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In recent years, log structures have been marketed as an alternative

to conventional light-frame wood structures. Log structures are constructed

using round timbers (or manufactured timbers) that are stacked vertically

and have interlocking corners. Thru-rods and lag screws are used to

provide inter-log connections. This project was conducted to evaluate the

lateral force resisting pathways that are developed by anchor bolts, thru-

rods and friction.

An experimental study was used to investigate inter-component

friction, force-displacement behavior and yield mode of sill log-foundation

details. A family of finite-element models was developed to assess the

force-displacement response of log shear walls without the corner

connection for a set of construction variables that included foundation

connectivity, aspect ratio, wall perforations, and thru-rod hole diameter.



The experimental study used test specimens that represented

common construction details for sill log-foundation anchorage. One detail

had the sill log on the floor diaphragm and the other detail had the sill log in

direct contact with the sill plate. A sinusoidal cyclic testing protocol was

used to assess friction between the sill log and plywood surfaces. It was

shown that a reasonable value for the coefficient of friction is 0.4. The sill

log-foundation details were tested statically and then with a fully reversed-

cyclic quasi-static test protocol. The force-displacement curves showed an

initial stiffness, slip, and post-slip stiffness and capacity. The open shape of

the hysteresis diagrams suggests that energy dissipation occurs primarily

through friction rather than bolt yielding and material damage. Connection

details were shown to have capacities at least 4.8 times greater than that

needed for an upper bound on design base shear as calculated following

the Uniform Building Code.

A finite-element model using ANSYS 6.0 was developed for a

representative unit log shear wall and a sill log-foundation assembly. The

wall model was eight logs high (2438 x 2438 mm) and included foundation

anchorage, friction, and thru-rods. Linear springs were used to model log-

log normal contact, while nonlinear springs were used to model log-log

friction and thru-rod behavior in oversized holes. The wood materials were

given linear elastic, planar isotropic properties. The force-displacement

behaviors of the wall model and the sill log-foundation model were verified

with test data. These models were then used in a parametric study to



evaluate the lateral force resistance response of a log shear wall given a

range of slip force and design alternatives. It was shown that log-log friction

affects the initial wall stiffness and slip force. A 50 percent loss in thru-rod

tension decreases the log-log slip force by the same amount. Oversized

thru-rod holes can be the source of increased lateral displacement; an

increase in hole size of 13 percent can increase the wall displacement at

the plate log by 31 percent. Window and door openings are accompanied

by additional thru-rods, and the additional thru-rods improve wall force-

displacement response relative to walls with minimum thru-rod hardware

and no openings.

This research did not address the three-dimensional system

behavior that is expected to develop in a box-like structure with integral

corner connections. Further research is needed to assess the role of

integral corner connections in three-dimensional response to lateral loading.
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NOTATION

AB = average floor area

Ca = seismic coefficient given in Table 16-Q of the UBC

Ct = numerical coefficient given in Section 1630.2.2 of the UBC

= seismic coefficient given in Table 1 6-R of the UBC

D = displacement

E = earthquake load

EH = load due to base shear

E[ = longitudinal modulus of elasticity

ER = radial modulus of elasticity

ET = tangential modulus of elasticity

= load effect of vertical ground motion

F = force

= yield stress

GLR= longitudinal-radial modulus of rigidity

GLT= longitudinal-tangential modulus of rigidity

GRT= radial-tangential modulus of rigidity

g = acceleration due to gravity

h = height above the base to the roof level

I = seismic importance factor

k = stiffness

L = length, longitudinal plane of symmetry

= shear wall length



NOTATION (Continued)

M = plastic moment

N = minimum uniform compressive prestress in service (N/mm2), normal
force

Na = near source factor given in Tables 16-S and 16-U of the UBC

N = near source factor given in Tables 16-T and 16-U of the UBC

P = force

R = numerical coefficient representative of the inherent overstrength and
global ductility capacity of lateral-force-resisting systems, radial
plane of symmetry

r = radius, distance

rmax= maximum element-story shear ratio

SD = stiff soil

T = elastic fundamental period of vibration, tangential plane of symmetry

t = deck thickness (mm), time

V = base shear

Vt = magnitude of transverse shear (N/mm)

= ultimate slip

W = total seismic dead load

W = collapse mechanism load

Z = seismic zone factor, plastic section modulus

a = yield angle

A = reference deformation



NOTATION (Continued)

Am = the displacement at which the load drops to eighty percent of the
maximum load on the descending force-displacement slope

e = angle of rotation

= Coefficient of friction

VLR = longitudinal-radial Poisson's ratio

VLT = longitudinal-tangential Poisson's ratio

VRT= radial-tangential Poisson's ratio

it = 3.14

p = redundancy factor

= wedge stress



LATERAL FORCE RESISTING PATHWAYS IN LOG STRUCTURES

INTRODUCTION

The construction of log structures has increased in recent years as

an alternative to more conventional types of construction. In North

America, log structures are currently constructed at a rate of approximately

25,000 per year, which represents an investment of approximately $4 billion

dollars annually (personal communication, Greg Steckler). While early log

structures were small, simple structures, now they are often large,

expensive residential and commercial structures. Even though the

popularity of log structures has grown, corresponding knowledge about log

structure design has not developed, and as a result, very little engineering

data exist for log structures. The result of this void in engineering

information is that building code approvals are made on a case-by-case

basis.

A comprehensive design code for log structures is not yet available.

The Log Building Standards published by the International Log Builders

Association (ILBA 2000) has been the only attempt, and this standard

addresses common construction for log walls, notches, joists, and roof

systems. It is not an engineering design guide for resistance to wind and

seismic forces. Haney (2000) gives a short engineering discussion about

lateral load resistance in log structures, but he provides no supporting test

data.
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Three common types of log structures are scribe-fit, chinked, and

manufactured. In a scribe-fit log structure, each log is hand-scribed to fit

with the log below it. A chinked log structure has a space between the logs

that is filled with foam backer and synthetic chinking. The logs in a

manufactured log structure are milled to a uniform geometry that includes

tongue-and-groove mating surfaces.

The methods vary for mechanical inter-log connectivity, corner-

notches, and foundation connections in log structures. Logs can be

connected using various combinations of thru-rods, steel drift pins, pegs, or

lag screws. Examples of corner-notches include saddle, Norwegian shrink-

fit, dovetail, and diamond wedge and each has its technical merits. The

foundation connection assembly can involve the exterior log walls

positioned on the floor diaphragm, or the sill log in direct contact with the

perimeter foundation.

Regardless of the type of log fitting, connectivity, or foundation detail,

log structures are built to accommodate relatively large dimensional

changes in wall height. For a 3-rn high wall, shrinkage of 5 percent causes

the wall height to decrease 150 mm. This change in dimension has to be

accommodated with joints that slip around wall openings for windows and

doors. It also means that it is difficult or impossible to maintain tension in

inter-log connection hardware. It is reasonable to hypothesize that the

performance of the building system will change as the connection hardware

develops slack.
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Static and dynamic properties of light-frame wood shear walls have

been the subject of many investigations. Log structures are built in high

wind and seismic zones, however, virtually no information exists for log

structures under static or dynamic lateral loading. Thus, the results from

testing and modeling log structures in this project will contribute to the

engineering knowledge pertaining to the structural performance of log

buildings.

This thesis is written in the manuscript format and as such includes a

general literature review, two manuscripts, conclusions that summarize the

project objectives, a comprehensive reference listing, and appendices. The

first manuscript describes a testing program that was implemented to

establish performance attributes of foundation anchorage and friction

between the sill log and the foundation. The second paper describes a

family of finite-element models for a log shear wall that incorporate the

experimental data from the first paper and common construction details

including wall thru-rods placed in oversized holes and two different

foundation details.



LITERATURE REVIEW

WOOD PROPERTIES

Moisture Content

Wood shrinkage and swelling are proportional to the change in

moisture content over a range from zero to the fiber saturation point. At

moisture contents greater than the fiber saturation point, wood volume does

not fluctuate with moisture content. Water in wood is bound in cell walls or

free in cell cavities. Drying wood loses the free water first. The fiber

saturation point, about 30 percent based on oven-dry weight, is the point

where the cell walls are saturated but all free water is gone. As wood

comes into a balance with its environment, it reaches an equilibrium

moisture content where water is neither lost nor gained.

Wood stiffness and strength increase with decreasing moisture

content between the fiber saturation point and approximately five percent

moisture content. The Wood Handbook (FPL 1999) provides mean

stiffness and strength properties for green and 12 percent moisture content

wood as measured on small, clear specimens of wood.

The moisture content effects on wood volume and mechanical

properties contribute to log structure performance. Log structures that are

built green and dry in service, are expected to reach an equilibrium

moisture content range typical of heavy glulam structures in exterior

exposure. Oviatt (1968) reported moisture contents of 6 percent to 19

4
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percent for exterior exposed glulam members. The design assumption for

green lumber that dries in service is that the cross-section will shrink 6

percent from 30 percent moisture content to zero moisture (Breyer et al.

1999). Shrinkage is linearly interpolated over that moisture content range.

The initial thru-rod tension and anchor bolt tightness are lost with the

moisture related shrinkage. Shrinkage mainly affects the radial and

tangential directions. Thus, the connections in the building system are

likely to be slack at the time of a hazard-loading event. Also, the logs that

are exposed to liquid water in the form of rain, such as those at the bottom

of the wall, will probably have greater moisture contents and corresponding

lower stiffness and strength properties than logs higher in wall. The

implication of this is that anchorage capacity and friction properties might

not always be reflective of dry-service conditions.

Hooke's Law

Hooke's Law relates components of stress to components of strain,

assuming the two are linearly related. Wood, when simplified from a

cylindrical to a rectilinear coordinate system, is an orthotropic material,

having three perpendicular planes of symmetry. These are longitudinal (L),

radial (R), and tangential (T). Orthotropic materials are characterized by

moduli of elasticity (EL, ER, and ET) relating normal stresses to normal

strains, three shear moduli (GRT, CLI, and GLR) relating shear stresses to

shear strains, and three independent Poisson's ratios (VLR, VLT, and VRT)
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relating passive to active strains, for a total of nine constants (Bodig and

Jayne 1982). Values of elastic constants for many species of wood are

available from the Wood Handbook (FPL 1999) and Bodig and Goodman

(1973).

An orthotropic wood model may be simplified into a planar isotropic

material model. For planar isotropic materials, the difference in properties

for radial and tangential directions is neglected, reducing the nine constants

to six (Lekhnitskii 1981). This is a common approach when using finite-

elements to model lumber and glulam, and is also reasonable when

modeling a log using rectangular beam elements. In the typical case, the

length of the structural member corresponds to the longitudinal fiber

direction and has properties attendant to the longitudinal orientation while

the height and width of the structural body have identical properties that

reflect the properties of a homogenized radial-tangential plane.

Friction

Friction is the force tangent to the interface of two bodies when one

moves against the other. This is caused by irregularities or peaks and

valleys on the body surfaces and their relative hardness. The size of the

surface irregularities is a measure of the surface roughness. The system of

contacting surfaces and forces is known as a "tribosystem". The friction

force (F) is proportional to the normal force (N) pressing the bodies

together,
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F=jxN [1]

where t is the coefficient of friction (Jastrzebski 1976). The static

coefficient of friction corresponds to the force that must be overcome to

initiate motion. The kinetic coefficient of friction corresponds to the force

required to maintain motion. The kinetic coefficient of friction is usually

lower than the static coefficient of friction. Systems may exhibit stick-slip

behavior in which there is a relaxation oscillation in the force during sliding

(ASTM 2002a).

Standard devices used to measure friction forces in a sliding system

are given in C 115 - 98 (ASTM 2002a). When simulating a tribosystem, it is

important to use geometries, normal forces, velocities, types of motion, and

environmental conditions comparable to those in the actual system of

interest. Stiffness of the force measuring system and sliding distance

should also be considered (ASTM 2002a).

Wood-wood coefficient of friction is dependent on moisture content

and surface roughness. Coefficients of friction increase with moisture

content up to the fiber saturation point. Past this point they remain "about

constant" (FPL 1999) until free surface water causes friction to decrease.

For moisture contents less than twenty percent, sliding coefficients "vary

only slightly with speed" (FPL 1999).

McKenzie and Karpovich (1968) reported coefficients of friction as a

function of sliding speed and moisture content for wood-wood contacts.

The coefficient for wet wood started at a static value of 0.84 and declined to
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a value of 0.36 at a sliding speed of 55 mm/sec. The coefficient for 12

percent moisture content wood started at a static value of 0.60 and leveled

off to a constant value of 0.46 at a sliding speed of 55 mm/sec. Bejo et. al.

(2000) reported coefficients of friction for wood-based structural composites

as a function of grain orientation and a contact pressure ranging from 0.5

kPa to 60 kPa. Static coefficient of friction values for laminated strand

lumber-laminated strand lumber range from 0.84 to 0.48, while kinetic

coefficient of friction values range from 0.52 to 0.22. Static coefficient of

friction values for laminated veneer lumber in the same test apparatus

range from 0.70 to 0.33, while kinetic coefficient of friction values range

from 0.39 to 0.20. Coefficients of variation range from 0.04 to 0.28. Ritter

(1990) specified a coefficient of friction of 0.35 for surfaced lumber and 0.45

for rough sawn lumber or lumber surfaced on one side for calculating

minimum compressive stress in stress laminated bridges.

Dowel Bearing Strength

Dowel bearing strength is the property used in connection design

that relates the resistance of wood to embedment of a dowel. It is

dependent on wood specific gravity, dowel size, and angle of load. Dowel

bearing strength is different for parallel and perpendicular to grain loading

(Breyer et al. 1999) and values for both orientations are available for design

in the National Design Specification for Wood Construction (NDS) (AF&PA

2001).
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Wilkinson (1991) found the bearing strengths for bolts loaded

parallel and perpendicular to grain depend on specific gravity only and

specific gravity plus bolt diameter, respectively. When comparing loads at a

particular deformation, the load decreases as hole oversize increases

(Wilkinson 1993). For connections with small length to bolt diameter ratios,

the bolt bears uniformly across the connected members. Using finite-

element analysis, Wilkinson and Rowlands (1981) found that bearing stress

under a bolt is increased with reduced bolt-to-hole size ratio and stresses

increased as elastic properties were increased. Patton-Mallory et al. (1998)

also reported the results of modeling the effects of bolt slenderness ratio in

three-member connections. Their results showed the yield mode changed

from abrupt fracture-like behavior to more plastic-like behavior as bolt

slenderness increased.

The European Yield Model (Johansen 1949), which is the basis of

mechanical connection design in the NDS, shows connection capacity as a

function of wood specific gravity, yield stress of the fastener, and geometry

of the connected parts (Patton-Mallory 1989). Yield modes for connections

with small fastener slenderness ratios are often side member or main

member material failures. However, yield modes for connections with large

bolt slenderness values are often the result of bolt bending and deformation

in the wood at the outer surfaces of the bolt holes.

The issue of bolt slenderness is important to log structures because

anchor bolts and thru-rods are relatively slender and are often used in holes
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that are oversized more than ± 1/16 - inch, which is the assumption for

mechanical connection design in the NDS (AF&PA 2001).

In cases with large bolt slenderness ratios and oversized holes, the

bolt or rod could bear on the corner of the hole. An example of this bearing

system is a thru-rod extending through the logs in a log wall. In its limit, this

condition is reduced to a dowel bearing on the apex of a wedge-shaped

body. Ugural and Fenster (1995) derived the radial stress for a load on the

apex of a wedge-shaped body (Fig. 1):

.778 P
[2]

r

for stress in the center of a 45° wedge where P = force at the tip, produces

= a stress, at r = a distance from the tip. Unpublished force-displacement

data on this bearing system with a round dowel and wood wedge shows the

stress-strain relationship is linear following equation 2.

When using a spring to represent the bolt-to-log stiffness in a finite-

element model, it is appropriate to use force-displacement values of a

wedge-shaped body as opposed to conventional dowel bearing values

because the loaded apex is a closer representation of the actual bearing

condition. A spring representing the dowel bearing behavior would include

two segments, one for the initial linear portion and one for the nonlinear

portion of the curve, whereas, a spring representing the rod bearing on the

corner of the hole would consist of only a linear section having a slope



consistent with the force displacement behavior of the dowel and wood

material.

Figure 1. - Load on the apex of a wedge-shaped body.

CONTEMPORARY LOG CONSTRUCTION

The construction details of log structures are reported in builder

literature and by the ILBA, but not in the engineering literature. The

principal interest here is the lateral force resistance of log walls. Thus, this

section on log construction addresses only the construction details of walls

and does not examine other integral subassemblies, such as the roof.

