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Abstract: Cross-laminated timber (CLT) has gained popularity worldwide in recent years, and its
use in buildings and civil engineering structures has attracted attention in Japan. In this study, the
life-cycle greenhouse gas (GHG) balance and costs associated with CLT floor slabs were evaluated
with respect to small-scale bridge repair as the first instance of the use of CLT in civil engineering
projects in Japan. Additionally, waterproofing treatment was applied to CLT slabs, and the potential
GHG and cost reduction of CLT in comparison with reinforced concrete (RC) slabs were examined.
GHG emissions were the smallest for non-waterproofed CLT slabs and the greatest for RC slabs.
When replacing RC slabs with CLT slabs without waterproofing, fossil-derived GHG emissions can
be reduced by 73 kg-CO2eq/m2 per slab, and fossil/wood-derived GHG emissions can be reduced
by 67 kg-CO2eq/m2; however, the use of disposed CLT as fuel is essential. Moreover, a reduction in
GHG emissions can be expected if RC slabs are replaced with CLT slabs that are waterproofed only
once every 20 years. Further, the cost associated with RC slabs is 20% of that attributable to CLT slabs.
Hence, measures need to be taken to reduce the cost of CLT and waterproofing materials.

Keywords: cross-laminated timber; floor slabs; life-cycle assessment; greenhouse gas emissions;
waterproofing treatment; reinforced concrete

1. Introduction

Timber is a renewable resource that is subject to sustainable forest management policies and its
effective use supports a sustainable society. In particular, the effects of timber on carbon stock, as well
as on material and fuel substitution, have been garnering attention as a tool to mitigate climate change;
timber is an important aspect of various international climate change countermeasures [1].

In Japan, a major global timber consumer, this resource has been primarily used in construction,
but the demand for timber as a building material has been declining due to a decrease in population
and the subsequent slowing of housing construction. As a result, the use of timber in civil engineering
projects is currently being promoted [2–7]. Bridges are a representative type of civil engineering projects
in Japan. There are ~720,000 bridges in Japan, 660,000 of which are managed by local governments.
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More than 70% of these bridges are small-scale with a bridge length of less than 15 m. Approximately
32% of small-scale bridges were over 50 years old as of 2019. This proportion is forecasted to increase
to 59% by 2029, only 10 years later, and each of these bridges will need to be updated or reinforced [8].

In recent years, cross-laminated timber (CLT), a new timber material, has been widely used in
Europe, North America, and Australia [9–11]. CLT is a type of engineered wood in which lumber
boards are glued side by side in a single layer and then glued to another layer of boards arranged at a
90◦ angle from the adjacent layer, making it possible to manufacture thick and wide panels. Japanese
CLT is produced from Japanese cedar, cypress, and larch woods, with a unit weight approximately 1/6
to 1/4 that of concrete [12,13]. Considering these advantages, it may be possible to refurbish the decks
of aging bridges without reinforcing the girder or abutment by using lightweight CLT floor slabs of
appropriate size (Figure 1) [12]. This is expected to reduce greenhouse gas (GHG) emissions and the
economic burden on local governments.

Previous studies have investigated GHG emissions and economic factors related to the use of CLT
in building construction [14–20] and the technical aspects of using CLT slabs [21,22]. However, the use
of CLT slabs in civil structures such as bridges and the environmental and economic impacts of such
projects have not been investigated.

We evaluated the GHG emissions of small-scale bridge repair in Akita Prefecture using CLT slabs
as well as its associated costs, as determined by life-cycle assessment (LCA), as an example of the first
use of CLT in civil engineering projects in Japan. The analysis herein focused on countermeasures that
can stave off structural decay, as this decay is a potential disadvantage of CLT floor slabs; applying a
waterproofing treatment appeared to be effective. In addition, we examined whether CLT slabs can
reduce GHG emissions and cost in comparison to reinforced concrete (RC) slabs.

The life-cycle GHG balance per square meter of slab was calculated over a 50-year evaluation
period. Net GHG emissions were the smallest for CLT slabs without waterproofing and the largest for
RC slabs. When replacing RC slabs with CLT slabs without waterproofing, 73 kg-CO2eq/m2 fewer
fossil-derived GHGs and 67 kg-CO2eq/m2 fewer fossil/wood-derived GHGs were emitted. However,
the potential use of CLT as fuel after disposal is indispensable. When replacing RC slabs with CLT
slabs with waterproofing treatment, only a minimal reduction in GHG can be expected. However, if
waterproofing is only conducted every 20 years as part of routine maintenance, it is still possible to
reduce GHG emissions by 18 kg-CO2eq/m2 for fossil-derived GHGs and 17 kg-CO2eq/m2 for fossil-
and wood-derived GHGs. In terms of cost, RC slabs are the least expensive, at only 18% of the cost
of CLT slabs with waterproofing treatment and 16% of the cost of CLT slabs without waterproofing
treatment. These results suggest that reducing the material cost of CLT and waterproofing materials is
particularly important.
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2. Materials and Methods

