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The objective of this research is to use a three-dimensional (3D) analysis

method to include 'system effects' directly in the design of light-frame roof truss

assemblies. The goal of this study is to develop an improved and practical method to

determine the structural performance of 3D roof truss assemblies used in residential

construction.

In this study, three types of 3D truss assemblies (i.e., T-shaped, L-shaped, and

a complex assembly) are investigated. T-shaped, L-shaped, and complex assemblies

are composed of 4 (total of 37 trusses), 17 (total of 56 trusses), and 27 (total of 123

trusses) different types of individual trusses, respectively. The VIEW (Visually

Integrated Engineering Window) program, used by a truss plate manufacturer to

design truss assemblies, is used to layout assemblies and to design individual trusses.

The program uses a conventional design procedure (CDP) by analyzing one truss at a

time in two-dimensions. A commercially available structural analysis program,

SAP2000, is then utilized to model 3D truss assemblies with a system design

procedure (SDP). The structural responses including CSI, truss deflections, and

reactions from both CDP and SDP are compared and the 'system effects' are

evaluated.

From this investigation, there are three system effects observed by the SDP,

but not accounted for by CDP. These effects were observed in all three assemblies.

The first is the reduced applied load effect. This effect occurs because the CDP

assumes a 2-ft spacing for every truss in an assembly, whereas the SDP assumes the
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actual tributary area, with normally a lower total applied load. In most cases, the CDP

overestimates the applied loads. For example, in the complex assembly model, the

total applied load assumed by the CDP was 155000 pounds (assuming 2-ft spacing on

center for every truss in the assembly) while the total load for the SDP was only

142000 pounds (based on the actual overall roof loading area in the assembly). The

second system effect is deflection compatibility. Unlike the CDP, SDP provides

deflection compatibility because it analyzes the entire 3D truss assembly as a whole.

On the other hand, CDP analyzes one truss at a time and it assumes that truss supports

have zero deflection. When trusses are supported by other trusses, the support at the

connecting point will not have zero deflection. Thus, the CDP is not a good approach

to examine this connection in the assembly. The last observation is the stiff-truss

effect. As expected, stiffer trusses in the assembly attract more load. This effect can

be observed by an increase in CSI values for the stiffer trusses and decrease in CSI

values for the adjacent trusses that are less stiff. Based on this investigation, the

maximum CSI for most trusses in all three assemblies reduces by 6% to 60% because

of 'system effects.'

SDP can help to improve the analysis of truss assemblies by directly including

"system effects" that are not accounted for by the CDP.
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System Behavior of Three-Dimensional Wood Truss Assemblies

CHAPTER 1: INTRODUCTION

Roof trusses are one of the main structural components in residential and light-

commercial structures. Light-frame wood trusses are pre-engineered components

fabricated from dimension lumber and connected with metal plates. The pre-

fabricated wood trusses can be erected faster and with less skilled labor than stick-

built roofs. In addition, the light frame wood trusses give outstanding benefits, such as

flexibility from architectural and engineering standpoints, and the economic

perspective. Thus, light-frame wood roof trusses have become increasingly popular in

residential construction.

To construct a light-frame wood roof truss assembly, the trusses are erected

and spaced typically 2-ft on center. The sheathing is then nailed to the narrow face of

the truss top chord members. Not only is the roof sheathing used to cover the facility

and carry imposed loads, but it also serves as a load-distributing element among

trusses in the assembly. Moreover, there are other structural components such as

purlins and bracing connecting the trusses together. These construction characteristics

make the truss assembly act as a system.

It is also well known that there is load sharing among trusses within a roof

assembly. However, truss assemblies have been traditionally designed and analyzed

on a single truss basis, which assumes that each truss in the assembly carries loads

based on its tributary area. To account for system effects in the assembly, a fifteen-

percent increase in allowable bending stress, and ten-percent increase in allowable

tensile and compressive stresses are currently allowed in members used in the roof

assembly (ANSI/TPI 1-2002 (2002)). This overall approach is known as the

conventional design procedure (CDP). The CDP is relatively simple, and is assumed

to be conservative. However, the CDP does not take into account 'system effects'



encountered in realistic assemblies, which may or may not be conservative in actual

assembly behavior.

In this project we will use a system design procedure (SDP) to include the

'system effects' directly in the design of light-frame roof truss assemblies by using

three-dimensional analysis. SDP has the potential to improve the efficient use of

wood as a raw material, and also provide a better understanding of the structural

behavior of wood roof truss assemblies. Additionally, it has been proposed that

designing light-frame wood trusses will likely shift from a truss-by-truss basis toward

a system design of the entire roof system. Meek (1999 and 2000) suggested that the

technology is rapidly developing, and powerftil three-dimensional computer programs

may be used for system design of the entire roof assembly.

Recently, the engineered wood products industry (NAHB 2001) has proposed

system design of wood buildings to reduce cost, cut environmental impact and energy

use, improve structural performance, and reduce the risk of loss of life. In 2001, the

Partnership for Advancing Technology in Housing (PATH) held a road mapping

activity in Kansas City, Missouri. The road mapping process addressed three

important technology aspects including: information technology, panelized-type

systems, and whole-house and process redesign. Examining system performance of

wood buildings is one of the keys to accomplish these ultimate goals. Based on the

PATH technology activity (NAHB 2001), an important step in the industrialization of

the home building process is to develop a three-dimensional computer-aided design

system. Moreover, MiTek, the world's leading supplier to the building components

industry, and Trus Joist, a world leader in engineered lumber products, recently signed

a contract to develop "whole-house" software focusing on North American residential

wood-frame construction (NAHB 2000). This cooperative investigation is to develop

an efficient design solution for complete structural frame buildings. Thus, designing

wood buildings as a system has definitely become a more and more interesting issue

for the industry. This matches directly with our research goal to investigate system

behavior of a three-dimensional roof assembly using commercially-available computer

software.



Research Hypothesis

There are system effects that are present/observed in a 3-dimensional truss

assembly that are not accounted for by current design procedures, and that could be

directly included by analyzing a 3-dimensional frame model of the assembly.

Objectives

The main objectives of this study are the following:

To develop a practical, 3-D assembly model composed of relatively

simple 2-D truss analogs, to represent three-dimensional, light-frame

wood roof truss assemblies using a commercial structural analysis

computer program; and

To verify that by using the 3-D assembly model, system effects that are

not accounted for by the conventional design method can be directly

included.

The rationale for this study is to develop an improved and practical method to

determine the structural performance of three-dimensional roof truss assemblies used

in residential construction. The approach will be to take advantage of a commercial

structural analysis program to directly include system effects for the entire assembly.

