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Abstract

Beech laminated veneer lumber (LVL) circular hollow sections for use as nails in temporary geotechnical soil nailing systems
were developed within this research. For the soil wall stability, beside a sufficient load carrying capacity of the nail cross
section, a load carrying connection between the cement annulus and the nail is necessary. As cement grout ensures the bond
between the nails and soil for the mobilisation of a soil reinforcement effect, a reliable connection between cement and wood
surface is required. Occurring shear forces must be transferred from the nail into the soil through the wood-cement interface
similar to reinforced concrete. Pull-off tests on clear LVL specimens with different cement and wood surface modifications
as well as the results of large-scale push-out tests are presented. The results reveal a sufficient short-term bonding strength
between the cement annulus and the wooden member to transfer the geotechnical loads, but also highlight the necessity of

further research on long-term behaviour.

1 Introduction

Temporary soil nailing systems, or reinforced soil walls
(RSW), are often used to stabilize excavation slopes. Typi-
cally, steel nails are drilled into the soil followed by filling
up the annulus around the steel using cement grout. The
cement protects the steel against corrosion and ensures the

< Sebastian Hirschmiiller
sebastian.hirschmueller @th-rosenheim.de

Seraphin Hubert Unterberger
seraphin.unterberger @uibk.ac.at

Roman Marte
roman.marte @tugraz.at

Jan-Willem van de Kuilen
vandekuilen @hfm.tum.de

Department of Research and Development, Technical
University of Applied Sciences Rosenheim, Hochschulstrae
1, 83024 Rosenheim, Germany

Institute of Construction and Material Sciences, Material
Technology, University of Innsbruck, Technikerstrae 13,
6020 Innsbruck, Austria

Institute of Soil Mechanics, Foundation Engineering
and Computational Geotechnics, Graz University
of Technology, Rechbauerstrae 12, 8010 Graz, Austria

Civil, Geo and Environmental Engineering, TUM School
of Life Sciences, Holzforschung Miinchen, Technical
University of Munich, WinzererstraBie 45, 80797 Miinchen,
Germany

necessary connection between soil and nail. Afterwards a
reinforced shotcrete layer is attached to protect the slope’s
surface. Wood and engineered wood products have a long
tradition as structural elements in geotechnical slope stabili-
zations and are still part of new constructions. It is an obvi-
ous but innovative approach to use biodegradable nails made
of renewable materials for temporary soil nailing, rather than
wasting valuable but primary energy intense raw materials
such as tempered steel.

The possibility of substituting temporary steel nails
by laminated veneer lumber (LVL) hollow cross sections
(Fig. 1), manufactured from European beech (Fagus sylvat-
ica L.), is being investigated in a research project aimed to
develop a sustainable temporary RSW system. The geotech-
nical background for the cross section choice and detailed
information about the LVL layer structure are given in
Hirschmiiller et al. (2018a, b). In the geotechnical design of
RSWs, the nail load bearing capacity is inter alia determined
by the mobilised skin friction between cement annulus and
soil and must be verified through pull-out tests of nails com-
pliant to EN 14490: (2010). Therein, the bonding behaviour
between steel and cement annulus is assumed to be rigid as
in the design of reinforced concrete, which is widely inves-
tigated and manifested in European and national standards
(Ritter 2013; Zilch and Zehetmaier 2010). However, when
using beech LVL hollow sections as reinforcement members
for RSWs, because of its excellent peeling performance and
its higher strength compared to softwoods, a reliable and
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Fig.1 Beech LVL hollow sections prototypes (left) and related cross
section with 100 mm outer diameter and 18 mm wall thickness

rigid connection between the nail and the cement annulus
has to be ensured. Occurring shear forces have to be trans-
ferred from the nail into the soil through the wood-cement
composite, similar to corrugated steel in reinforced concrete
works. Two main groups of wood-cement composites can be
distinguished and have been intensively investigated within
the last decades. Material compounds of wood particles and
cement are successfully utilized as combined particleboards,
wood-wool slabs and concrete with wooden aggregates.
Expensive steel and a high amount of bamboo plantations
in Asiatic regions led to an increased utilization of bamboo
rods as reinforcement members in concrete, ensuring the
bond between bamboo and concrete by cohesion, surface
friction and an interlocking mechanism between concrete
and the bamboo nodes (Azadeh and Kazemi 2014).