The basic features of log wall construction are shown in Figure 2.

Each log wall consists of horizontal logs vertically stacked. The bottom and

top logs are the sill and plate logs respectively.

11
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Figure 2. - Common log wall construction.
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Two common methods are used to attach the wall to the foundation.

In the first (Fig. 3a), the sill log sits on the floor diaphragm. The sheathing

of the diaphragm is nailed to the rim board, which in turn is nailed to the sill

plate. The sill plate is bolted to the concrete foundation. In this

construction, the anchor bolt extends through the floor diaphragm into the

sill log. The nut on the anchor bolt is in a counter-sunk hole on the top of

the sill log, and after the next log course is added, the anchor nut access is

lost. In the second detail (Fig. 3b), the sill log rests directly on the

foundation, while the floor diaphragm is mounted on the interior of the

foundation. Here, the anchor bolt passes directly from the foundation

through the sill plate and into the sill log. Again, the washer and nut are

secured in a counter-sunk hole on the top of the sill log.



Figure 3. - Sill log-foundation connection: a) log on floor diaphragm and b)
log on sill plate.

Three styles of log fitting are common in log structures, chinked,

scribe fit, and manufactured. A chinked log structure has a space between

the logs that is filled with foam backer and synthetic chinking. Previously,

the chinking was mud, adobe, or concrete. Each log in a scribe-fit log

structure is individually cut to fit on the log below it and has a continuous

long groove cut into its bottom surface. Common long groove configurations

include a "W" shape, double-cut, cove, and rectangular profile (Fig. 4).

Long grooves should have strong straight edges (ILBA 2000). Log contact

with the neighbor log should be only on these edges. Long grooves that

are not self-draining should have gaskets. The long groove should be cut in

such a way that a minimum amount of wood is removed. They should be

wide enough to limit weather infiltration and to cover all thru-rods, pegs, and

lag screws, and they must restrict water, air, and insects (ILBA 2000).

13



Cove Rectangular
Figure 4. - Long groove profiles for scribe-fit logs (ILBA 2000).

Within a wall, logs are inter-connected using thru-rods, lag screws, or

pegs. Thru-rods are threaded rod and extend the height of the wall in

predrilled holes and are commonly spaced 1830 mm on center. Springs

and automatic take-up hardware can be placed at the top of the thru-rods to

create and hold a given level of tension. Lag screws connect each og to

the neighbor log below and are commonly spaced 610 mm on center. Sill

W2

14

Manufactured logs are milled to a uniform geometry. American

Society for Testing and Materials (ASTM) publishes Standard Practices for

Establishing Stress Grades for Structural Members Used in Log Buildings,

D 3957 (ASTM 2002b). These stress-grading rules are based on the

method of assigning properties to solid sawn lumber and round timbers and

are thought to produce conservative engineering properties.

Wi Double-cut
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logs are cut with a flat face, commonly 152 mm, so that they will be stable

and can be secured to the foundation. Anchor bolts to the foundation pass

through predrilled oversized holes in the sill log.

Corner notches are used to connect perpendicular log walls.

Common corner-notches include saddle, Norwegian, diamond, and dovetail

(Fig. 5). Many variations exist for each notch geometry. While notches

may perform differently, the choice is largely based on style and builder

preference. It is important for all notches to be self-draining and tight fitting

(ILBA 2000); it is important that all notch slopes are cut in such a way that

water cannot pool. Notches must remain tight to keep out weather and

insects. Various techniques allow the notches to stay tight as the logs

settle due to shrinkage and compression. The perceived excellent lateral

force resistance of log structures is often attributed to the inter-wall

connectivity resulting from the corner notch connection. In fact, the

Japanese Agriculture Standards implemented the inter-wall connectivity as

a crucial feature to log structure behavior by allowing a maximum of 6 m

between inter log wall connections (personal communication, Jim Venner).

All window and door openings must allow for structural settling,

which is a result of shrinkage through the log diameter. Settling allowance

is implemented by incorporating a space at the top of the opening and with

vertical slotted connections on the sides (Fig. 2) of the opening. The top

space allows the opening to get shorter without deforming the window or

door. The slotted connection acts to restrain the window or door laterally



Figure 5. - Corner notches: a) saddle, b) Norwegian, c) diamond, and d)
dovetail.

but allows for vertical wall movement. The settling space and slip

connection are covered by cladding or trim for appearance and to protect

against weather and insects. The protective cladding and trim are

connected either to the wall or doorframe, but not both.

LATERAL FORCE RESISTANCE

The two main sources of lateral loading on structures are wind and

seismic forces. Factors involved in wind pressure design are building

height, exposure, basic wind speed, and occupancy (ICBO 1997). Design

wind pressures on buildings increase with increasing height, open

exposure, and corners and irregularities. Basic wind speed contour maps

are available for all areas of the country, including special high wind

16
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regions. Essential facilities are designed to resist higher pressures.

Structures and their resisting elements must also be designed for

vertical and horizontal, out-of-plane and in-plane, seismic forces. The

seismic base shear (ICBO 1997) is the total horizontal force acting on the

base of a structure due to an earthquake. Factors involved in this

calculation are seismic zone, soil characteristics, occupancy, structural

system, height, and weight. Due to inertial effects, the base shear is

proportional to building weight. Each region is assigned a seismic zone

based on local characteristics, such as probability and magnitude of seismic

event. On sites where soil properties are not known, a stiff soil profile is

assumed. Essential facilities are designed for higher base shears. Design

base shear is also affected by the structural system ductility and

fundamental period. However, there is a lack of information on log structure

ductility.

Wind and earthquake forces acting on a structure must be

transferred from the roof and walls to the foundation. In light-frame wood

structures, forces acting on the roof and walls flow through the horizontal

roof diaphragm to the shear walls and into the foundation (Fig. 6) (Breyer et

al. 1999). The roof must be adequately connected to prevent uplift in high

wind zones. The wall studs act as vertical beams when loaded by

perpendicular wind forces transferring the forces to the foundation and roof

diaphragm. The roof diaphragm deflects as a horizontal beam transferring

the forces to the tops of the shear walls. Roof diaphragm chords and nailed



sheathing are designed to transfer the bending moment and shear forces,

respectively. Shear walls receive the forces through the roof diaphragm

struts and act as cantilever beams that are fixed at the foundation. Shear

wall chords and nailed sheathing are designed to transfer the moment and

shear forces, respectively, to the foundation. Special chord tie-downs are

required in high seismic zones. Anchor bolts attached to the bottom wall

plate transfer the forces into the foundation. They must be adequately

designed for in-plane and out-of-plane force.

Forces are transferred through masonry structures in a way similar to light-

frame wood structures (Schneider and Dickey 1994). However, seismic

forces are generally larger than in light-frame wood buildings due to the

increased mass of masonry. In walls with out of plane forces, the masonry

transfers compression forces and vertical reinforcing steel transfers tension

forces. In shear walls, the masonry, vertical jamb steel at the wall ends,

and horizontal shear steel are designed to transfer the moment

compressive, moment tensile, and shear stresses, respectively. As a

bearing wall, the masonry must be designed for compressive stresses.

Sliding in horizontal bed joints is aJso addressed in design.

Log structures share similarities in lateral force resistance

mechanisms with both light-frame wood and masonry structures. Log

structures resist lateral loading through corner notches, long grooves and

log-log friction (Fig. 7) (Haney 2000). The logs in walls act as horizontal

beams when loaded with out-of-plane forces from wind. Each loaded wall

18



Figure 6. - Light-frame wood structure under lateral loading, showing
original shape (solid line), and deformed shape (dotted line), when the
building is loaded by wind.

log transfers forces to the shear walls through corner notches. In addition,

manufactured logs and scribed logs transfer lateral bending forces via long

grooves and tongue and groove contacts to the logs above and below.

Forces coming from the roof are directly transferred to the top of the shear

wall, which is typically a gable end wall. The shear wall acts as a vertical

cantilever beam. It is loaded at its top by the roof and along its side by the

perpendicular wall through corner notches. The shear walls transfer

moment and shear forces through thru-rods and friction, respectively. Inter-

log friction is developed by tension in the thru-rods and building mass.

Anchor bolts attached to the sill logs transfer forces to the foundation.

19



Figure 7. - Log structure under lateral loading.

Windows and doors create discontinuities in the logs, which are

acting as horizontal beams. In these cases, the end reaction at the door or

window opening must be carried to the foundation and plate logs through

inter-log contact and extra thru-rod hardware.

Similar to masonry walls, log walls are large mass bearing walls.

The large wall mass results in seismic forces that are greater than in light

frame wood buildings of similar size.

The large wall mass also leads to a lower center of gravity than in a

light-frame wood structure of similar dimension. Some preliminary

calculations for single story structures showed the center of gravity was 610

20



mm lower in a log structure than in a similarly sized light-frame wood

structure.

Sill log-foundation connection details are crucial to the lateral force

transfer. Anchor bolts must be designed to transfer these high base shear

forces. Anchor bolt design follows the method for mechanical connections

with bolts as given by the NDS (AF&PA 2001).

STRUCTURAL TESTING AND ANALYSIS

Test Protocols

In a static monotonic test, load is applied incrementally or

continuously to the test specimen in one direction until failure or test criteria

are met. Monotonic tests also provide displacement values required for

many quasi-static test protocols. In a quasi-static test, the specimen is

subjected to a prescribed time-displacement pattern at a specific velocity.

Quasi-static testing provides data that can be used to calculate damping

and energy dissipation characteristics. The test rate for both types of tests

should be slow enough to not induce inertial effects in the specimen

behavior. The monotonic test force-displacement curve has been shown to

be similar to the quasi-static test backbone curve in many shear wall tests,

for example, Langlois et al. (in press), Stähle (2001), and Bienhaus (2001).

Test protocols for quasi-static cyclic testing include those developed

for mechanical connections in timber structures by the International

Organization for Standardization (ISO) (ISO 2001), sequential phased
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displacement (SPD)(Porter 1987), and the Consortium of Universities for

Research in Earthquake Engineering (CUREE) (Krawinkler et al. 2000).

Other quasi-static test protocols have been reported by Grigorian and

Popov (1994) for tests with friction dampers, and by Cruz and Ceccotti

(1996) in tests of timber frames. The test method by Grigorian and Popov

(1994) is noteworthy because it is not based on a monotonic test result.

Instead, it is based on displacement capacity of the damper hardware. The

method by Cruz and Ceccotti (1996) is unique in that it is not symmetric

with respect to displacement. Both of these test protocols also involved

some laboratory hardware limitations.

The ISO protocol (Fig. 8) is designed to describe the elastic and

inelastic properties of joints. The test method has also been used for shear

wall tests and is standardized as E 2126 (ASTM 2002c). The amplitude of

each cycle is a percentage of the ultimate slip (Va) based on a monotonic

test. V is the slip at failure or the slip at eighty percent of the ultimate load

in the descending part of the force-displacement curve. The test protocol

starts with five low amplitude leading cycles of gradually increasing

amplitude. The leading cycles are followed by an excursion of three cycles

where each excursion is a percentage of V. Bienhaus (2001) used this

protocol to assess the performance of moment resisting joints with an

integrated friction damper. She based the displacement levels on allowable

building sway rather than monotonic test results. Bienhaus also

implemented a time-displacement series that extended beyond the seven



excursions shown in Fig. 8. She increased each excursion by 20 percent

of the prior excursion.
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Figure 8. - ISO test protocol for mechanical connections (ISO 2001).

The SPD protocol (Fig. 9), designed for masonry, has stabilization

and decaying cycles. The amplitude of each cycle is a percentage of the

displacement at the first major event (FME) as observed in a monotonic

test. The FME is defined as the first major crack, yield state, or connection

degradation. The procedure consists of an initial displacement, four decay

cycles, and three cycles of the initial displacement. The degradation cycles

are meant to define the lower points within the hysteretic curve. The three

cycles following the decay cycles are meant to define a stabilized hysteretic

curve in order to find an envelope of load history. This protocol has been

shown to produce ultimate load displacements that are smaller than in other

protocols (Cruz and Ceccotti 1996).
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Cycle

Figure 9. - SPD test protocol (Porter 1987).

The CUREE protocol (Fig. 10), designed specifically for light-frame

wood shear walls, consists of initiation, primary, and trailing cycles. The

amplitude of each cycle is a percentage of the reference displacement (A),

which is based on a monotonic test. Reference displacement is defined as

60 percent of Am, where Am is the displacement at which the load is 80

percent of the maximum load on the descending force-displacement slope.

Initiation cycles are small amplitude displacements. The initiation cycles

are followed by five or more primary cycles, each followed by two or three

trailing cycles. Experience has shown this protocol often produces yield

modes in light-frame shear walls similar to those observed in post-hazard

structural inspection.
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Figure 10. - CUREE test protocol (Krawinkler 2000).

Energy Dissipation

The energy dissipation for a force-displacement curve is found by

evaluating the area under the curve. A measure of the energy dissipated

by a system in a quasi-static test is the area enclosed by the hysteresis

loops. Bienhaus (2001) and Tjahyadi (2002) calculated energy dissipation

in friction dampers, which are metal-on-metal friction systems. Bienhaus

also calculated energy dissipation in Dubuelkries connections that had

wood-on-wood surfaces. The hysteresis diagrams for friction dampers

were generally open and boxy in shape, which is associated with high

energy dissipation capacity. This is in comparison to pinched hysteresis

diagrams, which are generally related to poor energy dissipation (Fig. 11).

Energy dissipation in sill log-foundation systems is expected to occur
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through friction, bolt and nail yielding, and at large displacements, non-

recoverable damage to the wood materials.

ci)0
0
U-

Displacement

Figure 11. - Hysteresis diagrams for: a) efficient energy dissipation
component, and b) poor energy dissipation component.

Inter-component Connection Tests

Inter-component connections, specifically wall-floor, and floor-

foundation, may play an important rote in the force-displacement behavior

of log walls under lateral loading. Current tog construction methods

connect the walls, floors, and foundations using anchor bolts and thru-rods.

Inter-component connections critical to log structure behavior are those

from the roof diaphragm-walls, plate log-wall, silt log-foundation, and wall-

sill log. The critical focus of this thesis is on the wall-sill log and sill log-
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foundation connections. Several different construction details are used for

both connections.

Polensek and Schimel (1986), Groom (1992), and Groom and Leichti

(1994) tested light-frame wood inter-component connections and developed

nonlinear spring properties for finite-element analyses. Weerakul (1995)

followed a similar strategy of testing to devise nonlinear springs for inter-

component connections used in structures built with structural insulated

panels.

Polensek and Schimel (1986) examined the connection system

between wall, floor, and foundation in light-frame wood buildings with tests

and computer models. They explained that sheathing extending over the

studs and nailed to the sill plate and rim board provides a critical link in the

building system and restrains the bottom of the wall in lateral loading

events. Inter-component connections contain nonlinear materials and

interlayer gaps. Nonlinear materials were modeled with plane strain

elements and interlayer gaps were modeled with nonlinear spring elements.

They found that simple construction modifications could improve the

stiffness and reduce the wall deflection by up to thirteen percent.

Groom (1992) and Groom and Leichti (1994) tested and modeled

various detailed inter-component connections, for example, wall-wall, wall-

floor, and roof-wall. These were nailed connections and some included

light-frame wood connection hardware. Force-displacement relationships

from these models were assigned to nonlinear springs, which replaced the



detailed connection, in order to reduce the degrees of freedom in a global

finite-element model of a light-frame wood structure.

STRESS LAMINATED TIMBER BRIDGES

Log walls share some similarities to stress laminated timber bridges.

Both consist of timbers transversely post-tensioned with steel rods that are

perpendicular to the timbers and located inside predrilled holes. In bridges,

the post-tensioned thru-rods are intended to prevent the timbers from

slipping when the bridge is loaded in out-of-plane bending, while the thru-

rods in a log wall are intended to prevent the logs from slipping when the

wall is loaded in in-plane shear. In both cases, slip between layers is

resisted by friction between the timbers that results from the compressive

stress induced by the post-tensioned thru-rods. In bridge testing, it has

been shown that slip begins to occur when the compressive stress falls

below a critical value.

In their evaluation of the Teal River Bridge, Ritter et al. (1993)

reported that if the pressure decreases below 0.14 N/mm2 then structural

and serviceability problems may occur. Sarisley and Michael (1990)

determined in their test bridge that a final pressure of 0.14 N/mm2 was

needed for adequate interlaminate friction. In their evaluation of the

bending stiffness of decks with butt joints, Davalos et al. (1993) used a

minimum pressure of 0.17 N/mm2. Ritter etal. (1990), in their paper on the

performance of stress-laminated bridges, state that slip between the
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laminations does not begin until the interlaminar compression has dropped

below 0.17 N/mm2.