This is a feasible alternate method to design three-dimensional roof truss assemblies,

and may provide advantages over the CDP. In addition, the truss industry has already

started to move in the direction of analyzing/designing entire assemblies. This

proposed research hopes to improve the understanding of roof truss assembly

behavior, determine the sources of the most significant system effects, and develop

methods useful in analyzing and designing complex roof assemblies for residential

buildings.

3
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The significance of the proposed research is in developing an alternate

approach to designing 3-D wood truss assemblies. It proposes a "simple solution" to a

rather "complex problem". We are proposing to analyze the whole 3-D assembly to

directly include "system effects," instead of using "system factor" to take "system

effects" into account. We believe that there are "system effects" (e.g. stiff gable end

truss, etc.), which are not accounted for by using CDP, that could be directly included

by analyzing 3-D assemblies with the SDP. By directly including system effects in 3-

D truss assemblies, this study may potentially increase safety through improved

analysis, and more efficiently use wood as a raw material in residential construction.



CHAPTER 2: LITERATURE REVIEW

2.1 Two-Dimensional Truss Structures

2.1.1 Design Analog

A design analog is the geometric analog and representation, including

connectivity, of the real structure. Different truss plate manufacturers (TPM) use

different analogs for the same type of truss as shown in Figures 2.1 and 2.2. These

different design analogs used in analysis may lead to different results for the same

structure under the same loading condition. In conventional analysis and design, the

analog truss members are aligned on the centerlines of the truss top and bottom chord

members. The intersections of the lines are the joint connections. However, because

the truss members have widths, eccentricities may occur at the intersections of

members. The joint eccentricities affect the member force calculations (Riberholt

1984). To accurately predict behavior of truss structures, a true representation must be

obtained in the design analog.

In 1995, TPI (Truss Plate Institute) issued ANSI/TPI 1-1995, which was the

truss design standard for the metal plate connected wood truss industry. ANSI/TPI 1-

1995 (1995) recommended truss designers to use analog lines at the bottom edges of

the top and bottom chords. In 2002, TPI launched a new truss design standard. Some

of its contents were adjusted. However, the recommendation for analog line has

remained the same. This is only a recommendation and there is no standard procedure

to determine the design analog. Therefore, different truss designers may use different

analogs for the same truss. Riberholt (1984) used two-dimensional analysis to develop

a simplified method to analyze a single trussed rafter by using the moment coefficient

method. In his calculation, he also examined the effect of design analog in terms of

joint eccentricities at heel joints, joints between truss top chord and web members, and

5
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Figure 2.1 Design Analog of Fink Truss Obtained from VIEW
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Figure 2.2 Design Analog of Fink Truss Obtained from TPM
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joints between truss bottom chord and web members. He concluded that eccentricities

at heel joints affected the member force calculation and should be included in the

analysis. However, there is no conclusive statement about the effect of eccentricities

at joints between the truss top chord and web members and joints between the truss

bottom chord and web members. Finally, he suggested that an appropriate design

analog including support eccentricity effect should be developed to provide more

accurate and suitable representation of truss structures with relatively simple design

analogs.

.7OS.8,7aJ



7

Jones (1991) employed two-dimensional analysis to investigate the effect of

design analog on triangular trusses. He used six different analogs, and used ATAP

(Alabama Truss Analysis Program) and PPSA (Purdue Plane Structures Analyzer) to

compare the results.

The conclusions drawn from Jones' (1991) study are as follows:

A vertical shift of the nodes defining the intersections of the web members and

top chord insignificantly affects the outcome of the analysis and is acceptable.

The structural behavior of the trusses is sensitive to slope change of the analog

top chord.

The results also show that slope of the analog web member does not

significantly affect the behavior (CSI values) of the truss structure.

Although the researcher did not recommend the best design analog for

analyzing truss structures, the results from his study will be used in this study as a

guideline for choosing a useful practical design analog.

Thus far, we have seen that a variety of design analogs have been employed in

analyzing and designing trusses in industry and in research. Mtenga (1991) studied

the load-sharing effect on light-frame wood truss assemblies by developing his own

design analog. The design analog also included non-linear semi-rigid behavior of the

cormection. Although his design analog is probably a more accurate representation of

the truss structure, it is quite complicated to model and analyze, especially for three-

dimensional analysis.

At Oregon State University, Dung (2000) also investigated the system effects

for a three-dimensional truss assembly. He adopted design analogs from a Truss Plate

Manufacturer (TPM) and used them in a system analysis. TPM design analogs were

verified and provided good results. However, the TPM did not provide information on

how the design analogs were developed.



2.1.2 Joint Connectivity

In light-frame wood truss structures, connections are critical and are often the

weak points of a truss structurally. Furthermore, the member forces depend on the

connection properties, especially stiffness. The stiffness of the connections depends

mainly on the wood-plate contact area, metal plate orientation, and teeth density of the

metal plate connectors. The connections of light-frame wood truss structures have

been studied by many researchers (i.e., Foschi 1 977b, Gupta 1990, Riley et al. 1992).

Based on the experimental testing by Foschi (1977b), it is clear that metal plate

connectors have semi-rigid, nonlinear behavior. Over the past several decades, truss

models have been proposed, ranging from simple pin-connected truss models, rigidly

connected truss models, to more advanced, nonlinear, semi-rigid connected truss

models.

Mtenga (1991) also developed a two-dimensional truss model with semi-rigid

connections by including axial and rotational stiffnesses at the joints and using

relatively rigid fictitious members, known as rigid links, at the joints. As part of his

study, he verified the models by comparing member forces and moments to

experimental testing results. It was concluded that the model was a valid predictor of

member forces and moments. However, the models are quite complex and, by

considering all the joints as semi-rigid connections, this may unnecessarily complicate

the analysis calculations as well as the modeling process.

Li (1997) studied system behavior of light-frame roof truss assemblies. The

connections were simulated using a set of three zero-length springs representing two

axial stiffnesses and one rotational stiffness. The stiffnesses of the springs were

derived based on experimental load-slip characteristics. Due to limited availability of

experimental data, only heel joints and bottom-chord-tension-splice joints were

modeled as semi-rigid connections. The structural responses from Li's (1997) models

showed very good agreement with those from the experiment results of King and

Wheat (1987), Wolfe and McCarthy (1989), and Wolfe and LaBissoniere (1991). This

8
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implies that truss models with only a few joints considered as semi-rigid connections

may be used to represent 3-D truss structures and provide reasonably accurate results.

Dung (2000) also studied system behavior of light-frame truss assemblies. The

research used the same joint modeling method as used by Li (1997), but a different

commercial computer analysis program. In his study, due to the limited experimental

test results, only heel joints and tension splice joints were modeled as semi-rigid

connections by applying axial and rotational stiffnesses at each plate-contact area.

Each semi-rigid node represents a plate-contact area and was connected using

fictitious members, known as "rigid links". Therefore, there are two semi-rigid

connections and one fictitious member at each joint. The structural responses from by

Dung's (2000) models showed good agreement with those from experiments.

