. stoe! piéitiessin threadbars ““Daghér et al: (5) fuonfored 4" 4
srossdainated b Bidg’n which one-HalF o the'postiteniiing thréadtiss Yskd
Bellville springs: RESUS SHiNod 416Gl i preissbévioe:the alf F the™”
brdge with the Belilleings 4 the Sther AIE o tho bridge The lak of cfedivress
of the Belleville springs in'this application was'attributed af Iéast in'part to the GsHosion of

~"the spring stacks which caused them to partially “lock” mipla?ce .

T
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2.2 Advintages of GRP Stressing System - .GRP tendons have a relatively low modulus,

about one-fourth that of steel; -they also have's relatively high stresigth, as much as twice

that of Grade 50 steel. It is however the low stiffniess of GRP tendons that makes them . -
attractive in stresslam deck applications. The low ‘stiffness of GRP Yendons:is-expécted o+ 5
reduce prestress losses in stress-laniinated decks.: GRP .tendons are also ‘desirable because's: . :+iis:
- of their low cost compared to carbon‘or Kevlar composites: »::: = SR

TAEETY e

- 2.3. Disadvantages of GRP -System: +Creep-Rupture :-- While. GRP ‘tendons 'have the: - i i
advantages stated above, there are some important concerns with regard to their use as
prestressing elements in bridges. ‘When the sustained load is above & minimum threshold, - i & =0
GRP exhibit creep-rupture failures.:The creep-rupture problem in glass reinforced plastics: -«
has been known for: a long time’(6,7). Creep-rupture of GRP may be accelerated in i+ "’
aqueous or seawater environments (8,9). .As stress levels increase, cracks in the matrix
accelerate water penetration into .the GRP which may cause surface - pitting and strength:
reduction-of the glass fibers. o : ‘ :

- ‘;'
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' that GRP tendons that ace prestressed to an initial lovel of 50% of the ultimate short term

strength are safe from creep rupture (10,11,12);, Severalcancreté bridges’ have been built in
Burope using E-glass prestressing tendons with polyester resin.” These bridges which were
constructed in the 1980°s and the early 1990’5 were prestressed to close to 50% of ultimate

 tensile strength. No creep-tupture problems have been reported as of 1993 (10,13).

However, other researchers have tested GRP strands and have observed creep-rupture

. approximately :50% .of the ‘ultimiite’ ‘EifeRjsth of il %

' P e G by A (,‘?e‘ﬂ'"r.a 4‘ sl L P el
32 Laboratory Creep Test of Wood Deck'Streised with GRB Tendons - A laboratory .
ot was conducted to study prestress lossds, in, a wood, deck post-tensioned with GRP | -

tendon. Figure T shows tlié‘-'rt_sfsg_ili’s'"df the: tion

failures at load levels of less than 50% of the ultimate strength (14,15). Tendon anchors are

very important role in the behavior of creep-rupture(16,17). This is because of the shear lag
effects'in the tendon caused by higher than average stresses in the outer portions of the
cross section where the anchors grip the tendons. A poorly designed anchor can lead to

premature failure of the tendon.

Environment plays a key role in the creep-rupture behavior of GRP, This is particularly true -

in marine environments where GRP might be exposed to salt water or salt water spray, and

GRP tendons may lose considerable strerigth under prolonged exposure (18). Because of

environmental exposure in bridge applications, the prestress level in GRP tendons should be
kept lower than 50%, possibly in the 20-30% range. Even lower stresses may be required
if there is significant shear lag in the prestressing elementsused. . - . . -

3.1 Rlasaton Test on GRP Tesdon T Stél Weamd™ 1% ety s msitctrer’s .

claims with regard to the relaxat:on rat&ehthéparﬂcdarGRPtendons used in this study, a

‘tedon..s, THe: prestres.forcs

R Y

- i S I S e R e L S - PR L T e T i fae
going for 18 months-and: there isno evideri¢é ‘of & ‘significant relaxation loss in the GRP,i:;