The USDA Timber Bridge Manual (Ritter 1990) gives an equation for

the minimum level of compressive stress to prevent offset slip caused by

transverse shear in stress laminated timber bridges as:

N=15"'t
tLL

Where,

N = minimum uniform compressive prestress in service (N/mm2)

t = deck thickness (mm)

Vt = Magnitude of transverse shear (N/mm)

= Coefficient of friction

N is not to be taken less than 0.28 N/mm2.

Bridge research by Ritter (1990) has also shown that post-tension

pressure is slowly lost, especially in the first two years after construction as

a result of creep perpendicular to the grain and dimensional change in

response to moisture content. With respect to friction to prevent slip

between wood surfaces, it is reasonable to assume that log walls may

behave similarly to stress laminated timber bridges. Thru-rod tension is

expected to affect the friction resistance and slip force between logs.
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CONFINED MASONRY

Log and masonry walls are both used primarily as bearing wall

systems. In a bearing wall structural system, the walls support all or most

of the gravity loads. Both are also relatively heavy (large mass) when

compared to other forms of construction. A masonry wall, when confined,

may be similar to a log wall that is attached through corner notches to

perpendicular walls.

A confined masonry wall is one with vertical tie columns. A vertical

tie column is a reinforced-concrete or reinforced-masonry bonding element.

It confines the walls at corners and intersections. This is similar to

reinforced concrete frames with masonry infill. The main difference

between the two is that the vertical tie columns are not a load bearing part

of the structure (Tomazevic and Klemenc 1 997a).

Tomazevic and Klemenc (1997b) tested three confined and three

plain masonry walls at a 1:5 scale. Each wall had a height to length ratio of

1.5. A constant vertical load was applied to each wall while reversed cyclic

testing was conducted. The confined masonry specimens failed due to

buckling of one or both of the vertical confining elements. Some crushing in

the masonry units was also observed before the final collapse. The plain

masonry specimens collapsed suddenly after the development of the first

crack. The presence of confinement improved the masonry walls racking

resistance by a factor of more than 1.5, the deformation capacity by a factor
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of almost 5, and the energy dissipation capacity by 6 to 7 times the values

for the unconfined construction.

Tomazevic and Klemenc (1 997b) also tested two models of a

confined masonry three-story building using a shake-table. The first 24

seconds of ground acceleration for the Montenegro earthquake were used

for the simulation. The interaction forces between the masonry wall and

vertical tie columns were shown to be in good correlation with the results of

the confined masonry wall tests. The buildings were shown to be able to

withstand an earthquake with a peak ground acceleration of 0.8 g with

limited damage and an earthquake with a peak ground acceleration of 1.3 g

without collapse. The presence of vertical tie columns in single masonry

walls has been shown to greatly increase wall-racking capacity. This has

also been shown to translate into increased capacity of masonry structures.

It is reasonable to assume that log walls with corner-attached walls may

behave similarly to confined masonry walls. The presence of perpendicular

wall corner notches in a log structure is expected to increase its lateral

capacity.

LOG SHEARWALLS

In 2002, Gorman and Shrestha reported tests of log shear walls that

were constructed using manufactured logs and thru-rod hardware. Their

tests included three walls with no perpendicular wall assemblies and three

wall tests with a perpendicular wall section attached through a corner-
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notched connection. The objective of their tests was to define the effects

of various thru-rod hardware as well as the corner notch connection with

respect to shear resistance and displacements. Their tests showed that the

presence of a corner connection, which included additional thru-rods,

increased the slip force by a factor of 2.1. The force at a plate-log

displacement of 51 mm increased by a factor of 2.7. The deflected shapes

of the walls with corner connections were linear from the top to the bottom

of the wall, while those for the walls without corner connections were

concave in shape.

SUMMARY

Wood shrinkage is related to the change in moisture content. Initial

thru-rod tension and anchor bolt tightness is lost with the moisture

related shrinkage.

A planar isotropic material model is a common approach when using

finite-elements to model solid sawn lumber using rectangular beam

elements.

The wood and wood-based structural composite coefficient of friction

ranges from 0.20 to 0.60.

Force-displacement values of a wedge-shaped body loaded at the

apex are available for a spring representing the bolt-to-log stiffness in a

finite-element model.



Two common methods are used to attach the wall to the

foundation: a) the sill log sits on the floor diaphragm and b) the sill log

rests directly on the foundation.

Log structures resist lateral loading through thru-bolts, anchor bolts,

corner notches, long grooves and log-to-log friction.

Test protocols for quasi-static cyclic testing include ISO, SPD, and

CUREE protocols.

The hysteresis diagrams involving friction are boxy in shape, which is

associated with high-energy dissipation capacity, while hysteresis

diagrams for bolted connections tend to be pinched and reflect poor

energy dissipation.

Floor-foundation inter-component connections play an important role

in the behavior of log walls under lateral loading.

Log walls may behave similarly in some ways to stress laminated timber

bridges and confined masonry walls.

The presence of a corner connection in a log wall improves its lateral

force resistance.
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ABSTRACT

Log structures have been marketed as an alternative to conventional

light-frame wood structures for residential and commercial use. Log

structures are constructed using round timbers (or manufactured timbers)

that are stacked vertically and have interlocking corners. Thru-rods or lag

screws are used to give the structure continuity. This project was

conducted to evaluate the lateral force resisting pathways in log structures.

The focus was on seismic shear resistance provided by anchor bolts and

thru-rods, and the energy dissipation by friction. An experimental study was

designed to investigate inter-component friction, force-displacement

behavior, and yield mode of sill log-foundation details. The experiments

used test specimens that represented two common construction details for

sill log-foundation anchorage. One detail had the sill log sitting on the floor

diaphragm and the other detail had the sill log in direct contact with the sill

plate. Anchor bolts and thru-rods were included. A sinusoidal, cyclic

testing protocol was used to assess friction between the sill log and

plywood floor surfaces. It was shown that a reasonable value for the

coefficient of friction is 0.4. Then, sill log-foundation details were loaded

vertically and forced to move horizontally with a static and then with a fully

reversed-cyclic quasi-static test protocol. The tests were limited by

horizontal actuator capacity rather than capacity of the assemblies. The

force-displacement curves showed an initial stiffness, slip, and post-slip

stiffness and capacity. The hysteresis diagrams were open and boxy,
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which demonstrated that energy was dissipated by friction between the sill

log and floor diaphragm or sill plate. Initial and ultimate yield modes were

different depending on foundation details. The base shear design

requirement for a representative wall unit was calculated following the

Uniform Building Code. Both connection details were shown to have

capacities greater than that required for Uniform Building Code seismic

zone 4.

Keywords: base shear, log buildings, testing, timber structures, wood,

friction, anchor bolts.
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INTRODUCTION

In recent years, log structures have been marketed as an alternative

to conventional light-frame wood structures for residential and commercial

occupancies. While early log buildings were small, simple box-like

structures, newer log structures are often large, expensive structures with

large wall openings for windows that frequently result in high aspect ratio

wall segments that may not resist lateral forces like the earlier versions.

Yet, the increased popularity of log structures has not resulted in increased

research and engineering information. A deeper understanding of log

structure behavior is needed.

Log shear walls, which are also bearing walls, resist lateral loading

differently than light-frame shear walls. Lateral loads are transferred from

the top to the bottom of light-frame shear walls through the sheathing,

framing, and nailed connections, where sheathing type and thickness and

nail type and spacing are important design considerations (Breyer et al.

1999). Lateral loads are transferred from the top to the bottom of log shear

walls through log-log friction, thru-rods (or other hardware), and inter-wall

corner connections. Here, log-log coefficient of friction, thru-rod tension,

thru-rod hole size, and connection type are important. Light-frame and log

shear walls also dissipate energy differently. Nail fatigue, nail withdrawal,

and nail pull-through are important energy dissipation mechanisms in light-

frame shear walls. Log-log slip with friction is expected to be an important

energy dissipater in log shear walls.
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Foundation anchorage is an important component in the seismic

performance of light-frame wood and log buildings. Mahaney and Kehoe

(2001) provided an extensive literature review on the subject of foundation

anchorage in light-frame wood buildings. However, log structure anchorage

logically would differ from that used for light-frame wood structures. As a

log shear wall resists seismic forces, the shear force developed at the base

of the wall is transferred from the sill log to the foundation by anchor bolts.

The building mass is greater in log structures and connection geometry is

different as a result of the relatively large log diameter.

The total horizontal seismic force acting at the base of a log structure

is the base shear (V). The Uniform Building Code (UBC) (ICBO 1997)

provides guidelines for calculating the base shear. Factors involved in this

calculation include seismic zone, site characteristics, occupancy,

configuration, structural system, height, and most importantly weight of the

structure.

Natural hazard-load resistance of light-frame wood shear walls has

been the subject of concerted research emphasis. Although many log

structures are in high wind and seismic zones, virtually no information exists

on lateral load path in log structures and performance under lateral loading.

Results from testing of log structure components in this project will

contribute to the body of knowledge pertaining to the structural performance

of log buildings.
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OBJECTIVES

Determine mean and variability for sill log-floor diaphragm

sliding friction.

Perform a static test on a sill log-foundation connection to

evaluate the capacity of the foundation anchorage system and

identify the failure mechanisms.

Perform quasi-static tests on two typical sill log-foundation

connections to identify the failure mechanisms and establish energy

dissipation characteristics.

Evaluate sill log-foundation connections relative to UBC base
shear requirements.

TECHNICAL BACKGROUND

A log wall is shown in Figure 12. Log structures are placed on

foundations that are similar in design to those used for light-frame wood

and masonry construction. The sill log either rests directly on the sill plate

or on the floor diaphragm. The flat surface of the sill log is cut using a band

saw. The lateral load resistance gained from sill log friction is ignored

during design. The sill log is connected to the foundation using 16 mm

diameter anchor bolts. A standard anchor bolt spacing of 1830 mm is used,

with oversized holes to facilitate placement during construction. Tension in

the anchor bolts is released as the sill log shrinks as a result of drying. In

addition, the nuts on the sill log anchor bolts cannot be retightened due to

inaccessibility.



Figure 12. - Log wa//including a window opening, and an inter-wa/I
connection wall on a rigid foundation.

Two foundation anchorage details are common to the log structures

industry. In detail 1, the wall sill log is positioned on the floor diaphragm

(Fig 1 3a). In detail ii, the foundation anchor bolt extends up through the sill

log and terminates with a nut and washer in a countersunk hole. The wall

thru-rod hardware is added to detail lc; the wall thru-rods pass through the

sill log and terminate with a washer and nut on the bottom surface of the

floor sheathing.

In detail 2 (Fig. 13b), the sill log sits directly on the sill plate. Washers

and nuts secure the sill plate to the foundation and coupler nuts are used to

extend the anchor bolts into the sill log or connect them to wall thru-rods.

Friction is an important factor in both anchorage details. Friction is

the force tangent to the interface of two bodies when one moves against the

other. The friction force (F) is proportional to the normal force (N) pressing

the bodies together,
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Figure 13. - Common sill log anchorage details; a) Detail 1 - sill log-on-floor
diaphragm, b) Detail 2 - sill log-on-foundation.

F=txN [1]

where 1u is the coefficient of friction (Jastrzebski 1976).

FPL (1999) states that the wood-wood coefficient of friction is

dependent on moisture content and surface roughness. McKenzie and

Karpovich (1968) report coefficients of friction as a function of sliding speed

and moisture content. The coefficient of friction for wet wood starts at static

value of 0.84 and declines to a value 0.36 at a sliding speed of 55 mm/sec.

The coefficient of friction for 12 percent moisture content wood starts at a

static value of 0.60 and levels off to a value of 0.46 at a sliding speed of 55

mm/sec.



42

Bejo et al. (2000) report coefficients of friction for wood-based

structural composites as a function of grain orientation and a contact

pressure ranging from 0.5 kPa to 60 kPa. Static coefficient of friction values

for laminated strand lumber range from 0.84 to 0.48, while kinetic coefficient

of friction values range from 0.52 to 0.22. For laminated veneer lumber,

static coefficient of friction values range from 0.70 to 0.33, while kinetic

coefficient of friction values range from 0.39 to 0.20. Coefficients of

variation range from 0.04 to 0.28.

The coefficients of friction by Bejo et al. were obtained using small-

scale specimens with an inclined plane method, or a milling machine and

lathe system. The moisture contents, normal pressures, roughness, and

contact areas were not like the conditions for a sill log in a log structure.

Friction tests performed on specimens simulating sill log conditions were

needed.

Test protocols for quasi-static cyclic testing were reviewed by Gatto

and Uang (2001). Common test protocols include sequential phased

displacement (SPD) (Porter 1987), the method by the Consortium of

Universities for Research in Earthquake Engineering (CUREE) (Krawinkler

et al. 2000), and the International Organization for Standardization (ISO)

protocol (ISO 2001). These test protocols were devised to represent the

seismic demands that are imposed on structures during an earthquake.

SPD testing was developed by the Technical Coordinating Committee

on Masonry Research. It is based on the first major event (FME), which is
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the displacement associated with the yield state. SPD has been shown to

produce ultimate load displacements that are smaller than other protocols,

which is attributable to the high-energy inputs of SPD testing (Gatto and

Uang 2001).

The ISO protocol was originally developed to test mechanical

connections in timber. The quasi-static time-displacement function is based

on the displacement at ultimate load (va) as determined from a monotonic

test. The test method has been used for friction damper tests by Tjahyadi

(2002) and for moment-resisting connections and friction dampers by

Bienhaus (2001).

The CUREE protocol was developed for shear wall assemblies of

light-frame wood structures (Krawinkler et al. 2000) and has been used for

wall assemblies (Stähle 2001) and mechanical connections (Fonseca et al.

2001). It is based on the reference displacement (A), which is the

maximum deformation the specimen is expected to sustain according to a

prescribed acceptance criterion, developed from static testing of duplicate

specimens. Comparisons of test results showed that the test protocols

produced load capacities within ± 10 percent (Gatto and Uang 2001). Given

this result, the CUREE protocol was chosen for the sill log-foundation

connection tests to simulate behavior under seismic loading.



METHODS AND MATERIALS

Apparatus and Measurements

The loading system (Fig. 14) was a test frame, with two hydraulic

actuators for vertical and horizontal loading. Linear variable differential

transformers (LVDT5) recorded displacements, and load cells mounted on

the actuators were used to sense forces. Load and displacement data were

®recorded using Lab View 6.1. Four specimen configurations that were

representative in terms of materials and connection hardware were

developed for the friction, monotonic, and quasi-static tests of Detail 1 and

Detail 2.

Friction Test Specimens

The Detail 1 friction test (Fig. 15) was devised to measure the

coefficient of friction between a sill log and the plywood floor sheathing. No

foundation anchorage or wall thru-rods were present in these test

specimens. The sill log was represented by a piece of Douglas-fir lumber

that was cut using a band saw, giving a surface texture similar to the bottom

surface of a sill log. The plywood floor sheathing was attached to an LVL

billet using twelve 64-mm long galvanized deck screws. The sill log surface

was attached to the bottom flange of a steel I-beam using sixteen 45-mm

long galvanized deck screws. A frictionless interface at the bottom of the
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load cell
(44.5 kN

capacity)
actuator

(44.5 kN
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steel
backstop

steel crossbeam
(W 14x158)

actuator
(1560 kN capacity)

test frame

load cell
(890 kN capacity)

steel column
(W 12x72)

Figure 14. - Loading apparatus for sill log-foundation detail tests.

assembly was developed by lubricating polyethylene sheets (nominally 6 x

150 mm). Thus, the LVL billet could be moved by the horizontal actuator

and the measured friction resistance was only that generated at the wood-

plywood interface. The vertical actuator applied a constant point load of
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13.3-kN to the top center of the I-beam, which was a load-distributing

element as well as a fixture for the sill log surface.

friction interface

floor sheathing
(2440 x 222 x 29 mm)

frictionless interface
(lubricated

polyethylene sheets)

normal force distribution beam
(W 8x28)

sill log
(1220x140x41 mm)

billet
(1220 x 222 x 254 mm)

base plate
(2440 x 222 x 6 mm)

foundation test fixture

Figure 15. - End view of Detail 1 friction test setup.