2.1. Bridges and Floor Slabs Targeted in This Study

The bridge targeted for evaluation is located in Daisen City, Akita Prefecture, and is managed by
the Akita prefectural government. This bridge was constructed in 1990 and has a length of 10 m and
an effective width of 3.3 m. At the start of construction in 1990, it had a simple structure in which a
chestnut lumber floor slab was laid on the abutment and bridge girder. Over 25 years have passed
since the bridge’s erection and deterioration of the slab has progressed due to decay. Now, the slab
must be replaced. Chestnut lumber lacks durability and is difficult to procure in Japan. Therefore, a
slab using CLT made from Japanese cedar wood, a species widely used in Japanese construction, was
adopted for the first time in Japanese bridge construction, and the bridge slabs were refurbished in
2018 [12,13]. As the abutment and bridge girder exhibited no problems related to deterioration, only
the floor slabs and the pavement overlay were replaced.

Figure 2 shows a cross-sectional view, side view, and plan of the CLT slabs, and Figure 3 [23]
shows an outline of the slab refurbishment. The CLT floor slabs were designed to withstand a load
of 40 kN based on the maximum weight of the vehicles passing over this bridge. As a result, five
slabs with an area of 1990 × 3450 mm and a thickness of 120 mm were laid. Wood decay is a concern
when using CLT as a floor slab outdoors. Therefore, as a waterproofing and preservative treatment, a
2 mm-thick polymeric cement waterproof material was applied to the CLT floor slab, and a surface
protection material was also applied. CLT was also used for the ground-covering wood installed at
both ends of the width, and the same waterproofing material and surface protection material were
applied. Prior to installation of the CLT slabs, four auxiliary horizontal structures were welded on-site
to the upper surface of the main girder and connected by metal brackets attached to the side of the slab
to provide support. Next, hard rubber spacers were laid in the gap between the auxiliary horizontal
structures. The upper surface of the slab was paved with a 50 mm-thick recycled asphalt mixture.

Meanwhile, to equalize the function of RC and CLT slabs, RC slabs were designed to withstand
the same load as CLT slabs. Based on this approach, the thickness of RC slabs was set to 160 mm. As in
the case of CLT slabs, the abutment and bridge girder were not reinforced or modified and recycled
asphalt pavement was applied on the upper surface of RC slabs.

Regarding the mechanical properties of the main materials [24], tolerance levels of the weak and
strong axes of the CLT slab significantly vary because the strength and rigidity of the material are set
based on the lamination theory. When using CLT as a bending member, the tolerance level of the weak
axis is low. CLT slabs are improved anisotropic materials. By contrast, RC slabs are isotropic composite
materials of concrete and rebars, in which concrete is assumed to bear compressive force while the
rebar handles tensile force. When RC slabs are used as a bending member, their properties can be
easily modified by adjusting the volume of rebars. Note that CLT and RC slabs could exhibit different
vibration characteristics [25] due to differences in their flexural rigidity. Nevertheless, we surmise that
the effect of vibration on the floor slabs is little because the span length of floor slabs targeted in this
study is as short as approximately 1 m (Figure 2). Therefore, the vibration characteristics will remain
almost unchanged when RC slabs are replaced by CLT slabs.
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2.2. GHG Balance

The life-cycle GHG balance for floor slab refurbishment was evaluated using the life-cycle
assessment (LCA) method. LCA is a method for assessing environmental impact over the life-cycle of
a target product [26]. The target slabs were CLT and RC. For CLT slabs, we examined cases with and
without waterproofing treatment. The functional unit was the GHG balance per m2 of each slab over
the course of a 50-year evaluation period. This life-cycle included material production and transport,
construction, maintenance, and the disposal and recycling associated with floor slab refurbishment,
whereas the processes of maintenance and disposal and recycling for abutments and bridge girders that
did not require refurbishment were excluded. The life-cycle process (system boundary) is shown in
Figure 4. We measured fossil-derived GHG (CO2, CH4, N2O) emissions and reductions in each process
(see Section 2.2.1 to Section 2.2.3) and used the 100-year global warming potential [27] to determine
the quantity of GHG emissions converted to CO2. In addition, the GHG balance derived from wood
(carbon stored in wood and GHG emitted from burning wood) was evaluated separately from the
GHG balance derived from fossils (see Section 2.2.4).
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2.2.1. Material Production, Material Transport, and Construction Processes

The quantity of materials and fuel used for floor slab refurbishment operations were collected
through field surveys, interviews with design and construction contractors, and the acquisition
of design estimate documentation. These quantities are summarized in Table 1. With respect to
the material production process, GHG emissions were calculated by multiplying the quantity of
material used by the GHG emission intensity associated with resource extraction, resource transport,
and material production. The GHG emission intensities are summarized in Table 2 based on data
extracted from the life-cycle inventory (LCI) database IDEAv2.1.3 [28]. Through interviews with CLT
manufacturers, the fuel consumption associated with the production of CLT was found to be almost the
same as that with glue laminated timber. Therefore, the emission intensity for glue laminated timber
was used in IDEAv2.1.3. Regarding the material transport process, the distance transported could be
determined for CLT slabs, but not for other materials. In particular, RC slabs required a calculation
based on design only, so it was necessary to estimate the transport distance of each material. Under
such constraints, it was determined that assuming transport conditions were virtually uniform across
all materials would result in the least biased assessment (see Table 1), and as such all materials were
assumed to have the same transport distance as CLT slabs, with the mode of transportation being
a 10 t-capacity truck. GHG emissions were calculated by multiplying the amount of each material
used by the transportation distance and the GHG emission intensity per truck. With respect to the
construction process, GHG emissions were calculated by measuring the amount of light oil consumed
by heavy machinery and multiplying this value by the GHG emission intensity for the production and
combustion of light oil.