T PRI T A
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tendons, The stress-laminated wéod ‘deck Was-approximately 5-m % 3'm, in which rougti-

sawn 5 mm x 25.4 mm (2 inch x10 inch) eastern hegilock_ wood laminations ran in the Sm. ;.. e b

‘direction and the GRP tendons fan i the'3 1" direction. Theie wefe tén GRP fetidons in'the ;. - "
deck and six of them-were insttumented-usiig load "cells™ The load cells were calibrated Gt
‘using 2 hydraulic universal testing rachirie before they were mounted on'the ‘deck.. The

* creep test was conducted in a relatively constant indoor environment with temperatures
ranging from 20°C to 30°C (68°F to 86 °R). Although there was a larger fluctuation of th

relative humidity inside the lab (17%-54%), the moisture- content of the woodremained L

below 6 percent throughout the creep test.

The initial prestress introduced between the wood laminations was 520 kPa (75 psi). The
corresponding prestressing force in each GRP tendon was 62 kN (14 kips). The GRP
tendons have an ulfimate tensile strength of 116 kN (26 kips). The 63 kN (14 kips) initial

tendon stressing force is 54% of the tendon’s uitimate strength. This high value (54%) was

used in the laboratory to simulate a worse-case scenario for creep-rupture of the GRP. As
stated earlier field applications should use lower stresses in the GRP, in the order of 20%-

30% of ultimate.

temperature and humidity were monitored daily?7A% of this ‘writing; ‘the test lids been-on-

P AL RN A
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Figure 1. Relaxation Loss in GRP Tendon -« *

The'$520 kPa (75 psi) initial prestress introduced between ‘the-wood laminations is
intentionally lower than the 860 kPa (125 psi) commonly used with steel stressing systems. <c5.35 ¥ 1. .

The reason for the lower initial prestress.is o, take advantage of the. lower. anticipated .
- prestress losses with the GRP system.”"The presiress was applied using.an ENERPAC:
ceater-hole hydraulic jack.Tensile forces iri ‘éach. tendon were brought up to_63:kN (14:
- kips) sequentially from’one end of the:deck t6'the other,. -Only.two, passes, were fequired.
before the desired prestress force'in the first fendon (that was. stressed.in the.second pass) -
was within 5% of the target value of 63kN (14 kips)..,. This.is a significant development 5: x
because comparable steel stressing systems may require as many as five or more passes

before the target forces in the prestressing bars are reached. . et 1T fe et e gn ey 68
<00 Al T TR Tna LI RE TGRSR L TR R s " X ke md

-
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In Figure 2, the average prestress loss in the GRP tendons is. compared. with the resuls- s
obtained in the Queen’s University’ study discussed_earlier.(3)..,-, It is-clear.that the: GRP:= b %5
tendons appear to significantly reducé the prestress.losses. over, steel threadbars. »The'~ o <
followingis concluded: =~ "~ 70 T Toe e e

1. After 260 days, the GRP prestress loss is less than 30% of the initial prestress. The : "
corresponding value for the steel threaded bars used in the Queen’s University study was -
about 60% of the initial prestress after 110 days. -

2. Since prestress losses are reduced, the initial prestress in the GRP-wood deck does not "
need to be as high as is in the steel threadbar-wood deck, i.e. 860 kPa (125 psi). Forthe : -
configuration tested, with an initial wood prestress of 520 kPa (75 psi), the residual . .-
prestress after 260 days-is over 0.7x520 kPa = 364 kPa (52.5 psi). With a steel
threadbar deck at an initial prestress of 860 kPa (125 psi), the remaining prestress after
110 days would be nearly 0.40 x 860 kPa = 344 kPa (50 psi). :

e
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Figure 2. - Prestress Loss in'Wood-Deck:  GRP vs
y _ Steel ' __ |
3. The GRP system significantly reduces the number of passes required to-complété the'~:
initial prestress. For the tested configuration, only two passes were required, -+ < 0

o
o

4. The prestress in the; GRP in this lsboratory study-was nedr 4% of the ultimate strength
of the GRP. . This high-stress-level ‘in-the GRPywas ‘used. to’simulate “aiworse-cise’

scenario in the laboratory and is not recommended in field applications>*To avoid creep"<