Within the timber-concrete system, the materials wood
and cement are interacting. Beech LVL-hollow sections per-
manently exposed to an alkaline medium due to the subsoil
installation and the cement embedment of the nails, reveal
a considerable loss of material strength due to the alkaline
degradation of wood (Glaus et al. 1999; Hirschmiiller et al.
2018b; Knill and Kennedy 2003; MaSura 1982; Tamburini
1970). Extracted organic wood components, in particular
beech, have a high amount of water-soluble sugars and there-
fore, reveal an inhibiting effect on the cement hydration,
resulting in a retarded reaction time, having a reduced maxi-
mum hydration temperature (Wei et al. 2000b) and a lower
strength of hardened cement paste (Schubert et al. 1990a).
Research in the field of wood/cement interaction has shown
that cement composition (e.g., use of low-alkali cements),
usage of cement admixtures (e.g., chemical cement setting
accelerators) and pre-treatment of wood (e.g., steaming,
hydro extraction, sodium hydroxide extraction or cement
micro coating) help to compensate the abovementioned
cement hydration inhibiting effect (Klatt 2012; Schubert
et al. 1990a, 1990b; Schwarz and Simatupang 1984; Sima-
tupang 1986; Wei et al. 2000a).
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Most investigations into structural hybrid elements such
as timber-concrete composite flooring systems focus on
structural aspects like load bearing capacity, improvement
of shear connections or fire resistance (Klingsch et al. 2015).
Contrary to the development of particleboards, wood-wool
slabs or concrete with wooden aggregates, the inhibiting
effect of solved polysaccharide on cement hydration in
hybrid elements is neglected, due to the lower contact area
of wood and cement compared to wood-cement compos-
ites containing wood chips, strands or particles. Only a thin
cement layer at the interface between timber and cement
is disturbed and does not significantly affect the bond-
ing between timber and concrete, due to the mechanical
or form-locked connection using steel fasteners, corruga-
tions or notches of 15 mm depth and even more. Interface
hydration investigations of Portland cement in contact with
spruce, beech and birch boards (Simatupang 1986) support
this assumption of a very thin, loose cement layer, due to the
low amount of loose cement observed on the wood surface
after 48 h hydration and subsequent removal of the hardened
cement.

The development of a high-engineered wood-cement
composite product, utilized as geotechnical reinforcement
element, demands a cost-effective product configuration
with regard to the comparable low-priced mass product
steel. Thus, a shear-resistant connection between reinforce-
ment member and beech LVL hollow section has to be
ensured, but additional and unnecessary processing steps
during production have to be minimized. Beside economical
aspects, mechanical fasteners or surface corrugations for a
form-locked connection between the cement annulus and
the beech LVL hollow section reduce the net cross section
and therefore decrease the load bearing capacity of the rein-
forcement member. Hence, full-surface adhesive bonding
is a possible way to overcome this problem. However, only
little information is available about the adhesion between
wood and concrete of timber-concrete composites without
mechanical fasteners or form-locked connections. In Schober
(2008), an excellent and rigid adhesion bond between soft-
wood and polymer concrete depending on the wood surface
structure is reported. However, since the bonding connection
between softwood and concrete is ensured by the polymer
concrete’s epoxy resin binder, the system is not comparable
to concrete composites with mineral binders. A promising
load bearing capacity of full-surface adhesion bonded struc-
tural floorings made of rafted softwood decks with mineral
overlay is presented in Lehmann (2005), but the results can-
not be transferred to other wood species, especially beech,
due to the stronger cement hydration inhibiting effects of
hardwoods compared to softwoods (Simatupang 1986).

The presented research focuses on the development of
a sufficient full-surface bonding between beech LVL hol-
low sections, utilized for soil nailing reinforcement, and the
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cement annulus in order to assure a reliable transfer of shear
forces between soil and reinforcement nail. Firstly, the paper
introduces the investigated composite’s cross section and the
associated surface modification process of the LVL hollow
sections. As in published research work, mainly the maxi-
mum cement hydration temperature, its temporal position
and the compressive strength of hardened cement samples
mixed with wood eluate water or wood chips are of interest
(Schubert et al. 1990a, b; Schwarz and Simatupang 1984),
only little information about the hydration inhibiting effect
of wooden boards with cement contact, examined by a deter-
mination of loose cement material remaining on the contact
surface, is available (Simatupang 1986). However, to the
authors’ knowledge, no publication deals with the surface
soundness determination of cement in contact with peeled
beech veneer. Therefore, preliminary pull-off tests on small
LVL specimens with different cement and wood modifica-
tions are presented. Finally, results of large-scale push out
tests, similar to a test setup published in Lopez-Anido et al.
(2004), are analysed and discussed. The performance of
three different surface modifications in relation to the surface
roughness is compared to occurring average bond stresses in
usual RSW’s up to 6 m slope height, Hg, consisting of steel
tensile members.

2 Materials and methods
2.1 Materials
2.1.1 Wood

For the production of the outer veneer layer (veneer layer
with surface contact to the cement body) of the circular
LVL hollow sections and the LVL flat panels, one log of
beech wood (Fagus sylvatica L.), 800 mm long and approxi-
mately 450 mm in diameter and free of knots was harvested
in Kirchdorf in Tirol (AT). The log was steamed at 80 °C
and atmospheric pressure for 24 h in a steaming chamber
and then peeled to 3 mm thick veneers. Immediately after
cutting to sheets with dimensions of 800 mm by 800 mm,
the veneer sheets were visually graded by surface appear-
ance according to EN 635-2 (1995). Only veneers assigned
to EN 635-2: (1995) quality class E were used for further
testing and mixed in order to avoid a non-random influence
of raw-density py (volumetric mass density, determined at
an equilibrium wood moisture content u,, after storage at
20 °C and 65% relative humidity until constant weight) and
other wood characteristics. Therefore, a statistically ran-
domly distributed basic population of veneer sheets was
formed. Prior to veneer drying of all peeled veneers for 48 h
in a veneer drying system, randomly chosen veneers were
taken from the basic population and surface corrugated as

described in the section “Methods”. Subsequently, all dried
and surface corrugated veneer sheets were cut into stripes
of 200 mm width and 800 mm length (parallel to the fiber
direction). After storing the pre-sized veneer sheets in nor-
mal climate (NC) of 20 °C and 65% relative humidity (RH)
until constant weight (u, ~11.3%), py of each veneer stripe
was measured. For the production of the inner veneer layers
(not in cement contact), 3 mm thick veneer sheets of dimen-
sions 800 mm X 1400 mm, provided free of charge from
“Sperrholzwerk Schweitzer GmbH” in St. Marienkirchen/
Polsenz (Austria), were used and processed as described in
Hirschmiiller et al. (2018b), but without further veneer grad-
ing or determination of py.