2.2.2. Maintenance Process

For the cases in which CLT floor slabs were waterproofed, waterproofing and surface protection
materials were applied every 15 years; for the cases in which waterproofing was not performed,
the CLT slabs and hard rubber spacers were presumed to be replaced every 15 years. The auxiliary
horizontal structures were not refurbished or replaced regardless of waterproofing. The waterproofing
application interval was determined based on interviews with design and construction companies, and
the replacement interval for non-waterproofed CLT slabs was determined based on the legal service
life of wooden bridges. For RC floor slabs, injection of an epoxy resin-based fracture sealant was
performed every 25 years. The injection interval and the type of injection material were determined
based on interviews with the bridge designers. Lastly, the asphalt pavement was replaced during each
type of maintenance described above.

2.2.3. Disposal/Recycling Process

All materials were discarded and recycled 50 years after construction. This process includes the
disposal and recycling of materials replaced in the above maintenance processes. The method for
recycling each type of waste is described in detail below. Table 1 shows the amount of waste generated,
and Table 2 shows the GHG emission intensity.
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Table 1. Material/fuel consumption and waste generation (unit/bridge).

Life-Cycle Process Unit Waterproofed CLT
Floor Slabs

Non-Waterproofed
CLT Floor Slabs RC Floor Slabs

Materialproduction

Wood
CLT (floor slab) m3 3.93 3.93 -

CLT (ground cover wood) m3 0.45 0.45 -
Plywood (concrete formwork) m3 - - 0.53

Concrete Fresh concrete m3 - - 6.51

Steel

Rebar kg - - 1,358.94
Auxiliary horizontal structure kg 293.76 293.76 -

Support bracket kg 106.85 106.85 -
Joint fitting kg 9.49 9.49 -

Rubber Hard rubber kg 83.52 83.52 -

Waterproofing
treatment

Waterproof material kg 242.78 - -
Surface protection material kg 12.44 - -

Asphalt Recycled asphalt mixture kg 3,877.50 3,877.50 3,877.50

Material transport Material production sites-construction sites km 93.50 93.50 93.50

Construction Light oil (heavy machinery) L 18.80 18.80 15.00

Maintenance

Years 15·30·45

Waterproof material (applied 3x) kg 728.33 - -
Surface protection material (applied 3x) kg 37.33 - -

CLT (floor slab) (produced 3x) m3 - 11.80 -
CLT (ground cover wood) (produced 3x) m3 - 1.34 -

Hard rubber (produced 3x) kg - 250.55 -
Recycled asphalt mixture (produced 3x) kg 11,632.50 11,632.50 -

Material production site-construction site
(shipped 3x) km 280.50 280.50 -

Light oil (heavy machinery) (constructed 3x) L - 56.40 -

Year 25
Fracture sealant material (epoxy resin) kg - - 3.30

Recycled asphalt mixture kg - - 3,877.50
Material production sites-construction sites km - - 93.50

Disposal/recycling

Waste wood (CLT/plywood) m3 4.38 17.52 0.53
Waste concrete m3 - - 6.51

Waste steel kg 410.10 410.10 1,358.94
Waste rubber kg 83.52 334.06 -
Waste asphalt kg 15,510.00 15,510.00 7,755.00
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Table 2. Greenhouse gas (GHG) emission intensities (kg-CO2eq/unit).

Material/Fuel Name Unit GHG
Emissions

Silviculture—log production—lumber production—CLT production m3 233.647
Silviculture—log production—plywood production m3 252.074

Resource extraction—fresh concrete production m3 281.625
Resource extraction—rebar production kg 0.978

Resource extraction—auxiliary horizontal structure/support bracket production kg 2.690
Resource extraction—joint fitting production kg 2.349
Resource extraction—hard rubber production kg 5.184

Resource extraction—waterproofing material (ethylene) production kg 1.483
Resource extraction—waterproofing material (vinyl acetate) production kg 2.424

Resource extraction—waterproofing material (calcium silicate) production m3 309.494
Resource extraction—waterproofing material (silica sand) production kg 0.015
Resource extraction—waterproofing material (iron oxide) production kg 0.006

Resource extraction—production of waterproofing material/surface protection material
(industrial water) m3 0.149

Resource extraction—surface protection material (methyl acrylate) production kg 3.166
Resource extraction—surface protection material (talc) production kg 0.033

Resource extraction—surface protection material (amorphous silica) production kg 1.665
Resource extraction—surface protection material (calcium carbonate) production kg 0.875

Recycled asphalt mixture production kg 0.048
Resource extraction—light oil production L 0.354