#

rupture failures which may be accelerated by:eavironmental attackit is'recommended'to'* -

F Loy o5 AT de L -
s Mool
- R - -

keep the prestress level in the GRP at 20-30% of th

[raars

El

Initial results are encouraging and it may be:possible:tosignificantly reduce or even' avoid
re-stressing in service. However, more laboratory and-field testing ‘are’ necessary 6 further

verify the results described in this paper. . _ -
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Effect of FRP Remforcement on Low Grade Eastern

Hemlock Glulams

.Abstract

A'I'hebemﬁtsofmnfordngghlamlmmsmademth *

' castern hemlock, an under-utilized wood species in the -

state of Maine, are-discussed. : Nine beams reinforced . -
-mthﬁbumfomedplasues(FRP)onthctmsionmde'“

fandthreeunmforeedoontmlsmmtmmmtedand

testedtofaﬂuremfour—pombcndmg. Low, medinm,. .
andlughquahtywoodwaeusedmtheexpmmuual”'f
study.. FRPmnforcemaumuosrangodﬁomos%to.‘--
* 3.1%. A nionlinear mmerical model that predicts the .
" petformance  of the mP-glu]ambeamstbrough the”
auﬁreloadmngewasdcvclopedandxtspremmonsam, '

oompatedthhﬂtctwtmults
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Introduction
Glued laminated wood (glulam) has bcen in use since
the Jate 1800°s. Research on glulam at the USDA
Forest Products Laboratory. in Madison, Wisconsin
began in the 1930's. -Development of glulam in
following years in the United States was encouraged
L * lack of adequate solid timbers and the high
- ad for large tirabers created by the World War IT
effort (Freas and Selbo, 1954).

qulam, FRP rm:forocmcnt, nonlinear

.Habib J. Dagher, Tod E. Kimball Stephen M. Shaler, Umversuty of Maine
Beckry Abdel-Magld W'nona State Unwersity ; .

and has been used in numerous applications including

W‘thmoentebangw mavulablhtyoffom resources,

hghquahtylanunatwnsneomqrforglulam design

havebeoomcmmanglydxﬂiwlt to procure, and -
-Imore - expensive - as -well.”. -(Leichti, 1993, p. 3) .
Moreovu;glulam,likemnforcedooncrete,mbe K
". reinforced in tension to more efficiently utilize the
wood's compressive strength. Fiber reinforced plastics -

(FRP) offer good promise to serve both as a substitute

- " for -the high quality wood laminations and as

reinforcement for glulam beams.

Over the past decades both FRP and -non-FRP
materials have been used to reinforce or prestress
wood beams. With regard to non-FRP materials,
Mark (1961) studied the effects of bonding aluminum
to the compression and tension faces of wood core
sections of eight different wood species. Sliker (1962)
bonded aluminum sheets between' various layers of
laminated wood beams. Bohannan (1962) reinforced
glulam beams of low-grade Douglas-{ir using
pretensioned steel wire strinds in the tension zone,
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' Glnlamcanbefabneuted in many shapes and. sizes,

-keels for boats, arches for airplane hangers, churches, -
tmbe:sforﬂoorandmofsystems, dome structures, :
; uanmnmonpoles, along w:th guders and declcs for . .
'umbcrbndgw SR ..
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" tension zone, Lantos (1970). reinforced rectangular
Iammated wood Imms w1th stecl‘rods. : Sthl and

~ Coleman-and Hurst (1974) reinforced No.2 southern -

pmcbcammthhghtgagcsteelmnfomcmmt, Hoylc;.__

- (1975) tested members ‘composed *-of -nominal -

. dimension lumber with toothed steel plates between "
" lumber picces. Bulléit, Sandberg, Woods (1989). .