2.1.2 Cement and cement additive

For all investigations, a cement type CEM 11/ A-M (S-LL)
42.5 N was used. Practically, in soil nailing a cement sus-
pension with a rather high water to cement ratio (w/c=0.6),
instead of liquefier addition, is used, due to the better pump-
ability and the lower costs. In the preliminary pull-off exper-
iments for surface soundness testing, magnesium chloride
hexahydrate (MgCl,-6H,0; molar mass M,=203.3 g/mol)
was added to the cement in portions of 1%, 2%, 3% and 4%
(referred to dry cement weight) for the acceleration of the
cement setting.

2.2 Methods
2.2.1 Veneer surface corrugation

The veneer surface of the outer LVL hollow section layer
adjacent to the cement body was modified by stamping cor-
rugations into the surface on the heartwood side (veneer side
with open peeling cracks) of the veneer sheets, using an alu-
minium bulb plate punch (dimensions 600 mm X 600 mm)
with 1 mm high quintet patterns (Fig. 2a) compliant to
EN 1386 (2007). For press stress application, the differently
treated 200 mm wide and 500 mm long (in fibre direction)
peeled beech veneers were inserted in a commercial veneer
press with 120 °C hot pressure plates (Fig. 2b) and a vapour
pressure equalising layer upon the bottom plate. To inves-
tigate the different wood plasticisation modes during hot
pressing, five corrugation series of preliminary wood treat-
ment with different veneer conditioning and press stresses
were developed (Table 1). As it is industrially difficult to
process veneer punching subsequent to the peeling process,
two batches (batch 1 and 2) of surface corrugations with
veneers of the same basic population, stored for 20 days
in NC, were produced. Veneer sheets were punched with-
out any preliminary wood plasticisation (batch 1, climate
NC). Additionally, previously NC stored dry veneer sheets
were placed for 2 h in a log steaming chamber at 80 °C air
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Fig.2 Veneer surface cor-
rugation. a Aluminium bulb
plate with 1 mm high quintet
pattern, b open veneer press
with inserted veneer sheet and
vapour pressure equalising layer
at the bottom plate
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Table 1 .Veneer. surface Batch n PN T Press stress Climate?® Press time
corrugation series 3 . .
[-] [-] [kg/m] [°C] [MPa] [-] [min]
1 637 120 1.5 NC 3
2 9 634 120 1.5 STEAM 3
3 10 558 120 1.5 P>40 3
4 7 562 120 1.5 P<40 3
5 6 548 120 1.0 P<40 3

dExplanation: n number of veneer sheets with surface corrugation, NC veneers stored in normal climate,
STEAM veneers steamed, P> 40 veneer surface corrugation later than 40 min after peeling, P <40 veneer
surface corrugation at the latest 40 min after peeling

temperature and atmospheric pressure (batch 2, climate
STEAM) prior to punching. The surface of the fresh-peeled
and plastified beech veneer batches (due to wood plasticisa-
tion by log steaming prior to rotary cut veneer peeling as
described in the section “Materials”) was punched subse-
quent to peeling and pre-sizing, whereby the series were
distinguished in

e Batch 3: Surface punching of veneers more than 40 min
after peeling (P >40)

e Batch 4: Surface punching of veneers not later than
40 min after peeling (P <40)

e Batch 5: Surface punching of veneers not later than
40 min after peeling but with lower press stress
(1.0 MPa).

After punching and subsequent storage in NC for
20 days, py of all veneers was determined.

2.2.2 Flat panel production

Four flat LVL panels (approximately 200 mm wide, 18 mm
thick and 800 mm long parallel to the fibre direction of
the sheets), which consisted of six layers 3 mm thick and
unidirectionally adjusted peeled beech veneer sheets, were
produced. The upper veneer layer of the panels (veneer in
direct cement contact) was randomly chosen from the pre-
viously formed veneer basic population, but without any
previous veneer surface treatment or veneer surface modi-
fication. The core side of the upper veneer layer was faced
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towards the cement layer. For the remaining five inner lay-
ers, ungraded veneers without any classification were used.
The panels were bonded using a melamine-urea-formalde-
hyde resin MUF (BASF Kauramin 683 with hardener 688),
whereby the specific processing parameters are published
in Hirschmiiller et al. (2018a). Before cutting the four pan-
els to 18 mm thick pieces of dimensions 65 mm X 65 mm,
the panels were stored again in NC for at least 7 days (cur-
ing time recommended by the adhesive manufacturer). To
exclude the influence of the surface roughness on the bond-
ing strength between wood and cement, two of the four pan-
els were planed and equalized on both sides before cutting.
Subsequently, two groups of 60 panel pieces and 45 panel
pieces, respectively, with dimensions of 65 mm X 65 mm,
were formed. Thus, the veneer surface of one group was
planed, the other group had an untreated, original veneer
surface.