Light oil combustion MJ 0.078
Resource extraction—heavy oil production L 0.427

Heavy oil combustion MJ 0.080
Resource extraction—grid power (Tohoku Electric Power) generation MJ 0.166

Truck transportation (resource extraction—light oil production—light oil combustion) t·km 0.161
Resource extraction—fracture sealant material (epoxy resin) production kg 5.984

Waste wood combustion MJ 0.096
Steel scrap processing kg 0.018

Recycled crude steel production (electric arc furnace method) kg 0.646
Resource extraction—crude steel production (basic oxygen furnace method) kg 1.831

Recycled aggregate production kg 0.004
Resource extraction—aggregate production kg 0.011

Waste rubber combustion MJ 0.087

Post-disposal, the CLT used in slabs and ground cover wood was repurposed as a combustible
fuel and was assumed to partially replace the need for heavy oil. Specifically, waste wood was turned
into chips, and heat was supplied by chip boilers to replace heavy oil boilers. The following Formulas
(1) to (3) were used to calculate GHG reduction elicited by using waste wood as fuel:

RGEW = GEEH − GEEW (1)

GEEH = DW · dw · cw · ehw / ch / ehh · (Ehp + Ehc · ch) (2)

GEEW = DW · LU · (Elp + Elc · cl) (3)

where RGEW (kg-CO2eq) is the reduction of GHG elicited by replacing the heavy oil used for fuel
with waste wood, GEEH (kg-CO2eq) is the GHG emissions from the production and combustion of
the heavy oil to be replaced, GEEW (kg-CO2eq) is the GHG emissions attributable to waste wood
chip production, DW (m3) is the amount of waste wood generated, dw (0.314 t/m3) is the density of
oven-dried cedar [29], cw (19,141 MJ/t) is the calorific value of oven-dried cedar wood [30], ehw (0.775)
is the heat utilization efficiency of the wood chip boiler [31], ch (39.1 MJ/L) is the calorific value of
heavy oil [28], ehh (0.885) is the heat utilization efficiency of the heavy oil boiler [31], Ehp (kg-CO2eq/L)
is the GHG emission intensity from heavy oil production, Ehc (kg-CO2eq/MJ) is the GHG emission
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intensity from heavy oil combustion, LU (1.5 L/m3) is the light oil consumption from waste wood chip
processing (interview survey with chip producers), Elp (kg-CO2eq/L) is the GHG emission intensity
from light oil production, Elc (kg-CO2eq/MJ) is the GHG emission intensity from light oil combustion,
and cl (37.3 MJ/L) indicates the calorific value of light oil [28]. Although the surface of waste CLT is
coated with waterproofing and surface protection materials, these materials meet the quality standard
for wood chips for fuel use [32], and there have been no problems identified in connection to such use.

After the disposal of hard rubber spacers, a portion of the energy generated by the corresponding
power grid was replaced by combustion of the waste rubber. Formulas (4) to (6) were used to calculate
the reduction in GHG elicited by using waste rubber as fuel:

RGER = GEEE − GEER (4)

GEEE = DR · cr · eer · Eec (5)

GEER = DR · cr · Erc (6)

where RGER (kg-CO2eq) is the reduction in GHG emissions achieved by replacing the grid power
with power generated from waste rubber fuel, GEEE (kg-CO2eq) is the GHG emitted while supplying
the power grid, GEER (kg-CO2eq) is the GHG emissions from waste rubber combustion, DR (kg) is
the amount of waste rubber generated, cr (29.3 MJ/kg) is the calorific value of rubber [33], eer (0.19)
is the power generation efficiency by incineration of waste rubber [34], Eec (kg-CO2eq/MJ) is the
GHG emission intensity from grid power (Tohoku Electric Power) generation, and Erc (kg-CO2eq/MJ)
indicates the GHG emission intensity from waste rubber combustion.

After the disposal of concrete and asphalt, production of new aggregate was replaced by the
recycled aggregate produced from concrete and asphalt waste. The reduction in GHG emissions
attributable to the use of waste concrete and asphalt as materials were calculated using the following
Formulas (7) to (9):

RGMC = GEMA − GEMC (7)

GEMA = DC · Eap (8)

GEMC = DC · Erp (9)

where RGMC (kg-CO2eq) is the reduction of GHG elicited by replacing new aggregate with recycled
aggregate from waste concrete and asphalt, GEMA (kg-CO2eq) is the GHG emissions from the
production of new aggregate to be replaced, GEMc (kg-CO2eq) is the GHG emissions from the
production of recycled aggregate, DC (kg) is the amount of waste concrete and asphalt generated, Eap

(kg-CO2eq/kg) is the GHG emission intensity from aggregate production, and Erp (kg-CO2eq/kg) is
the GHG emission intensity from the production of recycled aggregate. The yield when producing
recycled aggregate from waste concrete and asphalt was assumed to be 1.0 [35], and it was assumed
that the entire amount generated would be recycled.