 reported on Spruce-Pine-Fir_glulam beams reinforced L

in the tension zone wuh speaal steel-mnforwdw

tension Ianunatmns

Pnor to 1990, a mumber of -studics on - wood beams

.- Peterson (1965), in a study smnlar Jto Bohannanﬂ,_-‘
: (1962), reinforced low-grade Douglas—ﬁr glulam -

- 'beams with a prestressed flt’ ‘stecl 'strip bonded in the

rchlforoedmthﬁbcrandFRPmamlswcrealso-

conducted, Wangaard and Biblis (Wangaard, 1964;
Biblis, .

1965) studied the offect of bonding

umdlrecuonalﬁberglasslepoxymfomedplasuctoﬂm :

comptess:onandtens:onﬁoesofwoodcorwof
various specics.  Theakson (1965) studied the

feasibility of strengthening both laminated and solid- .

wood beams with fiberglass. Krueger and Sandberg
(1974 b) studied laminated timber reinforced in the

tcnsmnzoncmthaoompoatcofhigh-strmgthbmnzc g

,  ooated woven steel wire and epoxy, -Krucger and Bddy

(1974 8) carried out research similar-to that of Krucgar

andSandbcrg(l974 b). Spaun (1981) studied finger-
Jointed western hemlock cores reinforced with wood

veneers and fiberglass rovings.

In the nineties, rcseatchonwoodbwmsmnforwd
with fiber and FRP materials has increased. Plevris
and Trantafillon (1992) studied the " effect of
reinforcing ficr wood with catbon/epoxy fiber-
reinforced plastxcs Plevris and Triantafilion (1995)
also discussed the creep behavior of FRP-reinforced

wood. Triantafillou and Deskovic'(1992) studied the

effect of prestressed carbonfepoxy FRP (CFRP)
reinforcement bonded to Buropean beech lumber,
Davalos, Salim, Munipalle (1992). discussed the
response of small yellow-poplar . glulam beams
reinforced on the tension side with glassfvinylester

FRP. Tingley and Leichti (1993) discussed glulam’

made from lower grade ponderosa pine reinforced in

the tension zone with pultruded kevlar and carbon _

FRP. Abdel-Magid, Dagher, and Kimball (1994)
studied nominal 2x4 hemlock beams reinforced,
tension with carbon/epoxy and keviat/fepoxy FRP.
Sonti, Davalos, Hernandez, Moody, and Kim (1995)
discussed yellow-poplar glulam reinforced  with

- pultruded glassfvinylester’ FRP in tension: or both in

'20'3.

'Whﬂeﬁmb@thasbeensucccssﬁﬂlymnfomadmme;‘--
i past few -decades -using - various materials and ¥
=mnforangtechmqnw,vuyfewofthmmcthodsof-i_ L
.. reinforcing  timber have . reached the commercial "

.market (Bulleit, 1984). As argued by Bulleit et al, -
(1989, p. 433), there are several possible reasons for = *
‘this lack of commercialization of reinforced timber:

_moisture content prior to laminating,
‘datz,  the wood was divided into threc quality

tension and oompnssmn. Dallcy, Alhson, Minnocg Yo
and Bender (1995) studied glulam reinforced in the "l
‘tension zone with pultruded glas/momnol-modlﬁcd 5

‘(1) The material used to reinforce the wood was not
commonly used in building apphmtlons' ® the

'reinforcing material was too expensive; and (3) the
fabrication requued .an additional and, thus, cost-

increasing step in the laminating process.* Another
reason may be the incompatibility : bctween the

‘runforcmgmatmalandthewood.