2.2.3 Surface soundness (pull-off experiments)

The surface soundness between wood panels and cement
was tested using a pull-off test method modified according
to EN 311 (2002) and also applied in other publications on
hybrid materials testing (Lehmann 2005; Schober 2008;
Unterberger 2014). The two previously prepared groups
of flat LVL panel pieces were divided into seven batches
with 15 panels each (Table 2). The flat LVL panels with
planed veneer surface were used for cement modification
tests with varying cement additive proportions, but con-
stant wood moisture content at u,. The panels with an
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Table.Z Overview of pull-off Batch? n MgCl, Acem MC Veneer surface Setting time wic
experiment batches )

(-] (-] [%] [mm-] [%] (-] [d] [-]

1 15 (10) 1 1691 11 Planed 7 0.6

2 15 (6) 2 1691 11 Planed 7 0.6

3 15 (8) 3 1691 11 Planed 7 0.6

4 15 (10) 4 1691 11 Planed 7 0.6

5 15 (15) 4 1691 11 Rough 7 0.6

6 15 (14) 4 1691 21 Rough 7 0.6

7 15 (13) 4 1691 48 Rough 7 0.6

REF SP 15(14) 4 1691 12 Planed 7 0.6

REF LIT® 4(3) - 23,680 16 Rough 68 0.77

REF LIT_I° 76(76) - 1691 - Planed 1 0.7-0.8

4Explanation: n number of prepared samples. Tested samples without failure prior to testing are listed in
brackets, MgCl, amount of added magnesium chloride hexahydrate, A, veneer surface with cement con-
tact, MC average wood moisture content, ~ data not available, Setting time time of cement setting until pull-

off testing
PLiterature data (Lehmann 2005)

‘Literature data (Unterberger 2014)

unmodified and rough veneer surface were tested with a
constant cement additive proportion, but varying wood
moisture contents. Magnesium chloride hexahydrate
(MgCl,-6H,0; molar mass M, =203.3 g/mol) was added
to the cement (w/c =0.6) in proportions of 1%, 2%, 3% and
4% by mass (referred to the cement weight) as a cement
setting accelerator. Additionally, 15 spruce boards with
planed surface of the same dimensions as the LVL batches
were produced (batch REF SP) to receive reference results
of a softwood species with significantly lower hydration
inhibiting potential than beech (Simatupang 1986). As to
the author’s knowledge no data of beech veneer surface
soundness results are available in the literature, the pull-off
strength of batch REF SP is validated through values of
similar tests (batch REF LIT and REF LIT_1) published
in Lehmann (2005) and Unterberger (2014). Therein, the
pull-off strength between spruce boards and concrete mix-
tures compliant to EN 206 (2016) are given. After wood
panel conditioning of all batches listed in Table 2 to the
target wood moisture content, the cement filled PVC-tubes
(inner tube diameter d =46 mm) were placed on the panels
from the upside (to avoid loss of contact between cement
and wood due to the cement shrinkage) and subsequently
stored in NC for seven days during the cement setting pro-
cess (Fig. 3).

The contact area Aqgy; between veneer surface and
cement can be calculated as

nd?
Acpm = T

After seven days cement setting, all samples were care-
fully removed and tested in a Schenk Trebel UPM-T 20 kN

Cement filled tubes

Fig.3 Sample storage in NC during seven days cement setting

hydraulic testing machine with a constant displacement
rate to reach failure within (90 +30) seconds (Fig. 4). A
ring screw was centrically screwed into the panel surface
with no cement contact for mounting the force gauge’s
spring to ensure a centrical loading with reduced surface
peeling effects. The total load F,,, was determined by a
digital force gauge (Alluris FMI100-C2) with 200 N meas-
urement resolution and + 0.02% measurement accuracy
t,. Immediately after testing, each sample’s weight force
G was measured using a spring force gauge (Phywe 1.0)
with 1 N measurement resolution and + 0.5% measurement
accuracy t,. Therefore, the effective bonding load F, 4 can
be calculated as

Feff = Ftot -G

and a relative measurement accuracy t., (rounded off to two

significant digits)

rel
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Fig.4 Pull-off test with sche-
matic setup overview (right);
dimensions in millimetres

trel = tl + t2 = 0.5%

2.2.4 Wood surface topography measurement

The veneer surface structure is a decisive criterion for the
bonding mechanism between veneer surface and cement
body, whereby macroscopically rough surfaces are assumed
to support the bonding strength (Lehmann 2005). However,
to provide economically efficient solutions, additional pro-
cessing steps to increase the surface roughness should be
avoided. Thus, comparing the surface topography of unmod-
ified, rough veneers to veneers with surface corrugations
applied in an additional processing step is inevitable for the
interpretation of the push-out tests. Therefore, four randomly
chosen small veneer sheets of dimensions 100 mm X 100 mm
were taken from each veneer surface corrugation series
(Table 1). Four additional small veneer sheets of series 1
without punching were taken as reference veneer, stored
in NC without any surface treatment or surface corruga-
tion. Within an area of approximately 40 mm x40 mm on
the veneer core side, the roughness was measured using a
focus variation microscope (Alicona Infinite Focus G4) and
an objective for 2.5 times magnification (minimum meas-
urable centre line average roughness R, =7 um), giving a
vertical resolution of 2300 nm with a measurement range of
5.63 mm X 5.63 mm. For all five measured series consisting
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of four samples each, eight areal scans were made on each
surface. Detailed information about the theoretical back-
ground of this surface texture measuring method is given in
Leach (2011) and Nwaogu et al. (2013).