Static Test Specimen

The Detail ii static test was developed to evaluate the lateral force

resistance of the Detail ii foundation anchorage. The specimen (Fig. 16)

consisted of a sill log, the floor diaphragm, and the foundation anchorage

hardware. The sill log was represented by a section of Douglas-fir LVL.

The floor diaphragm was intended to be typical construction and consisted

of plywood sheathing, I-joists, oriented strand lumber rim board, Douglas-fir

sill plates, and LVL blocking. The plywood was attached to the I-joists and

rim board using construction adhesive and 2.9-mm diameter, 60-mm long

nails. The nails were spaced 152 mm along the panel edges and 305 mm in

the field of the panel along the I-joists. The rim board was attached to the I-

joists and sill plate using 2.9-mm diameter and 60-mm long nails. One nail
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was driven through the rim board into each I-beam flange. Three nails were

driven at each rim board corner. The rim board was toenailed to the sill

plates using the same size nails in a 152-mm spacing. The I-joist flanges

were nailed to the sill plates using two 3.3-mm diameter and 76-mm long

nails. The LVL blocks were attached to the plywood and the sill plate using

four 2.9-mm diameter and 60-mm long nails. The foundation anchorage

was two steel threaded rods fixed to the foundation test fixture such that

they would behave as though embedded in concrete. These rods passed

through the sill plate and were coupled to extension rods so that the

foundation anchorage extended through the floor plywood and LVL billet

terminating in a counter-sunk hole in the sill log. Nuts and malleable

washers were installed on the foundation anchor bolts with a 5-mm gap

between the nuts and washers. The gap was intended to represent

shrinkage of the sill log due to drying in service (Scott et al. 2002).

Quasi-Static Test Specimens

One test specimen for each foundation detail was prepared for

quasi-static testing. The Detail ii quasi-static test specimen was identical

to the Detail ii static test specimen.

The Detail 1 c test configuration was the same as for the Detail ii

specimen except that two wall thru-rods were included (Fig. 17). Two holes

were drilled through the sill log and floor sheathing to accommodate the

thru-rods. The two thru-rods ran through the sill log and floor sheathing and
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were secured wrench-snug with nuts and washers on the top of the sill log

and the bottom of the floor sheathing. The locations of the thru-rods and

anchor bolts are shown in Figure 17.

A

11

F.

oad frame

-floor diaphragm
sill log

2440mm

0

-

610mm

normal force
distribution beam
(W 8x28)

threaded rod
(16-mm dia.)

im board
2440 x 303 x 38 mm)

,ill plate
2440 x 191 x 38mm)

im board
1060 x 303 x 38 mm)

ill log
2440 x 152 x 303 mm)

Figure 16. - Detail Ii test specimen; a) end view of assembled test, b) top
view of specimen illustrating construction, c) side view of specimen
construction.

3mm

tongue and groove
plywood
(2440 x 1135 x 29

panel orientation

mm)

// HjOiStS
(1060 mm)

022mm-

092mm

F F foundation test
fixture

111mm
LVL blocking HH

(303 x 254 x 254 mm)

660mm Li

11 ri



The Detail 2 quasi-static test was designed to evaluate the lateral

force resistance of the Detail 2 foundation anchorage. The specimen (Fig.

18) consisted of a sill log, sill plate, and connection hardware. The sill log

was represented by a Douglas-fir LVL billet, the sill plate was a Douglas-fir

board. The assembled test specimen is shown in Figure 19. Two anchor

bolts were fixed to the foundation test fixture and extended 75 mm through

the sill plate. The sill plate was secured to the foundation test fixture using

washers and nuts tightened on the anchor bolts. The anchor bolts were

coupled to an additional threaded rod that extended through the sill log.

The sill log was secured by placing a malleable washer and nut on each

anchor bolt. A 5-mm gap was left between the nut and malleable washer to

simulate the size change due to log shrinkage in service.
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Figure 17. - Sill log used for Detail Ic tests.
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Sill log (side)

o 022mm 76mm

frictionless interface
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polyethylene sheets)
threaded rod
(16-mm dia.)

base plate
(2440 x 222 x 6 mm)

2440mm

Sill plate

Figure 18. - Detail 2 sill log and sill plate.

Figure 19. - End view of Detail 2 test setup.
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Test Protocols

Friction Tests. A constant 10.9-N/mm (13.3 kN) normal force,

representing the dead load of the structure, was applied to the I-beam

throughout the test. For the purposes of the test, the sill log surface was

stationary and the LVL billet and attached plywood were horizontally

displaced according to the function D = 5lsin(0.5mt), where D =

displacement (mm) and t = time (s). The maximum displacement and

velocity were 51 mm and 76 mm/s respectively. Each test lasted 16 S.

This test was replicated with fourteen plywood/sill log surface pairs. Data

were taken at a rate of 20 points/s. After each test, the moisture contents of

the sill log surface and plywood were measured by oven drying cupon

specimens.

Static Test. A constant 10.9-N/mm (26.6 kN) normal force,

representing the dead load of the structure, was applied to the sill log

through the I-beam during the test. The LVL billet was laterally displaced at

a rate of 0.125 mm/s. The test was run until a horizontal force of 44.5 kN

was reached; this was the horizontal actuator limit. Data were taken at a

rate of 10 points/s.

Quasi-Static Tests. A constant normal force of 10.9-N/mm (26.6 kN)

was applied throughout the test. The sill log was displaced according to the

CUREE protocol (Fig. 20). The protocol consisted of three sets of six

initiation cycles followed by a series of one primary cycle with three (or two)
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trailing cycles. Each primary cycle was larger than all previous cycles and

was a multiple of the reference displacement (A). This was followed by a

series of trailing cycles, which were equal to 75 percent of the previous

primary cycle. The tests were run at a frequency of 0.1 Hz. Data were

taken at a rate of 100 points/s. After the monotonic and quasi-static tests,

the moisture content of the sill log was measured.

Cycle

Figure 20. - CUREE Test Protocol used for quasi-static tests.

RESULTS

Friction Test

A typical force-displacement plot is shown in Figure 21. The

coefficient of friction is based on the force in cycle 1 and cycle 4 at zero

displacement in the positive stroke; which is positive in this coordinate

system. The data for 14 specimens were summarized using descriptive

statistics. Each cycle of the four-cycle test showed a drop in the coefficient
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of friction from the previous cycle. The average coefficient of friction for the

first cycle was 0.40 with a coefficient of variation of 0.20 (95 percent Cl:

0.25-0.56). The average coefficient of friction for the fourth cycle was 0.37

with a coefficient of variation of 0.22 (95 percent Cl: 0.22-0.53). The data

are similar to those in the literature. A paired t-test was used to test the

hypothesis that no difference in the coefficient of friction existed between

the first and fourth cycles. The hypothesis was rejected (p-value 0.0002),

meaning that the 8-percent change in the mean coefficient of friction from

the first to the fourth cycle was significant.
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Displacement (mm)

Figure 21. - Typical friction test force-displacement plot for the sill log
surface on plywood and a normal force of 13.3 kN.

Static Test

The monotonic static test reached a force of 44.5 kN, which was the

capacity of the horizontal actuator. The displacement was 69 mm, and

even at this large displacement the force-displacement curve was still
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ascending. The CUREE reference displacement (A) is supposed to be a

specific fraction of the load that is 0.8 times the ultimate load on the

descending force-displacement slope. A fraction of 0.6 is suggested for

light-frame shear walls (Krawinkler 2000). A fraction for sill log connections

has not been suggested. A similar problem was encountered by Fonseca

et al. (2002) with staple connections; the peak load for staples was not

reached for large displacements, resulting in an unrealistic reference

displacement. They decided to use a reference displacement for staples

that was similar to the reference displacement for nails. In light-frame shear

walls, Langlois et al. (in press) found that the reference displacement did

not drastically influence the overall wall response to cyclic loading.

Therefore, an arbitrary reference displacement of 19 mm was chosen as a

reasonable value for use in all quasi-static tests of the sill log anchorage

details.

Quasi-Static Tests

Figure 22 shows Detail Ii quasi-static test data with its backbone

curve and the Detail ii static test curve superimposed. The monotonic

static force-displacement curve and quasi-static test backbone curve show

similar results. At a force of 11.1 kN, the sill log-sheathing friction was

overcome and the log started to slide, showing classic stick-slip behavior.

This corresponded to a coefficient of friction of 0.4, which was consistent

with the friction tests. The log continued sliding at a constant force until the
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anchor bolt contacted the perimeter of the hole in the sill log and then the

sheathing. No permanent damage was visible at this point. Forces greater

than 11.1 kN were resisted by anchor bolt bending and bearing damage in

the sill log and plywood sheathing. The monotonic test forces were about

15 percent lower than the quasi-static test backbone curve, which was

attributed to the variability in the assemblies used for each test.

The anchor bolts transferred force from the log to the sheathing.

This resulted in sheathing embedment failure. As the force increased, the

rod was embedded into the plywood at a rate of .34 mm/kN. At the end of

the test, the sill log did not move back to its original position when it was

unloaded, which indicated permanent damage was present in either the

anchor bolt, or the floor sheathing, or both.

During the course of the test, forces were transferred to the

sheathing through friction and anchor bolt bending. These forces were

transferred to the rim board via glued and nailed connections between the

sheathing and the rim board as well as sheathing and I-joists. Nail shear,

withdrawal, pull-through, and adhesive failure did not occur. The sheathing-

rim board connection showed no evidence of distress during or after the

tests.

Forces moved to the sill plate through toenail connections between

the rim board and the sill plate. These connections deformed during the

test. The rim board moved as much as 6 mm relative to the sill plate in the

later stages of the test. When unloaded, the rim board did not move back
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Figure 22. - Detail ii hysteresis diagram (43 cycles) for the sill log with
superimposed backbone and static test curves.

The Detail ic hysteresis diagram with superimposed backbone curve

is shown in Figure 23. Again, the test was terminated when the horizontal

actuator reached capacity at 44 kN. At this force the displacement was 23
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to its original position, and post-test inspection showed evidence of nail

bending and withdrawal.

The sill plate resisted the horizontal force by friction and the anchor

bolts. The sill plate moved no more than 2 mm during the test. No damage

was observed in the sill plate-foundation connection.

The Detail ii monotonic static and quasi-static test showed that the

overall base shear capacity for this system would be limited by plywood

embedment capacity, anchor bolt bending, and rim board-sill plate toenail

connection deformation. For this system, plywood embedment was the first

apparent yield mode.
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mm. The backbone curve was similar to the Detail ii test up to 18 mm of

displacement. At this point, Detail ii was losing stiffness, but Detail 1 c was

not softening. The presence of the two thru-rods reduced the rod bearing

force by half at each plywood hole, and as a result the plywood embedment

capacity was not reached at the same total load. Damage to the rim board-

sill plate toenail connection was observed in the Detail ii and Detail ic

specimens, and even though system capacity was not reached, it appeared

that the Detail 1 c assembly yield mode would have been at the rim board-

sill plate toenail connection.

0

Displacement (mm)

Figure 23. - Detail ic hysteresis diagram (40 cycles) for the sill log with
superimposed backbone curve.

The Detail 2 hysteresis diagram with superimposed backbone curve

is shown in Figure 24. At the actuator of 44 kN capacity, the displacement

was 14 mm. The sill log axial force was simultaneously transferred to the

sill plate and anchor bolts and into the foundation test fixture. Initial log
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movement occurred at a force of 13.5 N. This force is higher than that for

initial log movement in the Detail 1 tests. This was because the anchor

bolts and friction were initially resisting the lateral force; the effects of the

oversized holes were reduced by the nuts and couplers that were located

inside of the sill log and fit tightly in the hole.

The anchor bolts resisted the lateral force through rod bending. Two

plastic hinges formed at the sill plate-foundation and sill log-sill plate

interfaces.

The sill plate moved as much as 5 mm horizontally in each direction

during the test. Post-test inspection showed crushing around both sill plate

holes. A split was also observed from one hole to the end of the sill plate.

This follows the results of tests reported by Mahaney and Kehoe (2001) in

light-frame wood construction.

This test showed that the overall base shear capacity for this system

was limited by anchor bolt bending. The sill plate also sustained crushing

damage but did not limit the capacity of the system. By removing the floor

diaphragm, this test excluded the plywood sheathing, rim board, and toenail

connection between the rim board and sill plate. The anchor bolts in the

Detail 2 test sustained more damage than in the Detail 1 tests.

Energy Dissipation

The Detail ii, Detail ic, and Detail 2 force-displacement response

exhibited a boxlike shape, not a pinched hysteresis that is typical of dowel
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Figure 24. - Detail 2 hysteresis diagram (40 cycles) for the sill log with
superimposed backbone curve.

connections. This was due to the sill log-floor sheathing and sill log-sill

plate friction. This friction significantly contributed to the energy dissipation

of these connections. Each hysteresis loop corresponded to a quasi-static

test cycle. The area of a loop plus that of each loop before it was the

cumulative energy dissipation up to that point. At 40 cycles, the cumulative

energy dissipation for Detail ii and Detail 1 c, was the same and equal to

10.0 MNmm, while energy dissipation for Detail 2 was 11.7 MNmm (Fig.

25).

Base Shear Requirements and Capacities

For seismic design, the UBC (1997) requires design for an

earthquake load (E) given by:

E p Eh + [2]
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Figure 25. - Cumulative energy dissipation in Detail 1 and Detail 2.

E is the load effect of vertical ground motion and is zero for allowable

stress design. The redundancy factor p has an upper bound of 1 .5. Eh is

the load due to horizontal ground motion (base shear).

The UBC base shear formula is:

v=cvlw
RT

The UBC also defines an upper bound for base shear as:

v 2.5 C3 I

R

In equations 3 and 4, C and Ca are seismic (response spectrum)

coefficients. Assuming a stiff soil profile and a site in seismic zone 4 where

the closest distance to a known seismic source is greater than 15 km, C, =

0.64 and Ca = 0.44 (UBC, Tables 16-R and 16-Q). The seismic importance

factor is represented by I. Most log structures are homes or standard
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occupancy structures where I = 1.00 (UBC Table 16-K). In equation 3, T is

the fundamental period of vibration that is calculated following UBC

equation 30-8. For a log structure with an assumed height of 3 m, T =

0.111 s. The response (modification) factor (R) depends on the structural

system. A specific value for R has not been assigned to log structures, but

R may range from 2.8 (light steel frame) to 4.5 (masonry shear walls). The

most conservative estimate for R = 2.8. V is obtained by using these

values for 0v, Ca, I, 1, and R in equations 3 and 4. The base shear V = 2.06

W, and the upper bound is V = 0.393 W, and the upper bound for V controls

for this log structure.

The total seismic dead load is W, the sum of the wall and roof

weights. A Douglas-fir log that is 355 mm diameter and 15 percent

moisture content weighs 535 NIm. The dead load for a representative wall

that is nine logs high and 2.44 m long, plus the tributary roof dead load, is

21.7 kN. Using this dead load for W in equation 4, V 8.55 kN. The upper

bound V is divided by 1 .4 to convert from strength level to allowable stress

design, and with p = 1.5 in equation 2, E = 9.16 kN for a representative unit

wall length.

Detail ii, Detail ic, and Detail 2 tests, each a representative unit wall

length of 2.44 m, reached a lateral force of at least 44 kN, the actuator limit.

Dividing the test force by the design load gives a ratio of capacity to design

of at least 4.8 for each detail. Thus, each detail appears to be consistent

with the factor of safety for mechanical connections.
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CONCLUSIONS

Friction tests with sill log surfaces against plywood floor sheathing

revealed that a coefficient of friction of 0.4 was changed to .37 after four

fully reversed cycles representing 408 mm of total travel.

Three sill log-foundation test configurations: 1) Detail ii, 2) Detail ic,

and 3) Detail 2, showed factors of safety consistent with those for

mechanical connections. Although all three tests were terminated at 44 kN,

the associated displacements varied; these displacements were 35 mm for

Detail ii, 23 mm for Detail ic, and 14mm for Detail 2. The Detail lc test

showed that the addition of thru-rods changed the expected yield

mechanism to the rim board-sill plate toenail connection. The Detail 2 test

showed that the sill log resting on the sill plate results in less displacement

but can produce sill plate splitting.

Box-like hysteretic plots in all three connections showed sill log

friction was a source of energy dissipation. A cumulative energy

dissipation, at 40 cycles, of 10 kNmm was observed for both Detail 1 tests,

while energy dissipation for Detail 2 was 11.7 MNmm.
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ABSTRACT

Finite-element models were developed for a representative log shear

wall and a sill log-foundation assembly. The base shear wall model and sill

log-foundation model were patterned after reported tests of those

assemblies. The objective was to develop a set of finite-element models for

a parametric study of wall performance as affected by construction

variables. The models included connection behaviors and friction.