Riley et al. (1992) dealt with the joint eccentricity and connectivity by

inserting additional elements, known as fictitious members. Only single, two-

dimensional truss models were analyzed in their studies, and each truss typically

contains only a few of these additional elements. Moreover, in the metal-plate-

connected truss industry, almost all of the manufacturers have developed their own

proprietary models that account for semi-rigid connections. Figures 2.3 and 2.4 show

examples of the heel joint models, which account for semi-rigid connections

developed by two different truss plate manufacturers. These 2-D analogs with

fictitious members are used in the conventional design approach by TPM.
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Moreover, other researchers (Cramer et al. 1993, Dung 2000, Foschi 1 977b,

Gupta 1990, Li 1997, Mtenga 1991, and Riley et al. 1992) have developed different

approaches to model semi-rigid connections of metal-plate-connected wood truss

joints such as using stiffness matrices, inserting calibrated fictitious members, etc.

The stiffness matrix approach is performed by determining the stiffness properties of

individual members having a semi-rigid connection at one or both ends. For analyzing

10
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the truss, the stiffness matrix method is used to determine the rotational and axial

stiffhesses at joints, while the fictitious-member approach inserts additional elements

to represent the semi-rigid behavior of the joints. The fictitious members are usually

rigidly connected to the actual truss members. Riley et al. (1992) modeled Fink

trusses and compared results (deflections, bending moments, and axial forces) using

different assumptions for the stiffness of the metal-plate-connected wood truss joints.

The different assumptions were simple pin-connection, rigid connection, TPI method,

and semi-rigid connections using both stiffness matrices and calibrated fictitious

members. They concluded that the truss model using calibrated fictitious members at

joints is more realistic because it is based on the experimental stiffness values

determined for the joints. Moreover, the results are comparatively close to those

determined using the TPI method, which is the typical practice (i.e. CDP) in the light-

frame truss industry. Although both of these approaches predict accurate structural

response of the roof truss, they may not be practical to use in modeling complicated

three-dimensional truss assemblies in this study.

2.2 Three-Dimensional Truss Assemblies

In the past few decades, a number of investigators (Wolfe and McCarthy 1989,

Wolfe and LaBissoniere 1991, Lafave 1990, Cramer et al. 1989, Cramer et al. 2000, Li

1997, and Dung 2000) have studied, using both experimental testing and computer

simulations, the structural behavior of wood truss assemblies. Experimental testing

often provides more convincing results, but requires a large budget for an entire

assembly test. Therefore, many researchers have relied on computer simulations,

especially for parametric studies. However, to predict the structural behavior of an

entire roof system, appropriate and reasonable assumptions are definitely needed for

developing the computational model, and these assumptions must be verified using

physical testing.
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Wolfe and McCarthy (1989) investigated the structural performance of light-

frame roof assemblies with high truss stiffness variability by testing full-scale, nine-

truss assemblies. All nine trusses in the assembly were Fink trusses with 2-ft spacing

and 28-ft span, and two roof assemblies were tested to provide the data for the

evaluation of assembly models. The results showed that component interactions could

improve the structural system performance of light-frame roof truss assembly by

increasing stiffness and strength. Moreover, when the assembly was fully loaded

within the design load range, the deflections of trusses in the assembly were lower

than those from individual trusses tested outside the assembly.

In the study by Lafave (1990), the load sharing capacity of wood truss roof

systems was studied both experimentally and analytically. The semi-rigid joint model

from Wang (1983) was adopted for the analysis. The rotational stiffness of the semi-

rigid joint model was represented by rotational fixity factors, relating the fixity of a

semi-rigid joint to that of a completely rigid joint, and estimated as the ratio of the

moment of inertia of the plate contact area to the moment of inertia of the wood truss

member. The results from the analysis and testing agreed well. In his study, the

amount of load distributed from a loaded truss by load sharing effects varied from

60% in relatively stiff trusses to 80% in relatively limber trusses. The test results

showed that the very stiff gable end truss carries a significant amount of the load

applied to the roof Additionally, it was concluded that the distribution of load

throughout the roof assembly did not change with the level of loading. This suggests

that a linear analysis can be used to predict load distribution in truss assemblies.

However, roof truss assemblies used in residential buildings are usually more

complicated than what has been tested (i.e. nine-truss assemblies). Thus, the tested

assemblies may not include all of the system effects that may occur in more complex

roofs.

In addition to experimental testing, several researchers (Cramer and Wolfe

1989, Rosowsky and Ellingwood 1991, Li 1997, Dung 2000, and Cramer et al. 2000)

have developed computer analysis methodologies to include system effects. There are
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two primary approaches to include the system effects in a roof truss assembly. The

first method (Cramer and Wolfe 1989, Rosowsky and Ellingwood 1991, and Cramer

et al. 2000) is to determine a "system factor" for a type of assembly. This approach is

used in the CDP for truss structures that qualify as repetitive-member structures.

However, based on the NDS (2001), a system factor (repetitive-member factor) was

only applied to modify the allowable bending stress. Recently, TPI 1-2002 has

recommended a repetitive-member factor for allowable tensile and compressive

stresses. A second approach is relatively new and has been studied by Li (1997) and

Dung (2000). In the second approach, system effects are examined directly by

analyzing the entire three-dimensional roof truss assembly. In the study by Dung

(2000), a more complex 3-D frame model of assembly was modeled in SAP2000. His

findings show that the system behavior of the complex 3-D truss assembly was greatly

affected by support conditions and component (truss) interactions.

Cramer and Wolfe (1989) developed a roof truss system model using the

program, ROOFSYS, to study load-sharing effects in light-frame wood roof

assemblies. In the model, simple hinged connections were used. Additionally,

composite action (T-beam action) and two-way action of the sheathing were also

included. To represent roof sheathing in the direction perpendicular to the truss span,

sheathing was modeled as a single continuous beam on each side of the ridge. The

sheathing beam is rigidly connected to each truss. The strong and weak axes of

bending of the sheathing beam are perpendicular and parallel to the truss slope,

respectively. Results from this study showed that a loaded truss only carried

approximately 50% of the load directly applied to it. This indicated that there was

significant distribution of load occurring in the roof system.

Rosowsky and Ellingwood (1991) investigated load duration and load sharing

effects in wood floor systems by using a system reliability approach. Parallel member

system models were used in their investigation. System factors were investigated by

developing plots of reliability versus percent-increase in allowable bending stress

obtained from the NDS (1986), and the effects of numbers ofjoists (size of the wood
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assembly), sheathing rigidity, and mechanical property variations on system factors

were studied. The results showed that the system factor was sensitive to all these

effects. Note, however, that complex, non-parallel systems were not included in the

study.

Recently, Cramer et al. (2000) analyzed truss assemblies using the program,

Structural Analysis of Wood Frames and Trusses-Repetitive (SAWFTR).