2.2.5 LVL sample manufacturing and push-out tests

After storing all veneers in NC until equlibrium wood mois-
ture content (controlled by weighing), three groups of cir-
cular LVL hollow sections (CLHS), 320 mm long, 18 mm
wall thickness d and of 100 mm outer mean diameter D,
were produced. All CLHS were produced in a tapered shape
(Fig. 5) with 4 mm difference between the end diameters.
The manufacturing process of the CLHS, developed and
published in Hirschmiiller et al. (2016, 2018a,b), was used
to produce the investigated samples. For the bonding of the
half cross-sections as well as the but jointing of the two half
poles to a full CLHS, a melamine-urea—formaldehyde resin
MUF (BASF Kauramin 683 with hardener 688) was used.
The same processing parameters as for the production of
the flat pull-off panels were used. The grain direction of all
veneers was adjusted to the pole axis; no transverse layers
were used. The core side of all veneers (veneer side with
open peeling cracks) was faced towards the outside of the
cross section. Three batches with different surface modifi-
cations, consisting of 57 samples in total, were produced
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D, section 1-1
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Fig.5 Schematic LVL hollow cross section (left) and longitudinal
section (right); dimensions in millimetres

Table 3 Overview of CLHS batches

Batch® n PN d Uy
-1 (-] [kg/m’] [mm] (%]
RV 30(28) 601 6X%3 11
RP 17(15) 599 6X%3 12
RX 10(10) 675 6%x3 12

#Explanation: n number of prepared samples. Tested samples with
clamping failure are listed in brackets, RV surface perforation by bore
hole drillings, RP surface corrugation by punching, RX samples with-
out surface modification, py raw density (mean) of the veneers adja-
cent to the cement layer, d number of veneer layers x veneer thickness

(Table 3) and stored again in NC until constant weight for
the determination of u,, prior to testing.

Batch RP contained the corrugated veneers explained
in the previous section (Fig. 6 left). The outer surface of
batch RX was unmodified. To investigate the impact of
a mechanical “cement-dowelling effect” on the bonding
strength between the CLHS and cement, a third series of
bore hole drilled hollow sections (batch RV) was produced
(Fig. 6 right). Therefore, four rows consisting of clearance
holes with 16 mm in diameter were drilled into the hollow
sections. Within a row, the holes had a centre distance of
70 mm in fiber direction (in pole axis) and 32 mm centre
offset perpendicular to the fiber (peripheral direction). Thus,
each CLHS had 16 drillings of 16 mm diameter. Afterwards,
all samples were centrically positioned in a 300 mm long
PVC-tube of 150 mm in diameter and filled with cement

Fig.6 LVL hollow cross section with veneer surface corrugations
(left) and bore hole drillings (right)

CEM II/ A-M (S-LL) 42.5 N, w/c=0.6 without any cement
additives, a mixture typically used in soil nailing. The end
section with the smaller diameter was placed towards the
upside to avoid a blocking effect of the grouted CLHS dur-
ing the push-out tests. After seven days cement setting
of the plastic foil covered samples in an environmentally
controlled room at NC, the push-out tests were conducted
using a 300 kN universal testing machine (Shimadzu) with a
deformation-controlled loading rate of 2 mm/min. The com-
pression load was applied to the protruding end of the CLHS
(with completely cement filled core below the bottom of the
pressure plate), using a spherical pressure plate in order to
compensate for an eccentric loading due to surface irregu-
larities of the loading area. The sample’s outer cement body
was supported by a circular steel ring at the bottom base
of the testing machine, which allowed the setup to develop
shear forces in the contact surface between CLHS and sur-
rounding cement body (Fig. 7).

The CLHS surface with cement contact Acgy; can be
noted as

Acgym = Dy X (L — dL)

whereby dL is the cement settlement due to cement shrink-
age and cement compression, taken prior to testing.

2.2.6 Statistical evaluation of batches
Scattering material properties of wood demand a statistical

evaluation of the test results due to the natural anisotropy
and inhomogeneity of wood. Manufacturing, conditioning
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Outer cement body|
in tubular PVC- /
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L=300

Contact | '
surface

&
Circular rigid
base support

Fig.7 Schematic of push-out test setup; dimensions in millimetres

and testing costs often are limiting factors for sample sizes,
wherefore data has to be described with mathematical prob-
ability distributions if a sufficient number of data is not
available. Eligible distributions for wood characteristics
are inter alia Normal-, Lognormal and Weibull distribution
(Pellicane 1985). The first approach is a visual evaluation
of boxplot diagrams giving an overview of statistical val-
ues and data distribution. Whiskers mark minimum (Min)
and maximum (Max) and the distance between Min and
Max is described as range R. The lower (Q,s) and upper
(Q75) quartiles are described with a box, a horizontal line
describes the median (X) and square in box the arithmetic
mean (X). A symmetrical configuration of boxplots with a
low distance between X and X indicates normal distribution.
More robust tests were to be preferred because of the limited
sample sizes n. Therefore, data were tested for normal- or
lognormal distribution using a Kolmogorov—Smirnov test
at a level of significance of @ =0.05 in combination with
a graphical verification by probability plots. Subsequently,
normal- or lognormal distributed data were compared by
arithmetic means X using a one-way analysis of variance
(ANOVA) and a post hoc Tukey’s multiple comparison test
within each considered group or series, in order to figure
out an appropriate surface structure for an effective bonding
between CLHS and cement. The test power P is analysed
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Upper pressure
/plate (spherical)

with regard to the reduced sample size and should not be
lower than 0.7 to achieve significant differences between the
considered batches (Sachs 1993).