Characteristics for linear and nonlinear springs that represented slip,

friction, and bearing in the model were derived from test data. The force-

displacement behaviors of the base models were verified with existing log

wall and sill log-foundation test data. The force-displacement curves for the

base models showed an initial stiffness, slip, and post-slip stiffness. Thru-

rod tension and roof dead load were crucial to developing normal forces

that prevent inter-log slip. Thru-rod hole size and foundation details also

affected wall performance. Increased aspect ratio from 1:1 to 2:1 acted to

increase overall displacement more than any of the other study variables.

Window and door openings did not adversely affect wall performance

because extra thru-rod hardware attendant to these features compensated

for the lost log-log friction.

Keywords: timber, log structures, finite-element model, foundation,

shearwall, lateral force resistance.
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INTRODUCTION

The lateral force resisting mechanisms for shear walls must be

reflected in the finite-element modeling techniques. In light-frame wood

shear walls, modeling the nail connections is most important. Each nail is

modeled with one or more nonlinear spring elements in order to represent

nail shear, pull-through and withdrawal. This results in a large number of

elements. In contrast, a model for a log wall would have far fewer elements

because there are only a few mechanical connections.

The construction details of the two systems result in different force-

displacement behaviors. Light-frame wood shear walls exhibit initial linear

behavior leading to nonlinear behavior and finally a descending load-

displacement response. Log shear walls with thru-rods are expected to

exhibit initial linear behavior followed by slip and additional capacity, that is

an ascending load-displacement response, before failure. The construction

parameters that affect these behaviors can be investigated using the finite-

element method. Ultimately, engineering design of log structures can be

improved with knowledge from the finite-element investigation.

The objectives of this research were to construct a family of finite-

element models using ANSYS® 6.0 to explore the behavior of log shear

walls under lateral loading. The finite element-models are used in a

systematic parametric study of force displacement performance as affected

by foundation details, foundation anchorage, roof and wall dead loads, wall

aspect ratio, and wall perforations for windows and doors.
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TECHNICAL BACKGROUND

Log structures are constructed using round timbers that are stacked

vertically and have interlocking corners. Thru-rods extend from the top to

the bottom of the wall. Common construction practice places them 200 mm

to 300 mm from each end of the wall and with the same end distance

around each window and door opening. They are spaced 1830 mm on

center along the wall and pass through oversized holes. The holes are

oversized to facilitate a continuous thru-rod from plate log to the foundation

or to accommodate coupler nuts that connect sections of thru-rod that are

extended as the wall is built. An initial tension is placed in the rods to tie

the wall together and to develop friction between the logs. A common

method is to post-tension and maintain each thru-rod at 4450 N using

continuous take-up springs at the top of the wall.

Two common foundation conditions are used. In the first, the sill log

sits on the floor diaphragm and the anchor bolt extends from the foundation

through the floor diaphragm to the sill log. The second connects the sill log

directly to the sill plate with anchor bolts. A standard anchor bolt spacing of

1830 mm is used. In both details, tension in the anchor bolts is released as

the sill log shrinks. The nuts cannot be retightened due to inaccessibility.

Log and masonry structures are both primarily bearing wall systems,

where the walls support all or most of the gravity loads. Both are also

relatively heavy (large mass) when compared to other forms of

construction.
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Zhuge et al. (1998) developed a masonry finite-element model

and verified it by comparing it to experimental data obtained by Calvi and

Magenes (1991) and Zhuge et al. (1994). Wall aspect ratios varied from

.75 to 1.94. Comparisons were made of failure loads and force-

displacement behaviors. Model and test force-displacement curves showed

reasonably good agreement. Each curve exhibited linear behavior to just

before failure.

Gambarotta and Lagomarsino (1997a, 1997b) in two companion

papers developed various masonry finite-element models and verified them

by comparing them to experimental data obtained by Anthoine et al. (1995).

All models and tests were subjected to a constant vertical compression and

cyclic lateral loading. Wall aspect ratios were 1 .35 and 2. The hysteretic

curves were compared; linear behavior, with a decrease in stiffness before

failure, was generally observed.

Andreaus (1996) showed that masonry walls under shear loading

exhibit linear behavior to failure. Masonry wall failure is due to slipping of

mortar joints, cracking of clay bricks and splitting of mortar joints, and

middle plane spalling.

Gorman and Shrestha (2002) showed that log walls loaded in shear

also respond with an initially linear force-displacement response. However,

then the log wall slips between logs, the thru-rods engage in tension and

bending, and then additional capacity is revealed. Scott (2003) evaluated

log-log friction and three sill log-foundation connection tests were
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performed. The connection tests included one where the sill log rested

directly on the sill plate and one where it rested on the floor diaphragm. His

results with sill log details and connections paralleled the behaviors seen in

the wall tests by Gorman and Shrestha: an initial load-displacement

response, slip, and increasing capacity when the thru-rods are engaged.

BASE MODELS

Methods

Log Shear Wall Model. The model shown in Figure 26 represents a

log shear wall under lateral loading. The model consists of solid, beam,

nonlinear spring, and elastic spring elements. The log wall consists of eight

logs vertically stacked. The wall is 2438 x 2438 x 153 mm. Wall

dimensions, thru-rod placement, and boundary conditions closely match to

the log walls tested by Gorman and Shrestha (2002). Two thru-rods extend

from the top to the bottom of the wall, 203 mm from each end. The thru-

rods are connected to the top and bottom surface of each log using

nonlinear springs representing slack due to hole size and thru rod-wood

contact. The nodes at the tops of the thru-rods are coupled to nodes at the

top of the wall so they will have the same horizontal and vertical

displacements but they can rotate. The thru-rods are fixed at the bottom of

the model, which reflects thru-rod embedment in a concrete foundation.

One set of nonlinear springs representing friction and elastic springs for log-

log normal contact connect the nodes of adjacent logs at each log-log
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interface on each end of the wall. Nonlinear and elastic springs also

provide the translation boundary conditions at the base.

Element and material properties are given in Table 1. Extensive

element descriptions are given by ANSYS (2002). The logs are modeled as

rectangular bodies, 2440 x 305 x 153 mm, using structural solid, four-node,

plane-stress elements that are meshed into a grid 24 x 3 (not shown in Fig.

26). Elastic properties for the Douglas-fir logs are from FPL (1999). The

thru-rods are represented by beam elements of eight segments each. Each

thru-rod has a diameter of 16 mm and is 2440 mm long, and elastic

properties are for low carbon steel.

The two separate effects of the thru-rods being in oversized holes (d

= 25.4 mm) and bearing at the edges of the holes were combined into a

single nonlinear spring (Table 1). The initial portion of the force-

displacement response is due to the oversize hole, so the slope is nearly

zero (1 N/mm). The second part of the response is due to the thru-rod

bearing on the edges of the holes at the top and bottom of the log. Once

the thru-rod contacts the top of the hole, then the stiffness is based on

experimental data developed by Scott (2003).

The log-log friction is represented by nonlinear spring elements; this

force-displacement curve is shown in Table 1. The friction spring is based

on wood-wood friction tests (Scott 2003).



The log-log normal contact is represented by elastic spring

elements. The force-displacement behavior is a positively sloped line

constructed using elasticity data from the FPL (1999) and log geometry

(Scott 2003).

The log wall is loaded by equivalent point loads at four locations

along the top. These points are located 0, 610, 1220, and 2440 mm from

the left edge of the wall.

Oversized hole and
rod-log contact

Log-log friction

Log-log contact

Fixed Boundry
condition

* couple 2 nodes to have
the same translation

Log

Thru-rod

Y

x

Figure 26. - Log shear wall finite-element model representation that
incorporates foundation anchorage in the boundary condition; gaps
between logs are for graphical illustration but do not exist in the model.
Element characterization is given in Table 1.

Sill Log-Foundation Model. The model shown in Figure 27

represents the behavior of a sill log-foundation connection under lateral

loading. In this model, the sill log is on the floor diaphragm.
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Table 1. - Log shear wall finite-element model; element description,
function, element properties, and material properties.

a Strain: initial strain to create pretension.
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Two thru-rods extend from the top of the sill log to the bottom of the

floor diaphragm, 203 mm from each end. Two anchor bolts extend from the

top of the sill log to 305 mm below the bottom of the sill log, 203 mm from

each thru-rod. The floor sheathing is plywood. Dimensions, anchor bolt

Description
Function
ANSYS element

Element Properties Material Properties

Solid Thickness 152 mm Ex 13400 N/mm2

Log Ey 911 N/mm

PLANE42 Ez 911 N/mm

v, 0.292

v 0.39

v> 0.292

Gxy 858 N/mm

Gyz 94 N/mm

Gxz 858 N/mm

Beam Area 198 mm2 Ex 199900 N/mm2
Thru-rod lzz 3120 mm 0.3

BEAM3 Height 15.9 mm
Straina 0.00069

Linear spring k 555 kN/mm None
Log-to-log normal contact
COM BIN 14

Nonlinear spring Disp. (mm) Force (N) None

Oversized hole and -30 -30000
rod-to-log bearing -4.8 -4.5
COMBIN39

4.8 4.5
30 30000

Nonlinear spring Disp. (mm) Force (N)
I

None
Log-to-log friction -30 -1780
COMBIN39 -0.1 -1779

0 0

0.1 1779
A

30 1780
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placement, and boundary conditions match closely to the sill log-

foundation connection tests reported by Scott (2003).

Element constants and material property data are given in Table 2.

The sill log-floor sheathing friction is represented by a nonlinear spring that

incorporated two behaviors - pre and post slip, as described for the base

wall model. One spring is placed at each end of the sill log.

The anchor bolts and thru-rods are beam elements with elastic

properties for low carbon steel. Nodes at the tops of the anchor bolts and

the thru-rods and the bottoms of the thru-rods are coupled to nodes at the

top and bottom of the sill log so that they have the same vertical translation

as the sill log. The bottoms of the anchor bolts are fixed boundary

conditions, i.e., no translation or rotation, to represent concrete embedment.

Nodes on the anchor bolts and thru-rods are connected to nodes on

dimensionless nonlinear springs at the top and bottom surfaces of the sill

log to incorporate hole size and thru rod-log bearing during horizontal

translation. Data for the thru rod-log bearing are from Scott (2003). At the

level of the floor sheathing, another nonlinear spring is incorporated for the

purpose of representing the two effects of the oversize anchor bolt hole and

the anchor bolt bearing on the plywood sheathing. In this case, one node of

the spring is fixed in space while the other is connected to a node on the

anchor bolt beam element. Data from these springs came from assembly

testing reported by Scott (2003).
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Sill
Thru-rod

Anchor bolt

Couple 2 nodes to have
the same vertical translation
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The sill log is loaded horizontally at four points along the top.

These points are located 0, 610, 1220, and 2440 mm from the left edge of

the wall.

Oversized hole and rod
and bolt-floor contact

Oversized hole and rod
and bolt-log contact

Log-floor friction

Log-floor contact

Fixed Boundry
condition

Figure 27. - Sill log-foundation model representation that incorporates
foundation anchorage in the boundary condition. Element characterization
is given in Table 2.

Results

Gorman and Shrestha (2002) tested two log shear walls using the

sequential phased displacement test method. The walls were made of

manufactured logs and were 3440 mm long and 2515 mm high. Thru-rods,

15.9 mm diameter steel, were placed in 25.4 mm holes 203 mm from each

end of the wall. The thru-rods were 914 mm sections connected with

coupler nuts. Bolts and washers were placed on the thru-rods every 3 to 4



logs to close any inter log gaps. The bottoms of the thru-rods were fixed

to the structural floor. At the plate log, springs were installed on the thru-

rods that produced 4450 N of initial tension. The test load was applied

along the plate log.

Table 2. - Sill log-foundation element data.
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Gxy

Gyz

Gxz

858 N/mmL

94 N/mm2

858 N/mm2

Beam Area 198 mm2 Ex 199900 N/mm:

Thru-rod and anchor bolt lzz 3120 mm v 0.3

BEAM3 Height 15.9 mm
Linear spring k 555 kN/mm None
Log-floor contact
COM BIN 14
Nonlinear spring Disp. (mm) Force (N) None
Oversized hole and
rod and bolt-log contact

-30
-3.2

-30000
-4.5

U-

COMBIN39 0 0

3.2 4.5
A

30 30000
Nonlinear spring Disp. (mm) Force (N) None
Log-floor friction -30 -5338
COMBIN39 -0.1 -5337

U-

0 0

0.1 5337
A

30 5338
Nonlinear spring Disp. (mm) Force (N) None
Oversized hole and
rod and bolt-floor contact

-18.9
-3.2

-16681
-4.5

LI

COMBIN39 0 0

3.2 4.5 A
18.9 -16681

Description
Function
ANSYS Element

Element Properties Material Properties

Solid Thickness 152 mm Ex 13400 N/mm2

Sill log Ey 911 N/mm2

PLAN E42 Ez 911 N/mm2
v, 0.292

0.39

v< 0.292
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0
0
U-

3

slip
displacement

Displacement

Figure 28. - Basic force-displacement curve.

Table 3. - The four curve values for the base models.

slip force

c

post-slip
slope
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The log shear wall and sill log-foundation model results have

similarly shaped force-displacement curves. Each curve has three main

sections (Fig. 28). The first section, oa, represents the system stiffness

before the friction is overcome. At point a, friction is overcome so that path

ab represents sliding displacement, which is limited by thru-rod and anchor

bolt oversized hole slack. This section has a slope that is close to zero.

The third section, bc, represents the system stiffness after the slack is taken

up and the thru-rods and anchor bolts are engaged. The four curve

parameters for each model are summarized in Table 3.

Model Initial slope Slip force Slip distance Post-slip slope
(N/mm) (N) (mm) (N/mm)

Log shear
wall

2755 3500 64 174

Sill log-
foundation

66900 10700 6.3 2175

initial
slope
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The base wall model was designed for comparison to the log wall

test data of Gorman and Shrestha (2002). The model and experimental

data are shown in Figure 29, and the deformed shape is shown in Figure

30. The sill log-foundation model was compared to the sill log-foundation

connection test by Scott (2003), as shown in Figure 31.

The log shear wall model curve matches closely with the two test

curves (Fig. 29) except in the amount of slip displacement and slip force.

The presence of coupler nuts connecting the rods and nuts and washers at

multiple sites reduced the slip displacement in the two test walls. These

features were not incorporated into the model so the differences in slip

displacement between each test wall and the model are 19 mm and 25 mm.

The second test curve also had a higher slip force (4500 N) than the model

curve (3500 N). Coefficient of friction values for both wall tests (0.39 and

0.51) were within the 95 percent confidence interval for the coefficient of

friction (0.25 to 0.56) as determined by Scott (2003). When the model

curve was adjusted so that the differences were zero in slip displacement

and slip force between the model and the test curves, the model and test

curves matched (Fig 29).

The sill log-foundation model results are compared to data from

Scott (2003) in Figure 31. It was decided that the finite-element model

provided a reasonable estimate of the physical response.
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Figure 29. - Comparison of log shear wa//test data from Gorman and
Shrestha (2002) and shear wall finite-element model 1.

Model 1 adj for slip dist. and slip force

Figure 30. - Log shear wall deformed shape.

PARAMETRIC STUDIES

In order to assess the influence of variations in properties and

construction variables on force-displacement performance, the base log

shear wall model was modified. Modifications included changes in

coefficient of friction, foundation conditions, window and door openings,



aspect ratio, and thru-rod hole size. This involved 23 modifications of the

base shear model. The basic features of each finite-element model are

given in Table 4. Models I to 8 address effects of slip force on wall

displacement. Models 9 to 23 are focused on changes wall attributes.

50000

45000 -

40000

35000

30000

25000

L 20000

15000

10000

5000 -

Test data backbone curve

Finite-element rndel

0 5 10 15 20 25
Displacement (mm)

Figure 31. - Sill log-foundation, comparison of finite-element model results
to test data backbone curve from Scott (2003).

Methods

Slip Force. Model 1 is the base log shear wall finite-element model,

while models 2 to 8 have different levels of slip force. The slip force is

determined by the roof load, log-log coefficient of friction, and thru-rod

tension (Table 4). The roof load (0 or 10 kN) reflects either the presence of

a roof or no roof, which is the case in laboratory testing. The coefficients of

friction, 0.25 and 0.56, are two standard deviations in each direction from

the mean 0.4 as reported by Scott (2003). Typical thru-rod tension at

installation is 4.45 kN, and the values 2.22 kN and 6.67 kN are arbitrarily
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selected to represent under tightened and over tightened thru-rods.