Translational and rotational springs were used in the model to represent the

connections. Connections were assumed to have nonlinear behavior and the truss

members were assumed to behave linear elastically. Two sizes of assemblies were

consideredseven-truss and twenty-one-truss assemblies. Only similar trusses were

modeled in each assembly. Six typical truss configurations were used in the study.

Each type of assembly was modeled as a sheathed and as an unsheathed assembly. In

the sheathed assembly, trusses were connected using a continuous beam element on

each side of the ridge to represent the roof sheathing. The influence of partial

composite action was not included. Both unsheathed and sheathed assemblies were

analyzed to study and quantify the effect of roof sheathing. The results show that the

current repetitive-member factor of 1.15 is conservative. In addition to allowable

bending stress, the results show that both allowable tensile and compressive stresses

could be adjusted by the current repetitive-member factor. The results also show that

stiffness, and relative stiffness and strength of members all had significant impacts on

load-sharing behavior. The gap in this study is that it only investigated the system

behavior of the similar-truss assembly, which does not involve some system effects

(due to gable-end trusses, the hip system, etc.) that may occur in a real complex roof

A more realistic truss assembly (i.e. complex assembly), as normally used in

residential housing, should be included.

Research done at Oregon State University has proposed an alternate approach

to investigate the system behavior of light-frame wood truss assemblies. Li (1997)

and Dung (2000) developed practical approaches to analyze wood truss assemblies
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using two different structural analysis programs, and their studies will be used as a

foundation and starting point in this investigation.

Li (1997) used a computer analysis program, ETABS®, to investigate the

system behavior of metal-plate-connected (MPC) truss assemblies. The Fink roof

truss assembly studied had a 28-foot-span and plywood sheathing attached to the top

of the trusses. Although the metal plate connectors have nonlinear, semi-rigid

behavior, for simplicity, only linear, semi-rigid connections were used in his model.

Additionally, to include the two-way action of the sheathing, he introduced roof-

sheathing beams, that are three-dimensional beam elements having six degrees of

freedom at each end, to connect the truss top chords. The sheathing beams were pin-

connected to the top chord members of the truss. Three sheathing beams were

modeled on each side of the ridge. Moreover, partial composite action based on

McCutcheon's (1977) approach was introduced in this study. However, the

researchers did not include joint eccentricities. Parametric study results showed that

this model could be used to represent a 3-D truss assembly and accurately predict

system behavior of a roof truss assembly.

Dung (2000) developed a practical approach to analyze the system behavior of

light-frame wood truss assemblies using a computer analysis program, SAP2000. To

develop truss analogs, he adopted the modeling methods from a Truss Plate

Manufacturer (TPM). The TPM provided designs for 14 different types of trusses

(including total of 54 trusses). Moreover, he adopted the sheathing beam modeling

method from Li (1997). However, partial composite action was not included. The

roof system was simulated without walls and foundation. Boundary conditions were

assumed to be pinned supports on both ends of the trusses.

The assembly analysis predicted that one truss in the assembly would have a

CSI of 1.03; whereas, conventional truss design predicted a CSI of 0.95 for the same

truss. The truss with the maximum CSI value of 0.99 according to conventional truss

design had CSI of only 0.62 based on assembly analysis. The CSI values of most

other trusses decreased (up to 43 percent) in the assembly analysis. According to
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Dung (2000), most individual trusses inside the assembly carry lower load (lower CSI

values) than those outside assembly. The results showed that load distribution in an

actual roof truss assembly was influenced significantly by component (truss)

interactions and the support conditions of the trusses (some trusses were supported by

other trusses, for example). Moreover, the results prove that SAP2000 can be

employed as an analysis tool in a practical approach to model MPC trusses and truss

assemblies.



CHAPTER 3: RESEARCH METHODOLOGY

To observe the system effects in 3D truss assemblies, VIEW and SAP2000

programs are used in this study.

VIEW (Visually Integrated Engineering Window) is the truss design program

used by a Truss Plate Manufacturer (TPM) to layout assemblies and to design

individual trusses. This program is a ready-to-use program for truss designers. The

program lays out a 3-D truss assembly and performs 2D truss analysis. After

analyzing individual trusses, the program provides structural responses in terms of

member forces, deflections at panel points, reactions, and Combined Stress Index

(CSI) values.

SAP2000 is a commercially available, integrated software program for

structural analysis and design, and is extensively used by practicing engineers.

SAP2000 was used in this study to analyze 2-D trusses and 3D assemblies. SAP2000

was used as a tool, and any software capable of 3D analysis can be used for 3D

analysis and design of assemblies. The structural output from this program are

member forces, deflections at joints, and reactions. CSI values are not automatically

calculated by the program. To obtain CSI values of truss members, spreadsheets are

used

The research methodology includes: 1) modeling two-dimensional truss and

three-dimensional truss assemblies, and 2) evaluating system effects by analyzing

complex 3-D truss assembly models. The step-by-step methodology is also shown in

Figures 3.1 to 3.4.
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3.1 Modeling Two-Dimensional Truss

3.1.1 Design Analog

In this study, the analog lines are located on the centerline of the truss top and

bottom chord members. The web analog lines simply are the connecting line between

the top chord and bottom chord members. In addition, the supports are positioned

where the bottom chord analog line and the vertical line passing through the centroid

of the bearing support meets as shown in Figure 3.5. An example of the design analog

for half of a truss is shown in Figure 3.6. Dashed lines represent the outline of actual

truss members and the solid lines represent the truss design analog. As stated

previously, this proposed design analog provides simplicity and practicality for

modeling three-dimensional light-frame truss assemblies, and still can evaluate with

acceptable precision the system structural behavior of the roof truss assembly.

Figure 3.5 Location of Support at Heel Joint
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Figure 3.6 Design Analog for Fink Truss

3.1.2 Joint Connectivity

This study intends to offer a simple and practical way to model joint

connectivity by considering all the joints in the truss either as pinned or rigid. This is

convenient and simpler than one including semi-rigid connections.

The heel joints are assumed as rigid connections in this study. The top and

bottom chord members are continuous at the panel points. The webs are pin-

connected to the chords. The ridge joint is also assumed to have a pinned connection.

The slope in the top chord suddenly changes at the peak point. These assumptions are

used in design practice and are recommended by TPI-2002. Although the connections

actually have nonlinear behavior, this study will be focused on the service load range,

so only linear behavior of the metal plate connectors will be considered.
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This approach offers tremendous advantages by reducing the level of

complexity in modeling three-dimensional truss assemblies, including component

interactions that may occur, and yet providing acceptably accurate structural behavior.