After disposal of the steel materials such as rebars, auxiliary horizontal structures, and metal
fittings, new crude steel was replaced by producing recycled crude steel from the waste steel. Specifically,
crude steel produced by the electric arc furnace method after steel scrap processing was used to replace
the new crude steel, which had been produced using the basic oxygen furnace method from iron ore.
Formulas (10) to (12) were used to calculate the reduction in GHG elicited from the use of waste steel:

RGMS = GEMN − GEMS (10)

GEMN = DS · ys · Esc (11)

GEMS = DS · Esp + DS · ys · Ese (12)
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where RGMS (kg-CO2eq) is the reduction in GHG emissions elicited from the substitution of new crude
steel with waste steel, GEMN (kg-CO2eq) is the GHG emissions from the production of new crude steel
to be replaced, GEMS (kg-CO2eq) is the GHG emissions from the production of recycled crude steel,
DS (kg) is the amount of waste steel generated, ys (0.9) is the yield when processing from steel scrap to
recycled crude steel [36], Esc (kg-CO2eq/kg) is the GHG emission intensity attributable to crude steel
production (basic oxygen furnace method), Esp (kg-CO2eq/kg) is the GHG emission intensity from
steel scrap processing, and Ese (kg-CO2eq/kg) is the GHG emission intensity from recycled crude steel
production (electric arc furnace method).

2.2.4. GHG Balance Derived from Wood

The carbon stored in the CLT slabs and the plywood in the RC slabs was recorded as GHG
reduction during the construction and maintenance processes. Meanwhile, GHG (CO2, CH4, N2O)
emitted from the use of fuel after these woods were discarded was recorded as GHG emissions during
the disposal and recycling process. Carbon storage was calculated by multiplying the amount of CLT
or plywood used (Table 1) by the density of oven-dried wood (0.314 t/m3) [29] and the carbon content
(0.5 t-C/t) [29]. GHG emissions were calculated by multiplying the amount of CLT and plywood used
by the GHG emission intensity from waste wood combustion (Table 2).

2.3. Costs

The costs associated with the refurbishment of floor slabs were evaluated. The evaluation target,
evaluation period, and life-cycle process were the same as those used for the GHG balance evaluation.
The direct construction costs (material costs and construction costs) in the construction process
(including material production and transport) and those in the maintenance process as well as costs
associated with waste disposal during the disposal or recycling process were obtained by conducting
interviews with design and construction companies and obtaining design quote documentation;
Tables 3 and 4 summarize the unit prices used for CLT and RC slabs, respectively. Consumption tax
was not included.

Table 3. Unit price of materials, construction, and waste disposal costs for CLT slabs (JPY/unit).

Life-Cycle Process/Expense Item Unit Price

Construction/
maintenance

Material costs

CLT Slabs 210,000
Hard rubber A Sheets 8260
Hard rubber B Sheets 7680
Hard rubber C Sheets 10,300

Auxiliary horizontal structure Rods 42,200
Support bracket A Rods 1900
Support bracket B Rods 8100

Joint fitting A Rods 260
Joint fitting B Units 40
Joint fitting C Rods 300

Recycled asphalt mixture m2 2344

Construction costs

Bridge construction supervisors Persons 34,000
Bridge engineering specialists Persons 27,600

Carpenters Persons 25,800
Truck crane Days 43,000

Misc. expenses Units 32,200

Material costs
(waterproofing treatment)

Waterproof material (base agent) Cans 36,600
Waterproof material (admixture) kg 6600

Surface protection material Cans 118,800
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Table 3. Cont.

Life-Cycle Process/Expense Item Unit Price

Construction/
maintenance

Construction costs
(waterproofing treatment)

Civil engineering supervisor Persons 25,200
Specialist workers Persons 20,700
Ordinary workers Persons 16,300

Painters Persons 21,100
Misc. expenses Units 13,530

Disposal/
recycling

Disposal and recycling
costs

Waste wood m3 4710
Waste steel t 2000

Waste rubber t 26,000
Waste asphalt t 1000

Table 4. Unit price of materials, construction, and waste disposal costs for RC slabs (JPY/unit).

Life-Cycle Process/Expense Item Unit Price

Construction

Material costs

Plywood m2 761
Rebar t 73,645

Fresh concrete m3 14,700
Recycled asphalt mixture m2 2344

Construction costs

Moldwork m2 9259
Processing assembly t 58,000

Concrete casting m3 4680
Slab curing m2 428

Maintenance

Material costs

Fracture sealant material A kg 2890
Fracture sealant material B kg 2040

Injection device Rods 380
Recycled asphalt mixture m2 2344

Construction costs

General supervisor Persons 26,400
Specialist workers Persons 22,400
Ordinary workers Persons 17,700

Misc. expenses Units 12,713

Disposal/recycling Disposal and
recycling costs

Waste wood m3 4710
Waste concrete m3 2350

Waste steel t 2000
Waste asphalt t 1000

3. Results and Discussion

3.1. GHG Balance

Table 5 shows the evaluation of the life-cycle GHG balance over a 50-year period. The results of
this evaluation are shown as GHG balance per m2 of slab by dividing by the slab area (34 m2).

Table 5. Life-cycle GHG balance during 50-year evaluation period (kg-CO2eq/m2, +: emission,−: reduction).