For all investigated pull-off and push-out test batches,
normal- or lognormal distribution could not be rejected.
Generally, the goodness of fit tests were conducted at a level
of significance of a=0.05. Additionally, the same tests were
repeated at level a=0.01 in order to increase the significance
due to the limited sample size of batches, whereby the same
results were obtained.

3 Results and discussion
3.1 Veneer surface topography

As an advantage of optical surface texture measurements,
three-dimensional surface parameters (defined in EN ISO
25,178-2: 2012) can be determined in addition to linear
roughness characteristics. Using the arithmetic mean rough-
ness P, (unfiltered primary profile) or the average peak-to-
valley height P,, determined compliant to EN ISO 4287
(1998), as decisive surface characteristic, the veneer sur-
face corrugation as a geometrical surface shape deviation
of second order (defined in DIN 4760: 1982) is considered,
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as the waviness is not suppressed through a Gaussian filter.
An additional and more distinctive method to compare the
surface roughness of differently treated veneer sheets is to
determine the veneer samples’ true surface area A, in rela-
tion to the projected surface area A, (Fig. 8), combining
both, surface waviness of second order and surface rough-
ness of higher orders. A /A, of the samples with an unmod-
ified surface (Fig. 9, batch UM1) is significantly higher
compared to the samples with a punched surface. Beside a
macroscopic surface corrugation effect, the aluminium plate
is assumed to equalize the surface on a microscopic scale
during the pressing process, which might explain the lower
ratios A/A, of modified samples.

The indication of a surface equalization, caused by the
aluminium plate, additionally is supported by the measured
arithmetic mean roughness P, in combination with the aver-
age surface roughness P, (Fig. 9). P, of all six batches does
not differ significantly, although P, of batch UM1 reveals
a larger scattering. The definition of an arithmetic mean
roughness is based on a rough averaging, which normally is
reflected in a low scattering of values. Additionally, using
the arithmetic mean roughness, it cannot be distinguished
between surface peaks and valleys, and profiles such as
corrugations pressed onto the surface are not recognized.

Fig. 8 Optically processed
surface area A, of a veneer sheet
with visualized corrugation
structure (bright area) and pro-
jected bottom and top surface
A, (circumscribing box)

However, the considerably larger P, scattering of batch UM1
indicates the presence of an unequalised surface with a natu-
rally high scattering. Contrary, the average peak-to-valley
height P, (arithmetic mean of the height differences of the
highest peak and the lowest valley within a specific calibra-
tion distance) reacts more sensitive to the change in surface
profiles, and the pressed corrugation is recognized.

3.2 Veneer surface soundness

Some samples failed before the pull-off forces could be
measured due to sample manipulation during the clamping
process prior to testing. This explains the difference between
the number of prepared samples and the number of tested
samples (Table 2). Although for all batches normal and log-
normal distribution of the measured pull-off forces could
not be rejected, a classification of the different modification
methods of veneer and cement has to be done carefully due
to the low number of valid samples and the high scatter-
ing results with a coefficient of variation (COV) up to 90%
(Table 4). A statistical outlier test (Grubb’s test) identified
at a level of significance of a=0.05 no outlier in any of the
batches. Using a one-way ANOVA and a post hoc Tukey’s
multiple comparison test, within each group no signifi-
cant difference of means, neither at a level «=0.05 nor at
a=0.01, could be observed. Within those tests, a significant
influence of setting accelerator addition to the cement on the
surface soundness (group 1) between beech LVL and cement
(CEM II/A-M (S-LL) 42.5 N) could not be proven. Though
receiving statistically conclusive results with P> 0.7, a hypo-
thetical sample size of n> 200 would be required, compared
to the existing low test power (P=0.2). Varying the wood

Height
Subranﬁ$m

142'.

0.8+

Y

0.6

0.4

moisture content at a level of 4% MgCl,-6H,0O addition to
the cement, batch 5 with a relatively low MC of Uy = 11%
showed significantly higher results compared to the batches
with higher MC (Fig. 10). Noticeable is the surface structure
influence, comparing batch 4 and batch 5 in pairs by a t-test
with Welch-correction for two independent samples with
unequal variances. Both have the same amount of added
cement setting accelerator and the same MC, but different
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Table 4 Pull-off forces

Feature batch Group X SD Ccov X R
[-] [N] [N] [%] [N] [N]
1 1 Planed surface 0.9 0.5 48 1.1 1.1
2 1.4 1.2 81 0.8 2.7
3 1.3 0.5 38 1.2 1.2
4 1.6 14 88 14 44
5 2 Rough surface 4.8 2.3 48 3.9 8.3
6 2.0 1.7 83 1.7 5.8
7 4.1 3.8 92 2.8 12.5
8 REF Spruce 36.0 23.2 64 28.4 85.2

surface structures. While the pull-off forces of the planed
surfaces of batch 4 were rather low, the significantly higher
average forces of batch 5 with rough surfaces were approxi-
mately three times higher, which indicates a greater influ-
ence of surface structure on bonding strength than cement
setting acceleration or wood moisture modification. A great
influence of wood species and the soluble saccharide on the
bonding behaviour between wood and cement was observed.
The tested spruce reference batches with planed surface
showed an approximately 10 times higher bonding strength
(force F referred to Acgyy) than beech veneers under the
same testing conditions (Fig. 11). These results go in line
with data published in Simatupang (1986), where hydration