Nonetheless, before the proposed design analog of a single truss is used in

modeling a variety of light-frame wood truss assemblies to investigate the structural

system behavior, the structural response of the proposed design analog will be

validated. Each two-dimensional truss model from the three-dimensional assembly is

modeled and analyzed in SAP2000. The structural response of the individual trusses

is compared with those of single trusses analyzed by VIEW, which represents the

conventional design method (including semi-rigid heel joint). To match with the truss

analyzed by the conventional design method, the same Fink trusses with the same

loadings are employed. If the comparison results do not give acceptable agreement,

the design analog will be adjusted until the comparison results (CSI values) match

(within 15%).

This approach for the analog is mainly based on simplicity and practicality.

Most importantly, the proposed assembly model should reasonably accurately predict

the structural behavior of three-dimensional light-frame roof truss assemblies. The

proposed analog will be used to model 3-D truss assemblies that will be further

investigated in this study. A summary of our proposed 2-D truss analogs is as follows:

1) Design analog:

The top and bottom chord design analog lines are the centerlines

between top and bottom edges of top and bottom chord members.

The web design analog lines connect the center points of the nodes

at the intersection of the top chord and web members to the

intersection of bottom chord and web members.

The intersections of our design analog members represent the

connections.



Pinned Connection

Rigid Connection

Figure 3.7 Example of T-1 Truss Design Analog with Joint Connectivity as
Pinned and Rigid Connections
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Each support is positioned where the bottom chord analog and the

vertical line passing through the center of the bearing support

meets.

2) Joint connectivity:

The ridge point is assumed to be a pinned connection.

The chord is continuous through the panel points.

The web is pin-connected to the chords.

Heel joints are rigid connections.

Based on the proposed design analog, the T-1 truss in the T-shaped assembly is

created with the centerlines between top and bottom edges of top and bottom chord

members as shown in Figure 3.7. The web design analog lines connect the center

points of the nodes at the intersection of top chord and web members to the

intersection of bottom chord and web members. The support is located at the

intersection of the bottom chord and the vertical line passing through the center of the

bearing support. Pinned connections are assumed at the peak and web-to-chord panel

points. A rigid connection is assigned at the heel joint.



3.2 Modeling Three-Dimensional Truss Assembly

After the 2-D truss design analogs are modeled, the individual trusses are

connected to represent the actual 3-D roof assembly. Modeling a three-dimensional

roof truss assembly includes: 1) load-distributing elements and 2) boundary

conditions.

3.2.1 Load Distributing Elements

Frame elements are employed to simulate the roof sheathing as a load-

distributing element in SAP2000. However, a plate element, which is more suitable to

represent a flat surface may be more appropriate, and may be used in a future research

study. A frame element is used here to keep the model simple and practical.

Roof sheathing has two primary structural effects: two-way action and partial

composite action (T-beam action). The roof sheathing and truss top chord member

can be treated as a T-beam along the top chord slope by considering the roof sheathing

as the flange and truss top chord as the web of a single member. However, because

the roof sheathing is typically nailed to the truss top chord members, the connection

has some slip and is not rigid enough to make these two materials act as one solid

composite cross section. Therefore, T-beam action between the sheathing and truss

top chord members is known as partial composite action. Partial composite action

improves the performance of structures by increasing the stiffness and strength

(McCutcheon 1977). However, truss top chord members have much higher flexural

stiffness than the sheathing. Thus, the strength and stiffness of the overall truss

system are only slightly increased by considering partial composite action in the

design (Liu and Bulleit 1995). Moreover, in a parameter study (see Appendix B), the

results show that the T-beam action only increases the stiffness by an average of less

than 5% compared with the truss top chord members' stiffness alone. Therefore, to

meet the goal of a relatively simple assembly model, partial composite action will not

be included in this study.
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Roof sheathing forms a wide and thin beam in the direction perpendicular to

the trusses. The roof sheathing slightly increases the stiffness of the top chord

members and also significantly distributes loads and reduces differential deflections

among the trusses in the assembly. This effect of roof sheathing is known as "two-

way action." Several research studies (Cramer and Wolfe 1989, Cramer et al. 2000,

Lafave 1990, and Dung 2000) included the two-way action effect using sheathing

beam elements to represent roof sheathing connected on top of the truss top chord

members. In Cramer and Wolfe (1989), the sheathing beams were rigidly connected

to truss top chord members. Although the two-way action of roof sheathing plays a

significant role in the system behavior of truss assemblies, there are no standardized

methods for its modeling. We are modeling two-way action of sheathing beams based

on engineering judgment. A Future research study should focus on finding a standard

way to model sheathing panels.

Sheathing beams will be modeled using frame elements with a row of these

elements representing a row of roof sheathing. Each row of roof sheathing elements

represents a tributary width of roof sheathing as shown in Figure 3.8. The sheathing

beam element will be assigned the same thickness, tributary width, and modulus of

elasticity (MOE) as the actual plywood sheathing. Plywood sheathing properties were

obtained from the APAThe Engineered Wood Association (1997). As in the actual

situation, the major axis of a sheathing beam element is perpendicular to the truss top

chord slope and the minor axis is parallel with the truss top chord. Most research

studies with modeling of load-distributing elements have assumed discontinuities in

the model at the same locations as the actual discontinuities between sheathing panels.

This discontinuity assumption may not provide the best modeling of the load-

distributing elements because more nails are used at the locations where the sheathing

panels meet, thus possibly making them even stiffer than other locations.

Hence, in this study, the use of sheathing beams rigidly connected to the truss

top chord with no discontinuities between sheathing panels will also be investigated

for modeling a 3-D truss assembly.
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Figure 3.8 Proposed Models with Sheathing Beam Elements

3.2.2 Boundary Conditions

Actual roof truss assemblies are supported by walls and connected to the top

plate of the wall. Loads applied to the roof system are transferred to the supports.

Overall structural behavior of the roof system depends not only on the trusses, but also

on the support conditions and wall properties. Since only the roof truss assemblies

will be modeled, without fully representing the walls, an appropriate modeling

approach to simulate the boundary conditions is needed.

In the CDP, trusses are designed and analyzed for support conditions with a

pinned support on one end and roller support on the other end. This assumption is not

realistic because trusses are almost always connected with a framing connector to the

wall top plate the same way on both ends of the trusses. Therefore, the conventional

assumption may not be suitable for analyzing the actual light-frame wood truss

system.

Dung (2000) used pinned supports on both ends of trusses in his roof assembly

model. This symmetrical approach may be simpler than arbitrarily assigning a pinned

support at one end and a roller support at the other. However, in real buildings, the
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horizontal movement of the truss bottom chord is not completely prevented. Figure

3.9 shows the deformation that may occur under gravity loading. Thus, assuming all

the supports in the roof assembly as pinned may not be the best approach. As noted

by Dung (2000), the support conditions significantly affect the structural performance

of light-frame wood truss assemblies. To accurately predict the structural behavior of

light-frame wood truss assemblies, a more suitable boundary condition must be

developed for the proposed assembly model.