Different combinations of these three variables result in different friction slip

forces and are explored as models 1 to 8 as described in Table 4. The slip

force is calculated as = 1u (DR + 2T) where = coefficient of friction,

DR = roof load (N), and T = thru-rod pretension (N).

Model 1 is intended to represent the test wall conditions of Gorman

and Shrestha (2002). It consists of a log-log coefficient of friction of 0.4,

thru-rod tension of 4450 N, and no roof load, resulting in a total spring slip

force of 3560 N. Model 2 produces the greatest slip force that relies on a

coefficient of friction of 0.56, a thru-rod tension of 6670 N, and a roof load of

10,000 N leading to create a slip force of 13,070 N. Model 3 uses a

coefficient of friction of 0.25, no thru-rod tension, and no roof load, which

results in a total spring slip force of 0 N. Models 4 and 5 represent a

variation in thru-rod tension. Models 6 and 7 represent a variation in log-log

coefficient of friction. Model 8 represents the expected actual wall

conditions by incorporating a roof load (10 kN), typical thru-rod tension

(4.45 kN), and a mean coefficient of friction of 0.4.

Log Wall Model Attributes. It is hypothesized that the wall initial

stiffness, slip force, slip displacement, and post-slip stiffness are affected by

the foundation conditions, aspect ratio, presence of a window or door, and

thru-rod hole size.



Table 4. - Features of the log wall finite-element models.

Model Roof Thru-rod t Spring Slip

Load Tension Force

(kN) (kN) (kN)

1 0 4.45 0.4 3.56

2 10 6.67 0.56 13.1

3 0 0 0.25 0

4 0 2.22 0.4 1.78

5 0 6.67 0.4 5.34

6 0 4.45 0.25 2.22

7 0 4.45 0.56 4.98

8 10 4.45 0.4 7.56

9 Model 2 with floor diaphragm and anchor bolts
10 Model 3 with floor diaphragm and anchor bolts

11 Model 8 with floor diaphragm and anchor bolts

12 Model 2 with a 2:1 aspect ratio
13 Model 3 with a 2:1 aspect ratio
14 Model 8 with a 2:1 aspect ratio

15 Model 2 with a 610 x 914 mm window

16 Model 3 with a 610 x 914 mm window
17 Model 8 with a 610 x 914 mm window
18 Model 2 with a 1015 x 2135mm door
19 Model 3 with a 1015 x 2135mm door
20 Model 8 with a 1015 x 2135 mm door

21 Model 2 with a 3.2 mm thru-rod hole size

22 Model 3 with a 3.2 mm thru-rod hole size

23 Model 8 with a 3.2 mm thru-rod hole size
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Models 9, 10, and 11 combine the sill log-foundation and log wall models.

The sill log in the base log wall model is replaced by the sill log-foundation

model; this takes into account the effect of the anchor bolts and floor

diaphragm. Models 12, 13, and 14 address aspect ratio by using sixteen

logs instead of eight, the wall is 4876 x 2438 x 153 mm. Models 15, 16,

and 17 include a window (Fig. 32) with two additional thru-rods, the window

is 610 x 914 mm. It is located 914mm from each end and the bottom of the
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wall. An additional thru-rod is located 203 mm from both sides of the

window. Models 18, 19, and 20 include a door (Fig. 33) with two additional

thru-rods. The door is 1015 x 2135 mm, and it is located 711 mm from

each end of the wall. An additional thru-rod is located 203 mm from both

sides of the door. Models 20, 21, and 23 have different thru-rod hole sizes.

The oversized hole sizes for the nonlinear springs are changed from 4.8

mm to 3.2 mm.

Results

The force-displacement response of each model is described by four

values, initial slope, slip force, slip displacement, and post-slip slope.

These features are shown Figure 28 and numerical values are given in

Table 5. Models 2 through 8 explore the effect of the slip force, and each

one is compared to model I in Table 6. The other five wall attributes are

investigated as models 9 through 23. Each set of three models (e.g. 9, 10,

11 or 18, 19, 20) is based on models 2, 3 and 8, so the descriptive results

for each set are compared to those of models 2, 3, and 8 to asses the effect

of the specific wall attribute, and these comparisons are made in Table 7.

Effect of Slip Force. The curves (Fig. 34) for models 1-8

demonstrate the effect of different slip forces. Model 1, representing test

wall conditions, has a slip force of 3500 N. In models 4 and 5, by varying

only the initial thru-rod tension by 50 percent, the slip force varies by

about the same amount. In models 6 and 7, the coefficient of friction was
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Log-log contact
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Figure 32. - Wall with a window model.
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Figure 33. - Wall with a door model.
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Table 6. - The difference in slip force between Model I and each Model 2-
8. Percent changes are shown parenthetically.

Model Difference in
slip force

(N)
2 9600 (274)
3 -3500 (-100)
4 -1800 (-51)
5 1800 (51)
6 -1300 (-37)
7 1500 (43)
8 4100 (117)
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varied as 0.4 ± 0.15, and the slip force changed by about 40 percent. Model

8, with an added roof load, represents actual wall conditions. The roof load

increases the slip force by 117 percent. Models 2 and 3 represent the

Table 5. - The descriptive results for Models 1 to 23.

Model Initial slope Slip force Slip displacement Post-slip slope
(N/mm) (N) (mm) (N/mm)

1 2755 3500 64 174
2 5040 13100 64 174
3 0 0 64 174
4 1715 1700 64 174
5 3465 5300 64 174
6 1980 2200 64 174
7 3464 5000 64 174
8 4110 7600 64 174
9 5040 13100 68 174
10 0 0 68 174
11 4110 7600 68 174
12 535 13100 139 68
13 0 0 139 68
14 535 7600 139 68
15 5040 20600 55 340

16 0 0 55 340
17 4110 11000 55 340
18 2480 20000 62 307

19 0 0 62 307
20 2480 11000 62 307
21 5040 13100 44 174
22 0 0 44 174
23 4110 7600 44 174
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Table 7. - The difference in the four wall descriptive results from Models
2, 3, and 8. Models 9, 12, 15, 18, and 21 are compared to Model 2.
Models 10, 13, 16, 18, and 22 are compared to Model 3. Models 11, 14, 17,
20, and 23 are compared to Model 8. Percent changes are shown
parenthetically.

25000

20000 -

15000

t iocoo

5000

4
7

1 6- 5

0 20 40 60 80 100 120

Displacement (mm)

Figure 34. - Effect of slip force from models 2-8, as described in Table 4,
are compared to model 1. Models 2, 4, 7, and 8 have parameters that
increase the slip force, while models 3, 5, and 6 have parameters that
decrease it.

Model Difference in
initial stiffness

Difference in
slip force

Difference in
slip displacement

Difference in
post-slip stiffness

9

10

11

(N/rn m)
0

0
0

(N)
0

0

0

(mm)
4(6.3)
4(6.3)
4(6.3)

(N/rn rn)
0

0

0

12 -4505 (-89) 0 75(117) -106 (-61)
13 0 0 75 (117) -106 (-61)
14 -3575 (-87) 0 75 (117) -106 (-61)
15 0 7500 (57) -9 (-14) 166 (95)
16 0 0 -9 (-14) 166 (95)
17 0 3400 (45) -9 (-14) 166 (95)
18 -2560 (-51) 6900 (53) -2 (-3.1) 133 (76)
19 0 0 -2 (-3.1) 133 (76)
20 -1630 (-40) 3400 (45) -2 (-3.1) 133 (76)
21 0 0 -20 (-31) 0

22 0 0 -20 (-31) 0

23 0 0 -20 (-31) 0
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combinations of rod tension, coefficient of friction, and roof load that

result in the highest and lowest slip forces. The highest slip force is 274

percent greater than in model 1 and the lowest combination produced a wall

with no resistance until the thru-rods engaged.

Effect of Wall Attributes. The force-displacement curves for the

models with different base conditions (models 9, 10 and 11) are shown in

Fig. 35. The curves have different slip displacements. The displacement of

the foundation connection is added to the wall displacement. This has an

overall effect of increasing the slip displacement by 6.3 percent.

The curves for the models with a 2:1 aspect ratio are shown in Fig.

36. The curves have different initial slopes, post-slip slopes, and slip

displacements. The increased height of the wall reduces the stiffness of the

wall. The initial stiffness is decreased by about 88 percent, while the post-

slip stiffness is decreased by 61 percent. The increased number of logs

allows for more slip displacement at the top of the wall. The slip

displacement is increased by 117 percent even though the slip force is the

same.

The curves for the models with a window (models 15, 16, and 17)

are shown in Fig. 37. The curves have different post-slip slopes and slip

displacements. While the window acts to make the wail less stiff, the

presence of the two additional thru-rods acts to stiffen it. The net result is

an increase in post-slip wall stiffness by 95 percent (Table 7). The two
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additional thru-rods also increase the normal force, increasing the friction

resistance and therefore slip force. The differences in slip force increase as

friction resistance increases. For trials 15 and 17, the slip force is

increased by 57 and 45 percent, respectively. The slip displacement

decreases by about 14 percent.

The curves for the models with a door (models 18, 19, and 20) are

shown in Fig. 38. The curves have different initial slopes, post-slip slopes,

and slip displacements (Table 7). Similar to the window, the door acts to

make the wall less stiff while the presence of two additional thru-rods acts

to stiffen it. This results in a decrease in initial stiffness and an increase in

post-slip stiffness. The post-slip stiffness is increased by 76 percent. Also

similar to the window, the differences in slip force increase as friction

resistance increases. For models 18 and 20, the slip force is increased by

53 and 45 percent, respectively.

The curves for the models with different thru-rod hole sizes (models

21, 22, and 23) are shown in Fig. 39. The curves have different slip

displacements (Table 7). Each thru-rod hole diameter is decreased by 13

percent. This has an overall effect of decreasing the slip displacement by

31 percent.

CONCLUSIONS

Inter-log friction was a function of initial thru-rod tension and the

coefficient of friction. Variations in thru-rod tension and coefficient of friction
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Figure 35. - Models 9, 10, and 11 include a floor diaphragm and anchor
bolts and are compared to Models 2, 3, and 8, as described in Table 4.
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Figure 36. - Models 12, 13, and 14 have a 2:1 wall aspect ratio and are
compared to Models 2, 3, and 8, as described in Table 4.
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Figure 38. - Models 18, 19, and 20 include a 1015 x 2135 mm door and are
compared to Models 2, 3, and 8, as described in Table 4.
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Figure 37. - Models 15, 16, and 17 include a 610 x 914 mm window and are
compared to Models 2, 3, and 8, as described in Table 4.
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Figure 39. - Models 21, 22, and 23 have a 3.2 mm (decreased) thru-rod
hole size and are compared to Models 2, 3, and 8, as described in Table 4.

produced proportional changes in slip force. The additional of roof dead

load increased the wall slip force by 117 percent.

It was shown that thru-rod hole size and foundation details affected

the overall wall displacement. A decrease in thru-rod hole diameter of 13

percent acted to reduce the overall wall displacement by 31 percent. A

change from a foundation detail where the sill-log sits directly on the sill

plate to a foundation detail where the sill log sits on the floor diaphragm

acted to increase the overall displacement by 6 percent.

It is shown that window and door construction that includes two

additional thru-rods acted to increase post-slip wall stiffness and decrease

overall wall displacement. While the wall openings act to make the wall

less stiff, the presence of the two additional thru-rods stiffened it. The post-

91
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slip stiffness of a wall with a window was increased by 95 percent while

the post-slip stiffness of a wall with a door was increased by 76 percent.

It was shown that changing the wall aspect ratio from 1:1 to 2:1

decreased the post-slip wall stiffness and increased the overall wall

displacement more than any other attribute. The post-slip stiffness was

reduced by 61 percent and the overall deflection was increased by 117

percent. It appears that a three-dimensional finite-element model would be

a valuable tool to assess the effects of the roof assembly and the corner

connections
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CONCLUSION

This research investigated various components of lateral force

resisting pathways of log structures. Friction, anchor bolt, thru-rod, and log

shear wall attributes were explored. Friction tests showed the coefficient of

friction for sill log-plywood floor sheathing to be 0.4; an eight percent drop in

the coefficient of friction was observed after four fully reversed cycles.

Detaill i, Detail 1 c, and Detail 2 have factors of safety consistent with those

for mechanical connections. However, Detail 2 is recommended, as it

results in the least displacement (14 mm) and higher energy dissipation

(11 .7 MNmm). Friction was found to play an important role in energy

dissipation at the base and in displacement of the wall. The coefficient of

friction and initial thru-rod tension were shown to contribute to the friction

resistance between wall logs and act to enhance the wall slip force. The

smallest possible oversized thru-rod hole size is recommended, as a small

reduction in thru-rod hole size (13 percent) can decrease the overall

displacement of the wall (31 percent). The foundation details evaluated

here have little affect on overall wall displacement (6 percent). Additional

thru-rods were shown to be beneficial to walls with windows and doors.

This research did not address lateral loading effects on all inter-log

hardware, three-dimensional systems, or shear walls with high aspect

ratios. Displacement and capacity of log shear walls with inter-log

hardware, such as lag screws, was not investigated. The force transfer

behavior of interlocking corner connections in a three-dimensional box-like
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structure was not assessed. High shear wall aspect ratios, such as those

existing between two wall perforations, were not explored.
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For seismic design the UBC (1997) requires design for an

earthquake load (E) given by:

E p Eh + E

E is the load effect of vertical ground motion and is zero for allowable

stress design. Eh is load due to base shear. The redundancy factor (p) is

given by:

p=2
6.1

[2]
rmax

rmax is the maximum element-story shear ratio. For shear walls rmax is equal

to the wall shear multiplied by 3.05Il and divided by total story shear,

where l equals the length of the wall in meters. AB is the average floor

area. p has an upper bound of 1 .5.

For an assumed 9.14 x 18.3 m structure, AB = 167 m2. For a single

story structure and a 2.44-m shear wall loaded with half of the total story

shear, rmax = (3.05Il)I2 = 0.625. Using these values in equation 2, p =

1.25. However, if the upper bound p = 1.5 is used then a more

conservative value is reached, and it is not restricted by assumptions of

area and shear distribution.

The UBC (ICBO 1997) base shear (V), at strength level, is:

v=cvlw [3]
RT

The UBC also defines an upper bound as:

104

[1]



2.5 Ca I w
R

In equations 3 and 4, Cs,, and Ca are seismic (response spectrum)

coefficients. Assuming a soil profile type of SD and a site in seismic zone 4

where the closest distance to a known seismic source is greater than 15

km, C = .64 and Ca = .44 (UBC Tables 16-R and 16-0). The seismic

importance factor is represented by I. Most log structures are homes or

standard occupancy structures, where I = 1 .00 (UBC Table 16-K). In

equation 3, T is the fundamental period of vibration that is calculated

following UBC equation 30-8. For a log structure with an assumed height of

3 m, T = .111 seconds. The response (modification) factor (R) depends on

the structural system. A specific R-value has not been assigned to log

structures, but R may be as low as 2.8 (light steel frame). This is the most

conservative estimate for R. Using these values for Cv, Ca, I, T, and R in

equations 3 and 4, the base shear V = 2.06 W, and the upper bound is V =

0.393 W. The upper bound for V controls for this log structure.

The total seismic dead load is W. A Douglas-fir log that is 355 mm

diameter and 15 percent moisture content weighs .535 kNIm. The dead

load for a wall that is nine logs high and 2.44 m long plus the roof tributary

dead load is 21.7 kN. Using this dead load for W in equation 4, V 8.55

kN. V is divided by 1.4 to convert from strength level to ASD. With a p of

1.5 in equation 1, E = 9.16 kN.

105

[4]



APPENDIX B: Detail 1 Friction Test

106



I. li1Il
lI'tliIiIi

1i1411111

Ii
ttjl

t
IjI

-
ii It!!i1I!i'i' -

- -
J

;

/IIJIIiflhp

W
i///Illjiii1iL

..$
ft j!

t

3

".4,

Figure 1. - Test setup showing loading apparatus and test specimen.