@ Springer

tests of cement upon timber boards after 48 h cement setting
revealed ten times more loose cement particles of native
beech wood samples compared to spruce. Publications on
pull-off test of wood-cement composites are rather rare.
Although the published data are not satisfyingly compara-
ble to the investigated spruce reference batch REF SP due to
the different contact surface Aqpy;, the cement composition
and the cement setting time (Table 2), they reveal a good
confirmation of the test setup accuracy as they are within
a similar order of magnitude. The rougher surface and the
lower cement content in cement mortar compared to pure
cement and, therefore, a decreased ability of dissolving sac-
charide, are assumed to be possible reasons for their higher
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Fig. 10 Pull-off forces per- 14+

14+
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pendicular to the surface of T
group 1 (left) and group 2 131 Group 1 131 Group 2
(right); Whiskers minimum and 124 Wood moisture content 11% 124 Additive concentration 4%
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Q5- quartile, square in box 114 114
arithmetic mean n number of 104 104
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0,181 overcome the inhibiting effect to the same extent as surface
roughness, whereby samples with a lower MC reveal the
0,16 highest pull-off results.
n=3
0,141 3.3 Ultimate shear strength between CLHS
and cement body
0,121
< . .
% B To compare the ultimate shear strength <, of the differ-
Z0.10+ = ent CLHS surface modifications, the maximum applied
E" n=76 compressive load F_,, was determined at the first peak of
£0,08 the force F,,-displacement , curve (Fig. 12), at the onset
= of a slip displacement with subsequent abrupt force reduc-
o . .
- 0,06 tion. After testing, four samples had to be removed from the
£ L] 14 result analysis (Table 3) due to an incorrect positioning of
n= CLe . ..
0,04+ the CLHS within the tube. The eccentric position caused
a contact between CLHS and the bottom support ring and
0,02+ therefore impeded a push-out failure. As there was no dis-
ng 5 placement transducer used, the displacement between wood
0,00 i ' ' ' member and surrounding cement body was determined by
5 (Beech 11%)  REF LIT REF LIT 1 REF SP i
Batch machine stroke. The completely filled cement core of the

Fig. 11 Pull-off strength of batch 5 compared to spruce reference
batches. Whiskers minimum and maximum values, box Q,s- and Q;5-
quartile, square in box arithmetic mean, n number of samples and
horizontal line median

bonding strength. To summarize, the wood species has the
highest influence on the pull-off strength due to the higher
content of hydration inhibiting saccharide in beech com-
pared to spruce. An increased addition of a cement setting
accelerator (MgCl,-6H,0) in proportions of 1-4% does not

CLHS reduced the distortion of displacement results caused
by plastic material deformation at the loading point. Hence,
the load displacement curve delivers sufficient qualitative
information about the bonding behaviour during the loading
process, but the absolute values have to be taken with cau-
tion due to the material flexibility of the cement filled CLHS
and the cement body. For all samples, after a short setting
phase of the spherical pressure plate, an approximately lin-
ear force increase with low displacements until brittle failure
with rapid force reduction and subsequent slip deformation
was observed. Although the measured force—displacement
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Fig. 12 Push-out tests, force — displacement curves of batches RX (left), RP (centre) and RV (right)

curves cannot be divided into phases similar to reinforce-
ment in concrete (Gambarova et al. 1989a, b), due to the
linear force increase with subsequent brittle failure, the dis-
placements 9, between 1 mm and 1.5 mm (without initial
setting phase) are similar to pull-out measurements of steel
reinforcement in concrete published in Gambarova et al.
(1989a) and Ritter (2013). Therefore, the similarly low slip
displacements o, between CLHS and cement body justify
a rigid consideration of the bond. The maximum loading
results were normalized by calculating the ultimate shear
strength 7, as the ratio of maximum load to the surface
area with cement contact due to the varying bonding length
dL of the different samples. For simplification, T, is
assumed to be uniformly distributed through (L-dL).

F

max

fmax = B S X (L —dL)

For RSW design, the mobilization of lateral friction T},
along the nails is decisive and has to be practically verified
for each RSW through the construction process by in situ
pull-out tests compliant to EN 14490 (2010). T is referred
to the nail’s anchorage length in the passive soil body and
therefore normalized by unit per length, as an exact deter-
mination of the cement body’s outer diameter is impossible
during the RSW construction. The ultimate shear flow T ,,
can be calculated as

@ Springer

T _ Fmax
max — (L _ dL)

Since a Kolmogorov—Smirnov test at a level of signifi-
cance of a«=0.05 revealed normal distributed data for all
batches, a one-way ANOVA and a post hoc Tukey’s test was
used for data comparison. A strong test power (P=0.79)
indicated a sufficient number of samples. The arithmetic
mean T . between samples with a punched surface (batch
RP) and drilled samples (batch RV) differed significantly,
although no significant difference between the other batches
was recognized. The ultimate shear strength (Fig. 13) of
unmodified samples was not significantly lower than the
average mean of batch RP, but also not significantly higher
than batch RV, which goes in line with the results of the
optical surface texture measurements. Surface punching of
the veneers does not significantly increase the veneer surface
and therefore the ultimate shear strength between CLHS and
cement body. The corrugations have a negligible influence
on the bond between wood surface and cement, due to the
large initial surface of rough veneers and the opened veneer
peeling cracks due to the veneer curvature.