A) Isomric View

In-plane axis of Irusses

B) End View

End Wall

- - -

Direction along roof length
(Out-of-plane adS of trusses)

Direction along roof length
(Out-of-plane ads of Irusses)

Side Wall

- -. -
C) Eleua*ion View cf Roof

J

Figure 3.9 Deformation of Roof Truss under Vertical Loading with Reference
Axes (not to scale)
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In addition to the properties of the supporting walls, the locations of cross and

end walls also determine the support conditions (in the plane of the trusses). In other

words, the cross and end walls help to resist the out-of-plane deformation of the

supporting side walls, and thus resist movements at the support in the plane of the

truss. It may be reasonable to treat all the truss supports located at intersections

between end or cross walls and side walls as pinned, to resist translation. For trusses

on side walls located elsewhere, much smaller lateral resistance will be provided, and

can perhaps be ignored. Diaz and Schiff (1998) proposed similar boundary conditions

for assemblies composed of similar trusses with good results. Therefore, based on

their preliminary findings, truss supports will be assumed as pinned where the side

walls and end or cross walls intersect. Roller supports are assumed where side walls

do not meet with either cross or end walls. This assumption provides a more realistic

simulation than Dung (2000) where the boundary conditions were all assumed to be

pinned supports. Yet, it provides simplicity and practicality to model three-

dimensional truss assemblies. Example boundary conditions for an L-shaped

assembly are shown in Figure 3.10.

HIP TRUSS
STANDARD TRUSS
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Finally, the wall top plate will be modeled using frame elements with the same

physical properties as the actual top plate, and be rigidly connected to the heel joints.

A summary of our proposed 3-D assembly model is as follows:

Partial composite action is not included in this study.

Sheathing modeling

Sheathing beams are continuous.

Sheathing beams are rigidly connected to truss top chords.

One sheathing beam represents a row of sheathing panels.

3) Boundary conditions

Pinned supports are located at the intersections of cross and end walls.

Roller supports are present when trusses are located in between cross

and end walls.

3.3 Three-Dimensional Truss Assembly Models

The VIEW program will be used to layout entire T-shaped, L-shaped, and

complex truss assemblies as shown in Figures 3.11, 3.13, and 3.15, respectively.

VIEW provides geometry, loading conditions, material properties, and analyzes each

truss individually. All the input parameters for T-shaped, L-shaped, and complex truss

assemblies are given in Appendices D, E, and F, respectively.

Based on the geometry, material properties, and loading obtained from VIEW,

3-D frame models of the T-shaped, L-shaped, and complex assemblies were generated

for analysis in SAP2000 as shown in Figures 3.12, 3.14, and 3.16, respectively.

Results from SAP2000 and VIEW will be compared in terms of maximum CS! values

for each truss and their locations, deflections, and truss reactions. If the results do not

match, then our research hypothesis is true and there are system effects that are not

fully accounted for by conventional truss design. These system effects will be

described, and may include the support conditions (trusses supported by other trusses

for example), presence of stiff gable end trusses, and others that may be identified.
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Figure 3.11 3-D Assembly Model of T-Shaped Assembly from VIEW

Figure 3.12 3-D Assembly Model of T-Shaped Assembly from SAP2000

N
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Figure 3.13 3.-D Assembly Model of L-Shaped Assembly from VIEW
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Figure 3.14 3-D Assembly Model of L-Shaped Assembly from SAP2000



Figure 3.15 3-D Assembly Model of Complex Assembly from VIEW

Figure 3.16 3-D Assembly Model of Complex Assembly from SAP2000
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CHAPTER 4: RESULTS AND DISCUSSIONS

4.1 Two-Dimensional Truss Model Verification

Table 4.1 shows the CSI values for the T-1 truss from the T-shaped assembly

as analyzed by VIEW using TPM model and from SAP2000 using the proposed

design analog. Only selected truss members are shown in this table. This is because

the T-1 truss is a symmetrical truss as shown in Figure 4.1 and CSI values of truss

members from the left and right sides are equal. For example, CSI values for truss

members 1 and 2 are equal to those of truss members 4 and 3, respectively.

Comparison of the two models shows that the maximum CSI occurred in the same

truss top chord member 2 and the two values are very close to each other. The

maximum difference in CSI is in truss web member 11, within a 6% increase from

0.339 (CDP) to 0.358 (SAP2000). Although the maximum increase is 6%, the CSI

value is much less than 1.00 and it is not a concern for truss designers. Moreover, the

CSI values of other truss members only increase by 0 to 5%. Although the CSI values

obtained from both program are very close, they are still different. This is because the

VIEW design analog is not exactly the same as our design analog. Moreover, the

VIEW design analog also includes semi-rigid connections at heel joints, while our

proposed model has rigid connections at heel joints.
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Table 4.1 CSI Comparison for Individual T-1 Truss Analyzed by VIEW (CDP)
and SAP2000

36

In addition to the CSI values, deflections are also compared. Table 4.2 shows

the deflection comparison for the T-1 truss in a T-shaped assembly as analyzed by

VIEW (CDP) and SAP2000. Because of the symmetry of the T-1 truss, the

deflections of panel points on the left and right sides of the truss are equal. Table 4.2

only shows the deflections of selected panel points. All deflections increase by 5%

using the SAP2000 model. Even though all deflections increase, the maximum

deflection is still much lower when compared to the serviceability requirement of the

truss (Lu 80 = 1.86 inch). Therefore, based on CSI values and deflections, our design

analog is reasonably close to what is currently used by the industry. In addition to

these CSI and deflection comparison tables, Appendix F also includes reactions, axial

forces, and bending moment comparison tables for individual trusses (T- 1, T-2, TG- 1,

and GE) from the T-shaped assembly.

Member# CSI for Individual Truss Percent Increased

(+)/ Decreased (-)

(%)

VIEW (CDP) SAP2000

0 0.277 0.272 -2

1 0.768 0.779 1

2 0.971 0.975 0.4

6 0.704 0.710 1

7 0.565 0.567 0

11 0.339 0.358 6

12 0.252 0.264 5



Table 4.2 Deflection Comparison for Individual T-1 Truss Analyzed by VIEW
(CDP) and SAP2000

Figure 4.1 Individual T-1 Truss in T-Shaped Assembly

Besides Fink trusses, L-shaped and complex assemblies also include corner

jack trusses and hip jack trusses. These trusses are relatively small with shorter spans

and are composed of very few truss members. Table 4.3 shows the CSI comparison

for the HJ-10 truss in the L-shaped assembly analyzed by VIEW and SAP2000.

Figure 4.2 shows the individual HJ-10 truss. Almost all truss members have lower

CSI values when analyzed using SAP2000 with the proposed model. The maximum

CSI occurs in the same truss member, truss member 4, and it decreases by about 12%.