Life-Cycle Process
Waterproofed CLT

Floor Slabs
Non-Waterproofed CLT

Floor Slabs RC Floor Slabs

Fossil Wood Fossil Wood Fossil Wood

Material
production

Wood 29.70 - 29.70 - 3.87 -
Concrete - - - - 53.16 -

Steel 31.92 - 31.92 - 38.57 -
Rubber 12.56 - 12.56 - - -

Waterproofing
treatment 6.95 - - - - -

Asphalt 5.40 - 5.40 - 5.40 -
Material transport 2.51 - 2.51 - 9.04 -

Construction 1.78 −73.17 1.78 −73.17 1.42 −8.83
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Table 5. Cont.

Life-Cycle Process
Waterproofed CLT

Floor Slabs
Non-Waterproofed CLT

Floor Slabs RC Floor Slabs

Fossil Wood Fossil Wood Fossil Wood

Maintenance

Year 15 14.16 - 49.99 −73.17 - -
Year 25 - - - - 7.67 -
Year 30 14.16 - 49.99 −73.17 - -
Year 45 14.16 - 49.99 −73.17 - -

Disposal/
recycling

Wood −60.37 74.72 −241.47 298.86 −7.28 9.01
Concrete - - - - −2.93 -

Steel −12.47 - −12.47 - −41.33 -
Rubber 3.94 - 15.75 - - -
Asphalt −2.97 - −2.97 - −1.48 -

Net GHG emissions 61.41 1.55 −7.32 6.18 66.10 0.19

3.1.1. Comparison of CLT Floor Slabs with and without Waterproofing

In comparisons between the fossil-derived GHG balance attributable to the use of CLT floor
slabs with and without waterproofing, GHG emissions produced from the material production and
maintenance processes for CLT slabs with waterproofing were 133 kg-CO2eq/m2, which was only 60%
of the GHG emissions for that of the CLTs without waterproofing (234 kg-CO2eq/m2). For waterproofed
CLT slabs, emissions are a result of the repeated production and application of the waterproofing and
surface protecting materials every 15 years, whereas for CLT slabs without waterproofing treatment,
emissions were generated by the repeated production of CLT and the related materials and fuels.
Regardless of waterproofing, the emissions for steel and CLT were largely generated during the
production of materials, accounting for approximately 70%–80% of total GHG emission during the
material production process.

By contrast, when focusing on the disposal and recycling processes, the reduction in GHG
emissions for non-waterproofed CLT slabs was 241 kg-CO2eq/m2, more than 330% greater than that of
waterproofed CLT (72 kg-CO2eq/m2). The effect of replacing heavy oil by using waste CLT slabs as
fuel following refurbishment was significant. For this reason, the net emissions volume, which is the
quantity of emissions minus the amount of reduction, was 61 kg-CO2eq/m2 for slabs with waterproofing,
and −7 kg-CO2eq/m2 for slabs without waterproofing. Based on these findings, waterproofing is
believed to be effective for reducing GHG emissions during maintenance, but when considering the
disposal and recycling process, non-waterproofed slabs are believed to be more effective.

Regarding the GHG balance derived from wood, both emission and reduction were greater
than those from fossil-derived GHG emissions for slabs without waterproofing; this is a result of the
refurbishment of CLT slabs during maintenance and the combustion of waste CLT in the disposal
and recycling process. In addition, regardless of waterproofing, GHG emissions produced during
the disposal and recycling process were slightly greater than carbon storage during construction and
maintenance, as CH4 and N2O emissions from the combustion of waste wood increased emissions.

3.1.2. Comparison of CLT and RC Slabs

In comparing the fossil-derived GHG balance of CLT slabs with that of RC slabs, GHG emissions
(119 kg-CO2eq/m2) from the production of materials through maintenance of RC slabs were smaller
than those for CLT slabs in ~90% of cases involving waterproofed CLT slabs and in only ~50% of cases
involving non-waterproofed CLT slabs. In terms of material production processes, the emissions from
the concrete and steel used in reinforced concrete were large for RC slabs, and the emissions produced
in this process were greater than those for CLT slabs. However, during maintenance, the quantity of
GHG emissions was significantly smaller for RC than CLT slabs, as fracture sealant is applied to RC
slabs only once every 25 years.
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When considering the disposal and recycling process, the reduction in GHG emissions due to
recycling the waste steel material of RC slabs was relatively large, but less than the reduction achieved
by repurposing waste wood as fuel. The net emissions for RC floor slabs were 66 kg-CO2eq/m2. When
replacing RC slabs with CLT slabs, the GHG reduction calculated when waterproofed CLT slabs were
used was 5 (= 66−61) kg-CO2eq/m2, and there is a high probability that GHG reduction will be minimal.
By contrast, the reduction in GHG emissions for non-waterproofed CLT can be expected to be as large
as 73 (= 66+7) kg-CO2eq/m2, and it is possible to reduce 100% or more of the emissions produced by
RC slabs. However, this requires the use of waste wood created during the disposal and recycling
process as fuel.