FRPsareaveereclassof'matmalsthatmbe
engineered to overcome the incompatibility problems
with the ‘wood. Because of FRPs falling cost and
poteatially simple incorporation into existing ginlam

- manufacturing processes, this class of materials offers

a good potential as a reinforcement for wood: (Kiniball,

A1995) This paper desciibes an experimental and

numerical study on reinforcing eastern  hemlock

.glulamsw:ﬂxFRP Bastern hemlock is a relatively

inexpeasive, abundant and under-utilized Maine wood
species with relanvdylow mechanical properﬂcs
Experlmental Work : -

A total of twelve glulam beains were ﬁhnmted and
tested statically to failure (See Table I). The beams
had a clear span of 16 feet and a cross-section .of
3 3/16 inchiés by 12 inches. The twelve beams
consisted ‘of three confrol (unreinforced) beams and

-'nmcbﬁmsranfomdmthvamngamonmsandtypw_ L

of FRP in the tensile zone. Because of variations in
lay up, three of the reinforced beams cannot be directly -
coinpared with the controls, These are descn'bed as
Non-Companson bwms in Table 1.

All beams used No 2 and better 2x4 mstcm hchock.
The No.2 visual grade material occupied over 75% of -

the sample. The lumber was condition to a 12 percent
Using MCE

categories:  Low, Medium and High.  Both
unreinforced controls and reinforced beams were
constructed of each of the three wood categories.




7‘.:o'ntrol Beanis : ]
Jnreinforced control beams consisted of ¢ight 1 3/8

' nch laminations, with a 3/4 inck ‘bumper-strip’ .
i, lamination added to the outer wood tensile lamiration.

" - FRP-Reinforced Glulam Beams .

. The reinforced beams were designed in the same way
as the control beams with the exception of FRP placed
between the ‘bumper strip® and the outer tensils wood
famination. A transformed section of a typical
reinforced' beam is shown in Figure.l. Table 2

summiarizes (he properties of the two FRP types used -

in the beams.

Testmg
The glulam beams were tested in four-pomt bending

ovcraamplcspanasshommFxgumz. The beams *

were braced fo prevent lateral-torsional buckling and
were tested according to thoprowdmesouﬂmcd in

. ASTMD198-84.

Strain gagos were applied throughout the depth ofthe
beams within the constant moment region. A dial
gage and LVDT were used fo measare deflections.
’I‘hcbmmswcrcloadedatamﬁcofappm:umately
y “\oo-pmmds%pa' minute. Readings included beam
i L load Liead displacement, strain gage; LVDT and
‘aial gage over the duration of the test.

Table 1 - Beam Characteristics .
Beam . Reinforce- Wood.

Beam FRP -
' j No. Type . Depth ment - Quality
LU e e ('n) Ratio (%) .
, Companson Beams . T
L R N . N
,_._9 - i as - 0 M
1] S STl k P - B | H -
1212 - 34, L
- 1242 . 34 M
L1212 031 - H
G188 14 HM
1188 0 1 M
L1188 1t . UH
::'_i_\lgl-Companson Beams . | |
4 - 1 1212 3.1 "NIA
cRy 2. 1200 21 . L -
A 2 11.79 0.3 L

L=Low, M=Medium, H=High, N/A=Not Applicable

L - 16 ft.

Figure 2 - Test Setup

. Table 2 - FRP Properties .

Property ~ - FRP2

FRP1 .

Ultimate Tensile 137

Strength {ksi)

Longitudinat Tensife
MOE (MSD ‘

114

6.7 181

LR

“Load Deﬂectlon Data AR -
For the low- (L) quality. comparison beams the

reinforced beam was 43% stronger and 31% stiffer

a5 than the control. In addition, the reinforced beam was
'+ more ductile than the control beam, deflecting 42%
. more at fatlurc - :

_‘Flgurc 3. shows' the cxpenmcntal load-deflection

curves for the medium (M) quality comparison beams
.. including .-the control, FRPI-and. FRP2 reinforced
- beams. The FRP! reinforced beam was 51% stronger

and 32% stiffer, while the FRP2 reinforced beam was
33% stronger and 37% stiffer than the control.” The

- FRP1 reinforced bcam showcd mlprovcd ducullty over

the contro! beam,
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r S o "Tablea-Bending Test Data - .
o Beam . FRP Rein-  Wood. Max, Max, * Beam. Str. - MOE \3