Figure 2. - Test setup showing contact between the plywood and
representative sill log surfaces.
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Figure 4. - Coefficient of friction test 1.
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Figure 6. - Coefficient of friction test 3.
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Figure 7. - Coefficient of friction test 4.
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Displacement (mm)

Figure 8. - Coefficient of friction test 5.
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Figure 9. - Coefficient of friction test 6.
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Figure 10. - Coefficient of friction test 7.
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Figure 11. - Coefficient of friction test 8.
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Figure 12. - Coefficient of friction test 9.
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Figure 13. - Coefficient of friction test 10.
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Figure 14. - Coefficient of friction test 11.
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Figure 15. - Coefficient of friction test 12.
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Figure 16. - Coefficient of friction test 13.
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Figure 17. - Coefficient of friction test 14.
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Table 1. - Plywood specimen moisture contents.

Table 2. - Sawn specimen moisture contents.
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Specimen
(plywood)

Initial Weight
(lb.)

0.0. Weight
(lb.)

M.C.
(0.D. Method) end 1

M.C.
middle

(moisture meter)
end 2 average

Difference
(%)

1 0.471 0.443 6.32 7.40 9.40 7.90 8.23 30.3
2 0.462 0.434 6.45 8.60 8.90 7.90 8.47 31.2
3 0.45 0.423 6.38 8.60 7.80 6.50 7.63 19.6
4 0.41 0.38 7.89 10.3 10.9 10.0 10.4 31.7
5 0.458 0.431 6.26 7.20 8.40 7.80 7.80 24.5
6 0.441 0.412 7.04 10.3 10.5 9.50 10.1 43.5
7 0.44 0.41 7.32 8.50 11.1 9.60 9.73 33.0
8 0.428 0.398 7.54 11.4 11.9 10.0 11.1 47.3
9 0.442 0.415 6.51 8.70 8.30 8.40 8.47 30.1

10 0.473 0.441 7.26 10.6 11.3 8.70 10.2 40.6
11 0.433 0.403 7.44 10.6 9.10 10.6 10.1 35.7
12 0.458 0.429 6.76 7.30 8.90 9.50 8.57 26.7
13 0.471 0.441 6.80 9.40 9.20 9.90 9.50 39.7
14 0.479 0,448 6.92 10.5 8.30 10.2 9.67 39.7

Average 0.451 0.422 6.92 9.24 9.57 9.04 9.28 33.8

Specimen
(sawn)

Initial Weight
(lb.)

0.0. Weight
(lb.)

M.C.
(0.0. Method) end 1

M.C.
middle

(moisture meter)
end 2 average

Difference
(%)

1 0.204 0.179 14.0 13.5 13.4 13.5 13.5 4.1

2 0.165 0.145 13.8 13.1 14.0 13.9 13.7 1.5

3 0.178 0.156 14.1 13.3 14.4 14.0 13.9 2.1

4 0.242 0.214 13.1 12.2 12.4 13.1 12.6 5.2
5 0.214 0.188 13.8 14.0 13.5 14.0 13.8 2.4
6 0.176 0.155 13.5 14.6 14.4 14.0 14.3 6.3
7 0.179 0.157 14.0 13.0 13.1 13.0 13.0 6.5
8 0.207 0.182 13.7 14.5 14.9 14.8 14.7 8.5
9 0.189 0.164 15.2 13.4 13.3 13.0 13.2 12.8

10 0.181 0.159 13.8 13.5 13.2 13.8 13.5 4.6
11 0.187 0.165 13.3 13.4 13.5 13.1 13.3 1.3
12 0.213 0.187 13.9 14.3 14.7 14.2 14.4 5.7
13 0.211 0.186 13.4 13.2 13.3 13.0 13.2 1.0
14 0.209 0.183 14.2 13.4 13.3 13.7 13.5 6.4

Average 0.197 0.173 13.9 13.5 13.7 13.7 13.6 4.9



APPENDIX C: Detail ii Static Test
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Figure 18. - Test setup showing floor diaphragm, sill log, and loading
actuators.

Figure 19. - Displacements were measured in four positions; from top to
bottom - (1) displacement of anchor bolt tip relative to sill log, (2)
displacement of sill log relative to ground, (3) displacement of rim board
relative to ground, (4) displacement of sill plate relative to ground (bottom
background).
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Figure 21. - Anchor bolt bearing damage in sill log.
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Figure 20. - Plywood and anchor bolt damage at end of static test showing
embedment damage to plywood and plastic hinge in bolt at plywood-sill log
interface.



Figure 22. - Anchor bolt damage visible after removing the sill log, a simple
plastic hinge at the plywood-sill log interface.

Figure 23. - Lateral nail distress in the rim board-sill plate connection.
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Figure 24. - Force-displacement curves for the Detail ii static test where
displacements are relative to ground except "top of anchor bolt", which is
relative to the sill log. "Anchor bolt under the plywood" is the displacement
of the anchor bolt immediately below the plywood sheathing.
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APPENDIX D: Detail ii Quasi-Static Tests
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Figure 25. - Test setup showing the Detail 1/test specimen and the loading
apparatus.

Figure 26. - Displacement measurement of the anchor bolt below the
plywood sheathing for Detail ii. The measurement was relative to sill plate.
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Figure 27. - Instrumentation to measure sill plate displacement relative to
ground.

anchor bolt relative to sill log, (2) sill log relative to ground, (3) rim board
relative to ground. The horizontal strut provided position stability to the
force distribution I-beam.
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Figure 28. - Displacement instrumentation from top to bottom: (1) top of
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Figure 29. - Anchor bolt damage observed after the quasi-static test.

Figure 30. - Offset sill log after the quasi-static test and actuator was
uncoupled indicates probable unrecoverable damage.
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Figure 31. - Offset between rim board and si//plate after the test.

Figure 32. - Embedment damage in the plywood resulting from anchor bolt
bearing, the damage pattern is symmetric.
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Figure 33. - Force-displacement hysteresis diagram for the top of the
anchor bolt relative to the sill log. See Fig. 30.
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Figure 34. - Force-displacement hysteresis diagram for the rim board
relative to the ground. See Fig. 30.
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Figure 35. - Force-displacement hysteresis diagram for the anchor bolt
below the plywood sheathing relative to the sill plate.
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Figure 36. - Force-displacement hysteresis diagram for the sill plate relative
to the ground. See Fig. 30
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APPENDIX E: Detail ic Quasi-Static Tests
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Figure 37. - Top view of sill log showing anchor bolt (left) and thru-rod
(right).

Figure 38. - Embedment damage to anchor bolt and thru-rod holes in
bottom of sill log after the Detail 1 c test.
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Figure 39. - Post event inspection revealed embedment damage to
plywood due to anchor bolt bearing.

Figure 40. - Lateral nail distress to toenails between rim board and sill
plate.
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Displacement (mm)

Figure 41. - Force-displacement hysteresis diagram for the top of the
anchor bolt relative to the sill log.

Displacement (mm)

Figure 42. - Force-displacement hysteresis diagram for the rim board
relative to ground.
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Figure 43. - Force-displacement hysteresis diagram for the anchor bolt
immediately below the plywood floor sheathing relative to the sill plate.
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Figure 44. - Force-displacement hysteresis diagram for the sill plate relative
to ground.
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APPENDIX F: Detail 2 Quasi-Static Tests
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Figure 45. - Test setup for Detail 2 test showing sill log on sill plate and
loading actuators.

Figure 46. - Displacement instrumentation: (top) top of anchor bolt relative
to sill log; (bottom) sill log relative to ground. Not shown is the sill plate-
ground LVDT.
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Figure 47. - Split anchor bolt as a result of anchor bolt bearing.

Figure 48. - Post test inspection revealed embedment damage to the
log as a result of anchor bolt bearing.
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Figure 50. - Force-displacement hysteresis diagram for the sill plate relative
to ground for Detail 2.
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Figure 51. - Force-displacement hysteresis diagram for the sill log to ground
for Detail 2.
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APPENDIX G: Quasi-Static Test Hysteretic Characteristics
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Table 3. Detail ii test.
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Loop #

(+)

Peak Displacement
(mm)

(-)

Peak

(+)

(N)
Load

(-)

Loop
Energy
(N-mm)

1 0.4 -0.6 7398 -12226 7226
2 0.4 -0.5 9448 -10988 5699
3 0.4 -0.5 9603 -10977 5601
4 0.4 -0.5 9650 -11167 5531
5 0.4 -0.6 9688 -11361 5510
6 0.4 -0.5 9787 -11525 5510
7 0.8 -1.0 12344 -13217 20134
8 0.6 -0.7 11184 -12359 11648
9 0.6 -0.7 10864 -12253 12036
10 0.6 -0.7 10997 -11934 11243
11 0.6 -0.7 10985 -11869 11605
12 0.6 -0.7 10742 -11988 11385
13 0.6 -0.7 10784 -11945 11523
14 1.9 -2.0 12121 -13101 70099
15 1.4 -1.5 11225 -12741 46033
16 1.4 -1.5 11225 -12448 46160
17 1.3 -1.5 11072 -12578 44348
18 1.3 -1.5 11347 -12701 45649
19 1.3 -1.5 11197 -12657 46052
20 1.3 -1.5 11256 -12934 43812
21 4.0 -4.2 11730 -12955 166341
22 3.0 -3.1 10998 -12649 115428
23 2.9 -3.2 11046 -12892 114219
24 2.9 -3.2 11127 -12630 113259
25 6.1 -6.4 12451 -12752 253149
26 4.5 -4.8 10918 -12637 181001
27 4.5 -4.9 10859 -12993 181372
28 4.5 -4.8 10834 -12690 180115
29 8.1 -8.6 16048 -12729 338183
30 6.1 -6.4 10892 -12918 242609
31 6.1 -6.4 10891 -12705 244835
32 13.8 -14.7 27230 -24550 637709
33 10.8 -11.3 15418 -12311 425822
34 10.8 -11.3 15323 -12246 423831
35 20.2 -20.6 33951 -33922 1030267
36 15.1 -16.0 23567 -15733 591524
37 15.1 -16.0 23491 -16036 578631
38 30.2 -31.1 40441 -39191 1834035
39 23.1 -23.9 25845 -16556 943426
40 23.1 -23.8 25560 -18439 926574
41 37.0 -40.6 43269 -44481 2393730
42 30.9 -31.8 28758 -19537 1380162
43 30.8 -31.9 28754 -19757 1359219



Table 4. - Detail Ic test.
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Loop #

(+)

Peak Displacement
(mm)

(-)

Peak

(+)

(N)
Load

(-)

Loop
Energy
(N-mm)

1 0.6 -0.3 4915 -14449 9280
2 0.7 -0.2 12865 -14850 9666
3 0.7 -0.2 12984 -15148 9347
4 0.7 -0.2 13033 -15427 8950
5 0.7 -0.2 13083 -15653 8862
6 0.7 -0.2 13111 -15750 8263
7 0.7 -0.7 13199 -16580 20230
8 0.3 -0.4 13755 -12750 7241
9 0.3 -0.4 13888 -12808 6551
10 0.3 -0.4 13836 -12850 6264
11 0.3 -0.4 13731 -12965 6249
12 0.3 -0.4 13552 -13039 6169
13 0.3 -0.4 13470 -12993 6174
14 1.1 -1.2 14326 -14922 46820
15 0.7 -0.7 13385 -14888 20887
16 0.7 -0.7 14118 -14584 22975
17 0.7 -0.7 14201 -14852 21576
18 0.7 -0.7 13913 -14593 22784
19 0.7 -0.7 14008 -14788 21361
20 0.6 -0.7 14002 -15428 22797
21 3.0 -3.0 13941 -14245 140161
22 2.1 -2.1 13350 -14584 93343
23 2.1 -2.1 13264 -14585 90980
24 2.1 -2.1 13398 -14279 90573
25 4.9 -5.0 14104 -14850 230057
26 3.5 -3.6 13299 -14169 160899
27 3.5 -3.5 13128 -14425 156132
28 3.5 -3.5 13479 -14471 160568
29 6.8 -6.8 14877 -15160 326480
30 4.9 -5.0 13603 -14647 226601
31 4.9 -5.0 14153 -14603 220702
32 12.4 -12.1 28072 -26783 649173
33 9.3 -9.1 16601 -15782 427100
34 9.3 -9.1 16870 -15841 424835
35 18.3 -17.1 35042 -40206 1092898
36 14.2 -12.5 28020 -24585 681215
37 14.1 -12.5 28019 -24833 643377
38 26.4 -23.5 44482 -44481 1697971
39 21.2 -19.6 34081 -34503 1165208
40 21.2 -19.5 34182 -35276 1141779



Table 5. - Detail 2 test.
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Loop #

(+)

Peak Displacement
(mm)

(-)

Peak

(+)

(N)
Load

(-)

Loop
Energy
(N-mm)

1 0.62 -0.47 13865 -17634 24763
2 0.79 -0.45 13998 -17593 29328
3 0.78 -0.44 14525 -17756 28755
4 0.78 -0.45 14302 -17919 28438
5 0.77 -0.43 14755 -17938 28191
6 0.75 -0.47 14937 -17900 30512
7 1.26 -0.84 15434 -19366 55855
8 1.07 -0.59 14660 -16480 40369
9 1.04 -0.56 15103 -16472 39015
10 0.94 -0.56 14783 -15476 37357
11 0.99 -0.56 14758 -16575 37342
12 0.97 -0.59 15122 -16719 37432
13 0.94 -0.55 14908 -16605 37337
14 1.62 -1.09 16941 -20960 75164
15 1.48 -0.83 15814 -17433 56068
16 1.33 -0.82 15915 -17591 54907
17 1.48 -0.83 15991 -17702 57138
18 1.30 -0.87 15912 -17898 56750
19 1.34 -0.99 15977 -18014 57259
20 1.26 -0.87 16219 -17941 55014
21 2.99 -2.62 21288 -24196 175600
22 2.35 -2.05 18814 -19877 125688
23 2.32 -2.00 18926 -20137 123591
24 2.37 -1.98 18975 -20374 123670
25 4.54 -4.13 24578 -27373 281328
26 3.53 -3.28 20680 -21221 201805
27 3.57 -3.26 20810 -21783 201465
28 3.59 -3.29 21081 -21878 201967
29 6.06 -5.77 27719 -29507 395293
30 4.77 -4.56 22110 -22315 279952
31 4.81 -4.54 22271 -22904 278967
32 8.54 -10.01 34035 -34125 671727
33 8.06 -8.42 28583 -24840 510059
34 8.05 -8.48 28778 -25068 506673
35 9.21 -10.51 34271 -34505 649917
36 9.38 -10.61 34181 -34179 641306
37 11.23 -11.56 38145 -36968 772451
38 23.85 -23.01 50520 -51512 2274932
39 18.19 -18.16 38688 -35844 1270549
40 18.29 -18.09 38083 -37535 1162700



APPENDIX H: Finite-element Models
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Time at end of load step (TIME) is set to the value of the total applied

load. Automatic time stepping (AUTOTS) is turned off. Time increment

(DELTIM) is used to control the number of sub steps that are taken within

the load step. Frequency is set to write every sub step. The model is

evaluated using a static (steady state) analysis.