For other truss members (i.e. truss members 0, 1, 2, 4, and 6), the CSI values decrease

by less than 20%. The difference may be caused by the different design analog,

especially at the heel joint. The heel joint of VIEW's model includes one extra

fictitious member and one extra wood member to account for semi-rigid connectivity

12
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Node#

Deflection (in.)

VIEW (CDP) SAP2000

4 0.19 0.2

5 0.2 0.21

6 0.19 0.2

7 0.2 0.21

8 0.19 0.2
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as shown in Figure 2.3, while our model, as shown in Figures 3.6 and 3.7, does not

introduce any additional members at the joint. The change in CSI may seem to be

large (about 20%) in this verification. However, the individual trusses will be used to

model the entire assembly. Based on previous research studies (Wolfe and McCarthy

1989, Wolfe and LaBissoniere 1991, Lafave 1990, Cramer et al. 1989, Cramer et al.

2000, and Dung 2000), it was shown that 'system effects' in the actual truss assembly

may play a greater role in 3D analysis. The effect due to the difference in truss design

analog compared to these 'system effects' may be reduced when the trusses are

analyzed together in an assembly. Therefore, to perform 3D analysis, this proposed

design analog is deemed to be acceptable.

Moreover, individual trusses in the other two assemblies (i.e. L-shaped and

complex assembly models) provided close results in two-dimensional verification.

The CSI and deflection comparison tables for individual trusses from L-shaped and

complex assembly models are included in Appendices G and H, respectively. The

verification result for the L-shaped and complex assemblies shows that our design

analog analyzed by SAP2000 can be used to represent actual trusses.



Table 4.3 CSI Comparison for Individual HJ-l0 Truss from L-Shaped Assembly
Analyzed by VIEW (CDP) and SAP2000
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Figure 4.2 Individual HJ- 10 Truss from L-Shaped Assembly

Member# CSI for Individual Truss Percent Increased

(+)/Decreased (-)

(%)

VIEW (CDP) SAP2000

0 0.624 0.537 -14

1 0.474 0.389 -18

2 0.857 0.746 -13

3 0.001 N/A N/A

4 0.970 0.854 -12

5 0.196 N/A N/A

6 0.435 0.389 -11

7 0.107 0.082 -23



4.2 Three-Dimensional Assembly Model Check

4.2.1 Deflection Check

The results from assembly analysis are first checked against the expected

structural behavior (response) and basic statics. The structural response check

includes a deflection check and support reaction check.

In the T-shaped assembly, based on the fact that all supports do not move in

the vertical direction (Z-axis), the vertical deformations obtained from the

assembly analysis are equal to zero as seen in Figure 4.3.

The deformations at all the supports (both supports of trusses at locations 1,

26, 27, and 37) of the T-shaped assembly, located at the corners, are equal to

zero as shown in Figure 4.3.

In the T-shaped assembly, since the loads are applied only in the vertical

direction (Z-axis) and load-distributing elements provide some resistance in the

out-of-plane direction of the trusses, there is no out-of-plane deflection of the

trusses in the assembly. As expected, there is no deflection along the Y-axis in

sub-assembly A and along the X-axis in sub-assembly B as shown in Figure

4.3.

Deflections of the supports for all the trusses in the assembly are shown in

Figure 4.3. The deformations in the negative X-axis direction of the left

supports of the trusses in sub-assembly A increase as the trusses are farther

away from both gable end trusses as expected. Therefore, the maximum

deformations in the negative X-axis direction occur in the trusses (locations 13

and 14) located in the middle of sub-assembly A. In sub-assembly B, the

maximum absolute deformations in the Y-axis direction occurred at locations

32 and 33.
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Figure 4.3 Deformation of the Supports of Trusses in T-Shaped Assembly

5. In the T-shaped assembly, because of the symmetry of the T-1 truss, the panel

point deflections at both sides of the trusses are equal under uniform vertical

loading. As seen in Table 4.4, the deflection at node 4 is equal to that at node

8. Likewise, the deflection at node 5 is equal to that of node 7. The T-1 truss

is shown in Figure 4.1.

The deflection check shows that the T-shaped assembly has the expected

structural response in terms of deflection. In addition to the T-shaped assembly, the

deflection check is also verified for the L-shaped assembly and complex assembly

(Figure 4.5).

In general, the results in terms of deflection and reaction from the L-shaped

assembly show a good comparison as shown in Appendix H. However, the L-shaped

assembly deflects differently from T-shaped assembly especially at corners (Corner c).

In the T-shaped assembly, the boundary deflects away from the center of the assembly
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as seen in Figure 4.3. However, at Corner c of sub-assembly A in the L-shaped

assembly, one side (from Corner a to Corner c (a-c side)) of the boundary moves to the

left of the assembly (or away from the center) while the other side (from Corner c to

Corner e (c-e side)) of the boundary moves toward the center as shown in Figure 4.4.

Based on the reaction results, it shows that the reaction in the Y direction of the T-2

truss at Corner a of sub-assembly A is 327 lb. The positive sign shows that the truss

deforms toward the center. The reaction in the Y direction of the HJ- 10 truss at the

lower corner (Corner c) of sub-assembly A is -657 lb. This negative sign shows that

the truss tends to deflect toward the center as well. At the corner (c), both sides are

composed of CJ trusses (CJ-2, CJ-4, and CJ-6 trusses), framing into HJ-10 trusses, and

they deform together. When the CJ-2 truss on the left edge (a-c side) at the corners

moves away from the center to the left, the CJ-2 truss aligned perpendicularly moves

toward the center as shown in Figure 4.4.

Table 4.4 Vertical Deflection of Individual T-1 Truss at Panel Points

Additionally, deflections are verified for the complex assembly and the results

matched very well with the expected structural response. The deflected shape of the

complex assembly is shown in Figure 4.5 and its 2D verification results are shown in

Appendix H.

Node# Deflection (in.) of Individual T- 1 truss

4 0.19

5 0.20

6 0.19

7 0.20

8 0.19
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Figure 4.4 Horizontal Deformation of the Supports for Trusses in L-Shaped
Assembly
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Figure 4.5 Horizontal Deformation of the Supports for Trusses in Complex
Assembly
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4.2.2 Support Reactions Check

After the loads are applied to the structure, they are transferred to the supports.

Therefore, the applied loads must equal the sum of the reactions. Figure 4.5 shows the

total reactions and applied loads for the T-shaped assembly. The total applied loads

are exactly the same as the total reactions. In the T-shaped assembly, the applied

loads and the total reactions are 132700 pounds. In the L-shaped assembly, the total

applied loads and the total reactions are 91200 pounds each as shown in Figure 4.7. In

the complex assembly, the total applied loads and the total reactions are 141600

pounds each as shown in Figure 4.8. The support reactions for all three assemblies

match very well with the applied loads.
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4.3 System Effects

4.3.1 Reduced Applied Load

In the CDP, it is assumed that each truss is loaded based on its tributary area

and trusses are assumed to be spaced 2-ft on center (o.c.) with tributary width of 2 ft.