There have been no previous studies using LCA with respect to CLT floor slabs used in bridge
construction, and as such there are no results for a proper comparison against the results of this
study. Nevertheless, we attempted to compare against previous research on the use of CLT in building
construction. Previous studies have been conducted comparing the life-cycle GHG balance of CLT
and concrete buildings [14], CLT and RC buildings [16,20], CLT and mineral buildings [17], and CLT
flooring and RC flooring [19]. In these studies, CLT was reported to produce smaller quantities of
GHGs than RC, etc., even without considering the reduction in GHG emissions during the disposal
and recycling process. In this study, it was found that the GHG emissions attributable to CLT slabs
were not less than those of RC slabs unless accounting for the reduction in GHG emissions realized
during the disposal and recycling process. Compared to buildings built using CLT, the CLT floor
slabs used in bridges are at the constant mercy of outdoor conditions, and the damage caused by
vehicle traffic is expected to be substantial. For this reason, we assumed during this study that CLT
slabs were re-coated with waterproofing material regularly or that slabs were replaced three times (at
15-year intervals) during the 50-year evaluation period. On the other hand, RC slabs were assumed to
be injected with sealant only once (every 25 years) during the evaluation period. Such assumptions
greatly contributed to the different results of the previous and present studies.

When the fossil and wood-derived GHG balances calculated in this study are summed, the net
GHG emissions were 63 kg-CO2eq/m2 for CLT slabs with waterproofing, −1 kg-CO2eq/m2 for CLT slabs
without waterproofing, and 66 kg-CO2eq/m2 for RC slabs. Therefore, even when the wood-derived
GHG balance is taken into account, a negligible reduction in GHG emission is expected when RC
slabs are replaced with waterproofed CLT slabs; however, when no waterproofing is applied, GHG
emissions may be reduced by 67 (= 66+1) kg-CO2eq/m2.

3.1.3. Sensitivity Analysis

As the data used in this study were collected primarily through interviews and design estimates,
the evaluation results include uncertainties inherent to the data and setting conditions. Therefore,
a sensitivity analysis was performed for factors that were considered to have a large degree of
uncertainty and a significant impact on the results. The factors considered were as follows: use of
waterproofing materials and surface protection materials on CLT floor slabs or GHG emissions due
to their production increased by 5% (waterproof treatment +5%) or decreased by 5% (waterproof
treatment−5%), the interval of refurbishment of CLT slabs, re-application of waterproofing material and
surface protection material, and the sealant injection for RC slabs during maintenance was extended by
5 years (maintenance +5 years) or shortened by 5 years (maintenance −5 years), and the heat utilization
efficiency of chip boilers for waste wood during disposal and recycling was made 5% higher than the
current level (77.5%) (thermal efficiency +5%) or 5% lower (thermal efficiency −5%).

Table 6 shows the results of a sensitivity analysis of net GHG emissions. In all cases, the magnitude
of net GHG emissions did not change between RC slabs and non-waterproofed CLT slabs. By contrast,
for waterproofed CLT slabs, if the thermal efficiency of the wood chip boiler is reduced by 5% from the
current level to 72.5% or lower, the fossil and wood-derived net GHG emissions increase compared
to that of RC slabs. The thermal efficiency of the chip boiler greatly influences these results, and
as such, improving thermal efficiency is important for the reduction of GHG emission. In addition,
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net GHG emissions for waterproofed CLT slabs exhibited a greater increase than those for RC slabs
when the maintenance interval was shortened by 5 years, the re-application of the waterproofing
material of CLT slabs was performed every 10 years, and sealant injection for RC slabs was performed
every 20 years. Conversely, when the maintenance interval was extended by 5 years and re-coating
of CLT slabs with the waterproofing material was performed every 20 years, the net GHG emissions
of CLT slabs decreased significantly. In such cases, the net fossil and wood-derived GHG emissions
attributable to CLT slabs were 50 kg-CO2eq/m2, 75% of those of RC slabs. Here, by replacing RC slabs
with CLT slabs, GHG reductions of 18 kg-CO2eq/m2 (fossil-derived) and 17 kg-CO2eq/m2 (fossil and
wood-derived) can be expected, and it is important to consider extending the waterproofing interval as
much as possible.

Table 6. Sensitivity analysis of net GHG emissions (kg-CO2eq/m2, +: emission, −: reduction).

Waterproofed CLT Floor Slabs Non-Waterproofed CLT Floor Slabs RC Floor Slabs
Fossil Wood Fossil Wood Fossil Wood

Current status 61.41 1.55 −7.32 6.18 66.10 0.19
Waterproof treatment +5% 62.80 1.55 −7.32 6.18 66.10 0.19
Waterproof treatment −5% 60.02 1.55 −7.32 6.18 66.10 0.19

Maintenance +5 years 48.00 1.55 −0.14 4.64 66.10 0.19
Maintenance −5 years 74.83 1.55 −14.50 7.73 73.03 0.19

Thermal efficiency +5% 57.48 1.55 −23.06 6.18 65.63 0.19
Thermal efficiency −5% 65.35 1.55 8.42 6.18 66.58 0.19

3.2. Costs

Table 7 shows the results of cost evaluation for the 50-year evaluation period.