Sill log-foundation model (Fig. 52) program listing:

/p re p7
k,0,0,0
k, 0,2438.4,0
k,0,0,304.8
k,0,2438.4,304.8
a,1 ,2,4,3
k,0,203.2,0
k,0,203.2,304.8
k,0,406.4,-304.8
k, 0,406.4,304.8
k,0,2032,-304.8
k,0,2032,304.8
k,0,2235.2,0
k,0,2235.2,304.8
1,5,6

1,7,8
1,9,10
1,11,12
et,1,42,0,0,3
r, 1, 152.4
mp,ex,1,13400
mp,ey,1,911
mp,ez,1,911
mp,prxy,1 ,.292
mp,pryz,1 ,.39
mp,prxz,1 ,.292
mp,gxy,1 ,858
mp,gyz,1 ,94
mp,gxz,1 ,858
et,2,3
r,2,197.9,31 17.6,15.875
mp,ex,2, 199948



Sill log-foundation model program listing (continued)

mp,prxy,2,.3
aesize,all,101 .6
type,1
real, 1
mat,1
amesh,1
type,2
real, 2
mat,2
lesize,5,0,0,1
lmesh,5
lesize,8,O,0,1
lmesh,8
lesize,6,0,0,2
lesize,7,0,0,2
lmesh,6,7
et,3,14,0,2
et,4,39
r,3,555000
r,4,-30,-30000,-3. 1 75,-4.45,0,0
rmore,3. 175,4.45,30,30000
r,5,-30,-5338,-. 1 ,-5337,0,0
rmore,.1 ,5337,30,5338
r,6,-18.9,-1 6681 ,-3.175,-4.45,0,0
rmore,3. 175,4.45,18.9,16681
n,0,0,0
n,0,203.2,0
n,0,406.4,0
n,0,2032,0
n,0,2235.2,0
n,0,2438.4
type,3
real, 3
e,1,111
e,2,116
type,4
real,4
e,101,4
e,51,102
e,107,6
e,49,106
e,110,22
e,33,109
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Sill log-foundation model program listing (continued)

e,103,24
e,31,104
real, 5
e,1,111
e,2,116
real, 6
e,1 12,101
e,1 13,107
e,114,110
e,115,103
d,1 11 ,ux
d,lll,uy
d,l 12,ux
d,l 12,uy
d,113,ux
d,1 13,uy
d,1 14,ux
d,1 14,uy
d,115,ux
d,1 15,uy
d,116,ux
d,116,uy
d,105,ux
d,105,uy
d,105,rotz
d,108,ux
d,108,uy
d,108,rotz
f,29,fx, 10000
f,45,fx, 10000
f,37,fx, 10000
f,26,fx, 10000
cp,1 ,uy,4,101
cp,2,uy,51 ,102
cp,3,uy,49,1 06
cp,4,uy,33,1 09
cp,5,uy,31 ,1 04
cp,6,uy,24,1 03
nlgeom,on
time,40000
autots,off
deltim,100
o utres ,ll, all
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Base shear wall model (Fig.53) program listing:

/prep7
k,0,0,0
k,0,2438.4,0
k,0,0,304.8
k,0,2438.4,304.8
k,0,0,304.8
k,0,2438.4,304.8
k,0,0,609.6
k, 0,2438.4,609.6
k,0,0,609.6
k,0,2438.4,609.6
k,0,0,914.4
k,0,2438.4,91 4.4
k,0,0,91 4.4
k,0,2438.4,91 4.4
k,0,0,1 219.2
k,0,2438.4, 1219.2
k,0,0,1 219.2
k,0,2438.4,1 219.2
k,0,0,1524
k,0,2438.4, 1524
k,0,0,1524
k,0,2438.4, 1524
k,0,0,1 828.8
k,0,2438.4,1 828.8
k,0,0,1828.8
k,0,2438.4, 1828.8
k,0,0,21 33.6
k,0,2438.4,21 33.6
k,0,0,21 33.6
k,0,2438.4,21 33.6
k,0,0,2438.4
k,0,2438.4,2438.4
k,0,203.2,0
k,0,203.2,2438.4
k,0,2235.2,0
k,0,2235.2,2438.4
a,1 ,2,4,3
a,5,6,8,7
a,9,10,12,1 1
a,13,14,16,15
a,17,18,20,19
a,21 ,22,24,23

147



Base shear wall model program listing (continued)

a,25,26,28,27
a,29,30,32,31
1,33,34
1,35,36
et,1,42,0,0,3
r,1 ,152.4
mp,ex,1,13400
mp,ey,1,911
mp,ez,1 ,911
mp,prxy,1 ,.292
mp,pryz,1 ,.39
mp,prxz,1 ,.292
mp,gxy,1 ,858
mp,gyz,1 ,94
mp,gxz,1 ,858
et,2,3
r,2, 197.9,3117.6,1 5.875,0,.00068961
mp,ex,2, 199948
m p, prxy, 2,. 3
aesize,alI,101.6
type,1
real,1
mat,1
amesh,1 ,8
Iesize,33,0,0,8
lesize,34,0,0,8
type,2
real,2
mat,2
lmesh,33,34
et,3,14,0,2
et,4,39
r,3,555000
r,4,-30,-30000,-4.76,-4.45,0,O
rmore,4.76,4.45,30,30000
r,5,-30,-1930,-.1,-1929,0,0
rmore,.1 ,1 929,30,1930
r,6,-30,-2075,-. 1 ,-2074,0,0
rmore,.1 ,2074,30,2075
r,7,-30,-2225,-. 1 -2224,0,0
rmore,.1 ,2224,30,2225
r,8,-30,-2375,-. 1 ,-2374,0,0
rmore,.1 ,2374,30,2375
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Base shear wall model program listing (continued)

r,9,-30,-2520,-.1 -2519,0,0
rmore,.1 ,2519,30,2520
1,1 0,-30,-2670,-. 1 ,-2669,0,0
rmore,1,2669,30,267O
r,11,-30,-2815,-.1,-2814,0,0
rmore,.1 ,2814,30,2815
r,12,-30,-2965,-.1 ,-2964,0,0
rmore,1 ,2964,30,2965
n,0,0,0
n,0,2438.4,O
type,3
real, 3
e,1,819
e,29,101
e,1 29,201
e,229,301
e,329,401
e,429,501
e,529,601
e,629,701
e,2,820
e,26,102
e,126,202
e,226,302
e,326,402
e,426,502
e,526,602
e,626,702
type,4
real,4
e,4,801
e,51,803
e,1 04,803
e,151 ,804
e,204,804
e,251 ,805
e,304,805
e,351 ,806
e ,404,806
e,451 ,807
e,504,807
e,551 ,808
e,604,808
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Base shear wall model program listing (continued)

e,651 ,809
e,704,809
e,24,81 0
e,31,812
e,124,812
e,131,813
e,224,81 3
e,231 ,814
e,324,814
e,331,815
e,424,81 5
e,431,816
e,524,81 6
e,531,817
e,624,81 7
e,631,818
e,724,81 8
real,5
e,629,701
e,626,702
real, 6
e,529,601
e,526,602
real,7
e,429,501
e,426,502
real, 8
e,329,401
e,326,402
real, 9
e,229,301
e,226,302
real,10
e,1 29,201
e, 126,202
real,11
e,29,101
e,26,102
real,12
e,1,819
e,2,820
d,819,ux
d,819,uy
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Base shear wall model program listing (continued)

d,801,ux
d,801,uy
d,801 ,rotz
d,810,ux
d,810,uy
d,810,rotz
d,820,ux
d,820,uy
f,729,fx,2500
f, 745, fx, 2500
f,737,fx,2500
f,726,fx,2500
cp,1 ,ux,751 ,802
cp,2,uy,751 ,802
cp,3,ux,731 ,811
cp,4,uy,731 ,811
nlgeom,on
time,10000
autots,off
deltim,10
outres,all, all
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Figure 52. - (a) Basic sill log-foundation model, representing Detail 1; (b)
Deformed shape.



a)

b)

Figure 53. - (a) Basic log shear wall model where the reaction boundary
con ditions prevent x, y translations and load is applied at four points at top
of the wall; (b) Deformed shape.
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Figure 56. - (a) Models 15, 16, and 17, which are the basic log shear wall
with a 610 x 914 mm window and an extra thru-rod on each side of the
window; (b) Deformed shape.
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Figure 57. - (a) Models 18, 19, and 20, which are the basic log shear wa/I
with a 1015 x 2135 mm door and an extra thru-rod on each side of the door;
(b) Deformed shape.
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The base shear wall model does not include the effect of log weights.

A model that includes log weight has a different slip force at each log-log

interface because the weight at each log-log interface increases from top to

bottom in the wall. To incorporate log weight, the slip forces are calculated

as shown in Appendix k, except that the function F11 = t(DR + 2T + W)

where W = the weight of the wall above the log-log interface in question,

and the other variables are defined in Appendix k. The assumption for log

weight was a 2438 mm long, 229 mm diameter, Douglas-fir cylinder at 15

percent moisture content, which is 300 N per log. From the top log-log

interface down, F1 is 3.86, 4.15, 4.45, 4.75, 5.04, 5.34, 5.63, and 5.93 kN.

Figure 58 shows the force-displacement curve for the model with

body weight. The slope associated with the slip displacement is increased,

and the point where each log slips can be identified in the graph. The slope

of the curve in both models is similar after all logs have slipped. In the

model with log weight, logs slip one by one with higher logs is in the wall

slipping first. In the model without log weight, all logs slipped

simultaneously.
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Figure 58. - Comparison of log shear wall finite-element model 1, log shear
wall finite-element model I including log weight, and log shear wall test data
from Gorman and Shrestha (2002).



APPENDIX I: Deformation of a Corner with a Force at the Tip
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Objectives

These tests were conducted to determine the force-displacement

relationship where the steel rod bears on the corner of the oversized hole

for the purpose of quantifying the response to be used as a spring constant

in the finite-element models. The difference between laminated veneer

lumber (LVL) and solid sawn wood is also of interest.

Methods

Two Douglas-fir LVL (9 percent moisture content) and three

Douglas-fir solid sawn (10 percent moisture content) specimens were cut

(Fig. 64) so that 45° angle tips were pointing in the longitudinal fiber

direction. Each specimen allowed for multiple tests. A specimen was

placed under a 16-mm diameter threaded rod in the Instron testing machine

with an 89-kN load cell (Fig. 2). The threaded rod was embedded into the

apex at a rate of 1 mm/mm until failure. Load and displacement data were

collected at a rate of two points per second.



Figure 59. - Corner specimen geometry where the dimensions for solid
sawn wood specimens were a = 135 mm, b = 42 mm, c = 69 mm, d = 90
mm, and the dimensions for the L VL samples were a = 170 mm, b = 86
mm, c = 48 mm, d = 90 mm, and the longitudinal grain direction is from top
to bottom.

Figure 60. - Corner test setup.



According to Ugural and Fenster (1995) the stress for a unit

thickness at a distance r from the apex is expected to be:

P cos 0
/

ra+)/ sin2a)

where 5r = stress, P = force at the tip, r equals force at the tip, a = half of

the angle of the tip, and 0 = the angle of the force from the center. For

stress in the center of a 45° angle wedge the equation reduces to:

=
.778 P

[6]
r

where r, F, and r are previously defined.

Discussion

The displacement of a log wall under lateral loading is partially due to

the threaded rods in oversized holes. As the slack is taken up, the rods

bear against the bottom and top corners of these holes. This interaction is

represented in the finite-element log wall model using a nonlinear spring.

These tests provide an appropriate force-displacement curve for use in the

finite-element model.

As the force was applied, the threaded rod was embedded into the

wood. The rod was embedded over half of its diameter in most tests. At

this point in most of the tests, a vertical crack formed at the contact point

between the rod and the wood or LVL body.

Force-displacement plots (Figures 65 and 66) were made for all

tests. The tests show a linear relationship. The average and its linear
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regression line were also plotted with the measurement data for both sets of

tests. The regression shows an R2 value of .99 for both sets of tests,

confirming a strong linear relationship. The slopes of the regression lines

were 1180 N/mm for solid sawn and 1010 N/mm for LVL. This is about a

15 percent difference.

The derivation of equation 5 is based on isotropic homogeneous

materials. However, wood and LVL are really either orthotropic, or at best

planar isotropic, and neither material is homogeneous. Although, the

materials depart from the assumptions of the original derivation, it is

expected that equation 5 will produce a result that is sufficiently accurate for

spring constant development in the finite-element model.
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Figure 61. - Force-displacement results for a wedge-shaped body loaded at
the apex by a round (d = 16 mm) bearing surface. Each figure shows the
individual, mean, and regression lines; (a) solid sawn Douglas-fir; (b)
Douglas-fir LVL.

Conclusion

The literature suggested that the displacement-load function for the

loaded apex would be linear. This was confirmed for wood and LVL. The

mean linear slopes were 15 percent greater for the solid wood than for LVL,

1183 N/mm and 1012 N/mm for wood and LVL, respectively. Therefore,

the stiffness for solid sawn wood of 1180 N/mm will be used as the force-

displacement curve for the finite-element log wall model nonlinear spring.
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APPENDIX J: Anchor Bolt Lateral Design Capacity Calculation

166



[13]

167

A loading diagram with boundary conditions and dimensions is

shown in Figure 68. The collapse mechanism load W is determined using

the virtual work method. The external work done by the load must equal

the internal strain energy. External work = Internal work

WD=M(O+O) [7]

The displacement D is approximated by 3/5 the length L multiplied by

the angle of rotation. The plastic moment M is equal to the plastic section

modulus Z multiplied by the yield stress F for the anchor bolt.

13 1
D=O L

\5 I

M ZF

Substituting Eq. 8 and Eq. 9 into Eq. 7 gives,

(3 1
W -o LZF(20)fl5

Solving for Wn gives,

1 OZF
w

3L

The plastic section modulus for a circular cross section is given by,

4 r3
Z

3

Where r is the radius of the anchor bolt. Substituting Eq 12 into Eq. 11

gives,
40 r3F

Wn
9L

[12]
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For, r = 7.94 mm, F = 414 MPa, and L = 508 mm the collapse mechanism

load Is:

(40) (7.94mm)3(414MPa)
= 1810 NWfl

(9XsO8mm)

Wn Wn ..

Figure 62. - Threaded rod bending capacity.

.i.

Mp

2/5 L

3/5 L



APPENDIX K: Finite-Element Springs
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The basic log shear wall and the sill log-foundation models use 1

linear and 3 nonlinear springs. The linear spring represents log-log normal

contact. The nonlinear springs were used to represent friction, the effects

of thru-rods in oversized hole, and the anchor bolt in an oversized hole.

Log-Log Normal Contact

The linear spring is constructed using elasticity data from FPL (1999)

and log geometry. The force-displacement curve is found using the

equation:

0.5 P A ER

L

where 0.5P/A = the slope of force-displacement curve, A = the log-log

contact area, ER = the log radial modulus of elasticity, and L = the height of

one log. The constant 0.5 accounts for the fact that there are 2 springs at

each log-log interface, one at each end. The longitudinal modulus of

elasticity (EL) = 13400 MN/mm2 and ER/EL = .068 (FPL 1999). Then, ER =

911 MN/mm2. Log geometry factors were A = 371600 mm2 and L = 305

mm. From equation 1, 0.5P/z\ = 555 kN/mm.

Friction

The friction springs have two distinctive force-displacement

behaviors. The first behavior permits virtually no displacement of the logs

relative to each other until reaching the slip force. The second part of the



behavior follows the slip force; at this point the friction springs provide no

additional resistance. The slip force is calculated as:

Ft(DR+2T) [15]

where

F11 = slip force (N)

p = coefficient of friction

DR = roof dead load (N)

T = thru-rod tension (N)

Three values for p were used in the analysis. There were the mean

(0.4) and the upper and lower 95% Cl values (0.25, 0.56) as determined

from friction experiments.

Three values for T were used. These were the target T (4450 N) and

a value of 0.5T (2220 N) and 1 .5T (6670 N), which were considered logical

construction errors or changes due to wall height shrinkage.

The value for DR was calculated for an 18.3 x 9.14 m log structure

with an assumed roof dead load of 900 Pa.

The spring slip force is calculated by adding the roof load and thru-

rod tension for two thru-rods, and multiplying by the coefficient of friction as

given by Scott (2003). In the first curve section, the friction springs allow

virtually no displacement of the logs relative to each other until the force in

each spring exceeds the spring slip force. After this force is reached, in the

second curve section, the friction springs provide virtually no additional

resistance. The spring slip forces for the base log shear wall model and the
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sill log-foundation model are 1780 N and 5338 N, respectively. The curve

ends arbitrarily, if it is exceeded the last defined slope is maintained. The

friction springs are shown graphically in Table 1 and Table 2.

Oversized Hole and Rod-Log Contact

These nonlinear springs are constructed using thru-rod oversize hole

geometry and bearing test data reported in Appendix I. The force-

displacement response has two behaviors. The first behavior is a near

horizontal line (1 N/mm) starting at the origin and extending the length of

the gap between the thru-rod and the edge of the thru-rod hole. The gap

length is half of the hole diameter minus half of the thru-rod diameter. The

gap lengths for the base log shear wall model and the sill log-foundation

model are 4.76 mm and 3.175 mm, respectively. The second behavior is a

positively sloped line representing the rod bearing on the bottom and top

corners of the holes. It ends at an arbitrary displacement. The slope for

both models is from Appendix landis 1180 N/mm. These springs are

shown graphically in Table 1 and Table 2.

Oversized Hole and Thru-Rod and Anchor Bolt-Floor Contact

This nonlinear spring is used only in the sill log-foundation model and

is constructed using thru-rod oversize hole geometry and foundation

connection test data reported in Appendix 0, Figure 33. The nonlinear

force-displacement behavior requires two different responses. The first

response represents the oversized hole. The behavior is a line of nearly
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zero slope (1 N/mm) that starts at the origin and extends a distance equal

to the gap between the thru-rod and the edge of the thru-rod hole, (3.2

mm). The second behavior is a positively sloped line (1060 N/mm)

representing the rod bearing on the sheathing of the floor diaphragm. The

spring slope is the test data post-slip backbone curve slope divided by 2.

This is to account for the presence of 2 springs connecting the thru-rods

and the floor. The curve ends at an arbitrary displacement and is shown

graphically in Table 2.