No, Type force-  Quality " Load : Deflecc MOE - Incr iner-

- ment tion ease " ease
Raﬁo_ _ ) ‘ ' . . :

(%) @ (i) (Msi) (%) (%)

COml;arisoﬁ Beams . . . . )
0 - - - L 8200 2.12 1.28 . - -

) - o M 10780 3.08 . 1.26 - . -

i1 - - H 12040 325 . 138 - -

2 1 3.1 L 11750 3.02 1.68 - 43 31

1 1 31 M 16250 4.48 1.66 51 32

3 1 . 3.1 " H 14900 3.57 1.78 - 24 29

6 2 14 HM 15070  3.82 161 25 28

5 2 1.1 M 14310 3.05 1.72 33 a7

7 2 1.1 H 15270 376 . 112 27 25°
"Non-'c".ompadsdn Beams T L , S .. - |
4 . 1 31 T -NA . 9040 1.94 174 . - 5=
.8 1 21 . L . 12800 329 - 1.58 56 23
S 420 L 2. - 03. L 10930 . 354 126 . ‘33 -2

. N,

18000 T |

16000 + ‘ : oo

38 2
£ 88
=T =Y OI'._
e

L]

o

Qo

=3

S
-
t

Lond ounc)

Control (M) Beam 9
« = = 3.1% FRP1 (M) Beam 1
1.1% FRP2 (M) Beam 5

]
o
(=1
(=]
!
T

5 b 2.5 3 . 35 4 4.5

Deflection (inches)

Figure 3 - Load-Deflection Curves for the Medium Quazlity Beams
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oy 'I‘he high &) quality comparison bedims include the
{ contml, FRPI and FRP2 reinforced beams. - The

;reinforced . beams -showed increases in stmngthof'

approximately 24 ‘to 27% over the control. The

l - 29% ovcrthc oontro!.

"With Icga:d to thc three non-comparison beams, the :
57 FRP1 reinforced beam with 3.1% reinforcement ratio .
failed prematurely in a wood tension lamination due to N
wood shake. Therefore, it is not compared to 2 control’””
beam. . The FRPL reinforced. beam with 2.1% .
reinforcement ratio showed an increase in strengthand .
* ©gtiffiness of 56% and 23%, respectively, over the low:.
“. (L) quiality control. Beam 12, which had only 0.3% "

FRPmnforccmmt, ‘showed 33% gain in strength over .-
“the Tow (L) [quality control beam but pmcucally a0

'; . change in suﬂims
Strain Gage Data

:su'amdataandbwnMOEvaluw. The tensile

strmwmtthRPatonsctofbeamfaﬂumremmncd

well below ultimate strengths in all casés. The stress
mtheFRPlatbeamfaﬂurewasabout%%oflts

'ulnmatestrcngth. The stress in the- FRP2 at beam
nrcwasl&thanso%ofxtsulﬁmatesh'mgﬂx.
awwever, ‘the FRP2 geinfordement failed in

mtedaminarshm therebynuﬁaungoverallbeam

faﬂurc. .

-

18.0 1
16.0 1
14.0°4
12.0 +
100 |-
8.0 1
6.0 4
401
2.0 1

‘Load (kips)

Nonlinear FRP—Glu!am Model

A nonlinear numerical model was developed to study
the behavior of FRP-glulam beams for all stages of
loading through failure. One objective of the model

... reinforced beains showed increases msuﬂims of25t0 - was to predict the full ‘load-deflection curve of the

~ laboratory beams, Using the nonlinear propcnm of

the constituent materials, the moment-curvature
relationship .of a section is first determined. The

~ moment-curvature relationship, together with the'

beam geometry and loading configuration, is then used’
to- dctcrmmc the load-deflection curve of the beamn., |

“The modcl follows in some respects work by Plcvns
and Triantafillou (1992), Bazan (1980), and Buchanan |
. (1990). The numerical model was implemented using ;*

two computer programs, - The first computer program | .
determines the moment-curvature relationship of a |
FRP-glulam section. " The second computer program
uses this moment-curvature relationship to determing -