Table 7. Costs during 50-year evaluation period (JPY/m2).

Life-Cycle Process Waterproofed CLT
Floor Slabs

Non-Waterproofed
CLT Floor Slabs RC Floor Slabs

Construction

Material costs (wood) 30,465 30,465 883
Material costs (concrete) - - 2986

Material costs (steel) 9234 9234 3034
Material costs (rubber) 5854 5854 -

Material costs (waterproofing) 19,132 - -
Material costs (asphalt) 2244 2244 2244

Construction costs
(construction site) 8855 8855 14683

Construction costs
(waterproofing) 8244 - -

Maintenance

Material and construction costs
(Year 15) 29,620 47,419 -

Material and construction costs
(Year 25) - - 6699

Material and construction costs
(Year 30) 29,620 47,419 -

Material and construction costs
(Year 45) 29,620 47,419 -

Disposal/recycling

Disposal and recycling costs
(wood) 599 2395 72

Disposal and recycling costs
(concrete) - - 444

Disposal and recycling costs
(steel) 24 24 79

Disposal and recycling costs
(rubber) 63 252 -

Disposal and recycling costs
(asphalt) 450 450 225

Total costs 174,025 202,029 31,348
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3.2.1. Comparison of CLT Floor Slabs with and without Waterproofing

With respect to the construction process, including material production and material transport,
waterproofed and non-waterproofed CLT floor slabs have costs of 84,000 JPY/m2 and 57,000 JPY/m2,
respectively. However, when considering maintenance and disposal and recycling processes,
waterproofed CLT slabs cost 174,000 JPY/m2, while those without waterproofing cost 202,000 JPY/m2.
This is because it is cheaper to re-apply the waterproofing material than to replace CLT slabs during
maintenance, and the reduced need for replacement also reduces the cost associated with the disposal
of waste CLT.

3.2.2. Comparison of CLT and RC Slabs

The total cost of RC slabs was 31,000 JPY/m2, only 18% of the cost of waterproofed CLT slabs and
16% of the cost of non-waterproofed CLT slabs. Thus, the cost of RC slabs was significantly lower than
that of CLT slabs. During construction, including the production and transportation of materials, the
material cost of CLT slabs is 520% (without waterproofing) to 730% (with waterproofing) the cost of RC
slabs, which also affects the increased costs associated with maintenance. A previous study comparing
the costs of CLT flooring and RC flooring in buildings in Sweden [19] reported that the material cost of
CLT flooring was higher than that of RC flooring, and the results of this study show a similar trend. In
this study, in addition to the material cost of CLT, the material cost of waterproofing material and the
surface protection material in the waterproofing process also contributed to the increase in total cost,
and it is important to control these material costs.

4. Conclusions

In this study, the life-cycle GHG balance and costs attributable to CLT slabs used in small-scale
bridge refurbishment over a 50-year period were evaluated as the first example of CLT use in civil
engineering projects in Japan. In addition, we examined possible ways in which the GHG emissions
and costs associated with CLT slabs may be reduced by comparing the application of waterproofing
treatment to CLT slabs with those of general RC slabs.

In terms of GHG balance, fewer fossil-derived GHGs were emitted during the production of
materials and maintenance for waterproofed CLT slabs than for non-waterproofed CLT slabs. However,
when considering disposal and recycling, life-cycle GHG emissions were significantly smaller for
non-waterproofed CLT slabs compared to those with waterproofing. If waterproofing treatment is not
performed, a reduction in fossil-derived GHG emissions of 73 kg-CO2eq/m2 and 67 kg-CO2eq/m2 for
fossil and wood-derived GHG emissions, respectively, can be achieved by replacing RC slabs with CLT
slabs. However, it is essential to use CLT slabs as wood fuel after disposal. By contrast, for CLT slabs
with waterproofing, even if RC slabs are replaced with CLT slabs, no significant GHG reduction effect
can be expected. However, if the waterproofing material can be applied every 20 years, reductions of
18 kg-CO2eq/m2 for fossil-derived GHG emissions and 17 kg-CO2eq/m2 for fossil and wood-derived
GHG emissions can be expected.

Meanwhile, in terms of cost, RC slabs are significantly cheaper, at only 18% of the cost of
waterproofed CLT and 16% of the cost of non-waterproofed CLT slabs. Regarding the cost of CLT floor
slabs themselves, the costs of CLT and waterproofing materials greatly contributed to the increase in
total costs, and reducing these costs is an important issue for future consideration.

The use of CLT slabs in small bridges is more effective in reducing GHGs than the use of RC slabs;
however, costs also increase, and the economic burden on the local governments as bridge managers
may increase. Going forward, effective economic policies at the national level will be important
alongside efforts to curb the cost of CLT and waterproofing materials.

Thus far, research on the environmental and economic evaluation of CLT used in civil engineering
projects such as bridges is limited to the present study. Further research is required to obtain additional
robust knowledge in this field. Nevertheless, the findings of this study will help policymakers
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examine the use of CLT in civil engineering structures globally and their waterproofing treatment
using environmentally friendly and economical methods.
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