3.4 Characteristic shear force for soil nailing design

The characteristically transferable shear force between soil
and nail is a decisive value for internal stability design of
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Fig. 13 Ultimate shear strength (left) and ultimate shear flow (right)
between CLHS and cement body. Whiskers minimum and maximum
values, box Q25- and Q75- quartile, square in box arithmetic mean, n
number of samples and horizontal line median

RSWs and depends inter alia on soil properties, nail posi-
tion and construction quality. It is assumed that the load
is uniformly distributed through the bonded length. The
design methods of an RSW consider a rigid bond between
steel reinforcement and grout, as the connection between
soil and grout is the weakest link within the nail —cement—
soil system in general. Published results of concrete—rein-
forcement pull-out tests (Ritter 2013; Simons 2007) reveal
a pull-out strength between reinforcement tendon and con-
crete by at least a decimal power higher compared to the
results presented in Fig. 13. Technical approvals of soil
nails (BMVIT-327.120/0012-1V/ST2/2015, 2015) specify
5.1 MPa as the characteristic bonding strength, determined
by pull-out tests. As mentioned previously in this paper, the
characteristic mobilized skin friction between soil and nail,
Tim OF Ty, respectively, has to be verified through pull-
out tests and is, depending on the number of tested nails,
reduced by a scattering factor 1 <&>1.05 compliant to
ONORM B 1997-1-1 (2013). Therefore, the RSW design
depends on in situ determined ultimate bond stresses t,,,,
(T,,.x), Whereby values t,,,, between 0.1 and 0.4 MPa can
be found in the literature (Lazarte 2011; Williams and Yang
2014), which are within the same scale as the results given in
Fig. 13. The characteristic bonding strength between CLHS
and cement body is calculated compliant to EN 14358:
2016 at a confidence level of (1-a)=0.75 and a propor-
tion of y=0.95, assuming lognormal distributed data and
an unknown population mean (Klock 2004).

Table 5 Characteristic shear strength between CLHS and cement
body

Batch® n T max kg(n) SD Tkm
(-] [-] [MPa] [-] [MPa] (MPa]
RV 28 0.48 1.878 0.05 0.39
RP 15 0.53 1.991 0.06 0.42
RX 10 0.50 2.104 0.07 0.38

3Explanation: n number of prepared samples. Tested samples with
clamping failure are listed in brackets, RV surface perforation by bore
hole drillings, RP surface corrugation by punching, RX samples with-
out surface modification, p, raw density (mean) of the veneers adja-
cent to the cement layer, d number of veneer layers x veneer thickness

— eTmu —k(XSD
Int, , =e¢

whereby kg(n) is defined as
Ky (1)
v/

Herein k (n) is a statistical factor for the calculation of
one-sided tolerance intervals depending on the sample size
n. Further information about the detailed calculation of char-
acteristic material strength and values for k,(n) are given in
Klock (2004). In Table 5, the calculated characteristic shear
strength between the CLHS and the cement composite is
given. The characteristic shear strength between CLHS and
cement body is in the upper range of values for the mobi-
lized skin friction between cement grout and soil as men-
tioned before.

ks(n) =

4 Conclusion

The presented results show a sufficient bonding behaviour
between beech CLHS and cement CEM II/ A-M (S-LL)
42.5 N, typically used in practical soil nailing. In contrast to
previous publications, the addition of a cement setting accel-
erator (MgCl,-6H,0) does not influence the bond between
beech and cement to the extent that surface roughness and
wood moisture content do. Surface roughness has a substan-
tial effect on bonding strength, whereby punched corruga-
tions and drillings do not improve the bond due to the rough
surface of peeled veneers with peeling cracks at the core
side of the veneer. Push-out tests of CLHS with unmodified
wood surface in contact with CEM II/A-M (S-LL) 42.5 N
(w/c=0.6) reveal a sufficient characteristic shear strength
between wood and the surrounding cement body for the use
in soil nailing applications. However, the low strength com-
pared to steel reinforcement bars can be a decisive factor in
soil nailing design, especially for reinforcement elements in
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densely layered soils with high shear strength or rocks and
therefore a highly mobilized skin friction between cement
grout and soil. No loss of contact between CLHS and cement
was observed during the push-out tests. However, in future
research on time and moisture depending cement and wood
shrinkage, swelling stresses in the contact surface (depend-
ing on the stiffness of the outer sheath) and its influence on
the bond between CLHS and cement annulus are necessary.
The presented results reveal a short-term material behaviour
and therefore have to be validated through long-term tests
in order to avoid bond failure due to wood creeping effects
and alkaline wood degradation. The influence of non-linear
(cement shrinkage) deformations may have a significant
influence on the friction between wood surface and cement
annulus, as differential deformations between the surfaces
may lead to a failure due to contact loss.
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