N NI thcload-deﬂecuonamforabwmloadedmfour-
-SttmintthRPatfaﬂurcwcmmlculatedusmg' j

point bending,
Comparison . of Numen‘cal and " .
Experimental Results -

“To illustrate the application of the numerical modcl,

‘the numerical and experimental load-deflection curves -
for reinforced beam 1 are compared in Figure 4. Also, -
the actual and predicted ultimate loads and deﬂectmns :
forthetbrecmedmm(M)quahtylmms(bwms L5
and 9) are compared in Table 4,

“—&— Experimental

—O—Computer

i
1 T

ool

20

2.5

Deflection (inches)

Fiyure 4 - Combarison of Experimental and Numerical L.oad-Deflection Curves for Beam 1

201

.



St

Table 4 - Comparison of Experimental and Numerical Resuits for Beams 1,5and 9 -

Beam Analytical * Experimental - = Emor .. . Analytical - Experimental
Type load . - .Load"- -+ Deftection _ Deflection
' () _(b). %) - - _.Qn) @in) -
Beam1. 17,430 16.250 73 . 443 4.48
Beam§ 15990 14,310 11.7 2.96 305 3
Beam9 10,240 10,760 - 50 252 308 182
Discussion : Concluding Remarks

Glulam made from one of Maine's relatively weak and
under-utilized wood . species, eastern hemlock, was
reinforced with FRP in the tension zome, ‘The
reinforced beams performed very well and showed
substantial gains in strength (up to 56%) and stiffness
(up to 37%) by the addition of 1-3% FRP
reinforcement. ’ .

'I‘hcincmasedbmstrcngthwasdueinpaxttothe
more efficient utilization of the compréssive strength
of the wood. Using familiar reinforced concrete
terminology, the beams ftested performed as over
reinforced beams. In an over-reinforced beam, failure

-, occurs by compression of wood fibers near the top of
'« - ‘the beam. The region of failed wood in compression

propagates from the top of the beam down wnfil the
beam ultimately fails, The ductile faftare of vicod in
the compression zone Ieads mot only to increased

strength but  also to fncreased ductility of the -

reinforoed beam. It should be noted that in contrast
with reinforced conérete, an aver-reinforced wood
beam is ductile whereas an under-reinforced concrete
beam is ductile. ) L

Ingenm],_thelargcstincmaminstrmgthwarc
obtained with the lower grades of wood. It appears
therefore that the highest value-added- ‘benefits
resulting from this technology may ococur with the

- lower grades of wood. This is due to the lIower grades

of wood having a - larger difference in relative
tension/compression strength values, which can be
remedicd by adding FRP tension reinforcement’

‘A nonlinear numerical model was developed to study
the ultimate strength behavior 'of FRP-glulam beams.

The model was relatively successful in predicting the .

performance of the beams. It will be a usefirl tool in
optimizing the lay-up of glulam beams, ‘ .
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Fiber reinfarced plastics appear to have good potential
to serve as a substitute for the high quality wood
laminations necessary in glulam. Placing the FRP in
the beam tension zone uses the FRP's high tensite
strength and stiffness to boost the strength and
stiffness and ductility of the hybrid beam. Commercial
success will ultimately depend upon the future savings
of removing wood laminations being greater than the .
future expense of adding FRP reinforcement, * .

In addition to the cost/benefit issue, further research is
necessary -before FRP-reinforced wood beams are
widely uvsed in bridge applications. One major.
concemn is the Jong-term durability of the FRP-wood
interface in a bridge environment, The in-service
hygro-thermal mechanical stresses that will develop at
the wood-FRP inferface need to be evaluated carefully,
In addition, the interaction between - moisture,
temperature, fatigue, and their effect on bond strength
and creep behavior of the “system are not cntirely
understood. Fundamental research at the University of ~
Maine is on-going to address these and other related
issues. ' : '
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