The CDP assumes that all the trusses in an assembly have the same tributary width.

Therefore, trusses with the same span carry the same load. For example, a truss top

chord is assumed to carry 45 pounds per square foot (psf). By using the CDP, the

truss top chord carries 90 pound per foot (45 psfx 2 ft.) Although this assumption is

applied to all trusses, in the real situation, some trusses may be spaced more or less

than 2 ft. The SDP considers the actual geometry of the assembly and assumes that

each truss carries loads based on the actual tributary area and geometry of the

assembly. Therefore, the tributary width may be more or less than 2 ft.

This effect is recognized in all of the three assembly models for this study. In

most assemblies, some trusses frame into other trusses and carry loads from those

trusses. This effect is not considered by the CDP. However, the SDP accounts for this

effect. Therefore, trusses analyzed by the SDP have the actual tributary loading area,

which is usually smaller than assumed by the CDP.

This system effect is now discussed for the assemblies analyzed in this study.
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4.3.1.1 L-Shaped Assembly

1. Figures 4.9 and 4.10 show the tributary areas of the T-2 truss located on the

edge of the roof based on the CDP and SDP, respectively. The L-shaped

assembly happens to have 2-ft overhangs and no gable end trusses, so the

actual tributary width of this T-2 truss at location 1 is 3 feet (1 ft on inner

side and 2 ft of overhang). The CDP does not account for the overhang of

the truss on the edge of the assembly and assumes a tributary width of 2

feet. However, the SDP considers the overhanging roof and has a tributary

width of 3 feet. Table 4.5 shows the CSI values for the T-2 truss at

location 1 obtained using the CDP and SDP, and their percent differences.

The individual T-2 truss from the L-shaped assembly is shown in Figure

4.11. For all of the truss members, the CSI increases range from 15% to

33%. The maximum CSI increases by 10% for member 2 and by 17% for

member 3. In both cases, the CSI analyzed by the SDP is more than 1.00,

which is the upper limit jn design. It shows that the T-2 truss is unsafe

based on the SDP, but the T-2 truss is safe based on the CDP. This shows

that a system effect, not accounted for by CDP, but included in the SDP,

can cause the structure to be unsafe. It shows an advantage of the SDP by

predicting more accurate structural responses by directly including system

effects. The maximum percent increase in CSI occurred in truss member 9

where the CSI increased by 33%. Although the applied load in the SDP is

about 50% higher than from the CDP, the CSI only increases by 33%. This

is because the T-2 truss in the assembly is connected with other trusses by

load-distributing elements, and the load is transferred through the load-

distributing elements to adjacent trusses. This phenomenon is also

supported by the results of Wolfe and McCarthy (1989) and Lafave (1990),

where a loaded truss only carries 60-80% of the load applied to it.
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2. The T-2 truss is a symmetrical truss. Based on the CDP, the CSI values for

both sides of the symmetrical truss are equal. However, this is not always

the case for the truss analyzed by the SDP. In an assembly, load-

distributing elements which cormect and align perpendicular to the truss

top chord transfer load among trusses. In Table 4.5, CSI values on both

sides from the CDP are equal. However, based on the SDP, CSI values of

members (2 and 3) on both sides are not equal, because load-distributing

elements transfer load differently depending on their position with respect

to the overall shape of the assembly. The load-distributing elements on

truss member 3 transfer axial load of 25 lb while the load-distributing

elements on the truss member 2 transfer axial load of 15 lb. This shows

that with more load transferred through the load-distributing element on

one side, the CSI of truss member 2 is 1.072 and the CSI of truss member 3

is 1.135. Because the difference in load transferred through the load-

distributing elements is only 10 lb., the difference in CSI is also small

(0.053 difference in CSI). It shows that the position of load-distributing

elements with respect to the overall shape of the assembly also affects how

load is distributed among trusses in an assembly. It is recommended that a

future study investigate the effect of load-distributing elements.

Additionally, other T-2 trusses based on the SDP show the same trend for

CSI, that all members of the T-2 truss based on the SDP have higher CSI

values than those obtained from the CDP
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Table 4.5 CSI Comparison for T-2 Truss (Figure 4.5) from L-Shaped Assembly
Analyzed by VIEW (CDP) and SAP2000 (SDP)

Figure 4.11 Individual T-2 Truss in L-Shaped Assembly

12

52

Member# CSI Values Percent Increased
(+)/Decreased (-)

VIEW (CDP) SAP2000 (SDP)

0 0.277 0.339 22

1 0.768 0.932 21

2 0.971 1.072 10

3 0.971 1.135 17

4 0.768 0.94 22

5 0.277 0.341 23

6 0.704 0.811 15

7 0.565 0.683 21

8 0.704 0.852 21

9 0.252 0.336 33

10 0.339 0.415 22

11 0.339 0.438 29

12 0.252 0.291 15
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3. Several trusses (S-i, S-2, S-3, S-4, MH-1, and MHG-1) frame into the TG-

1 truss as shown in Figures 4.9 and 4.10. Additionally, one of the EJ-7

trusses at location 37 is right next to TG-1. Therefore, based on the SDP,

TG- 1 had a tributary width of only 1 ft (from right side only) for this

configuration. The tributary areas of the TG- 1 truss analyzed using the

CDP and SDP are shown in Figures 4.9 and 4.10, respectively. Therefore,

by using the SDP, the load decreases about 50% when compared with that

assumed by the CDP. Table 4.6 provides the CSI values for the TG-1 truss

obtained from the CDP and SDP and their percent differences. Figure 4.12

shows the TG-1 truss. For all of the members of the TG-1 truss, when

using the SDP, the CSI goes down from 13% to 67%. CSI values of this

truss (TG- 1) analyzed by the SDP are lower than those analyzed

individually (CDP). The maximum CSI of the TG-1 truss decreases from

0.972 (CDP) to 0.687 (SDP), i.e., 29%. The maximum percent decrease

(67%) in CSI occurs in truss member 3. Although the applied load goes

down by 50%, the maximum CSI only decreases by 29%. This is because

the two-ply girder TG-1 truss is stiffer than its adjacent trusses. Hence TG-

1 attracts more load, resulting in a higher CSI than expected (50%

reduction in CSI). In addition to the TG-1 truss, the same also occurs in

the MHG- 1 truss (at location 17) and the same result also applies to the

MHG-1 truss. The tributary areas of the MHG-1 truss analyzed by the

CDP and SDP are also shown in Figures 4.9 and 4.10, respectively.



Table 4.6 CSI Comparison for TG-1 Truss from L-Shaped Assembly Analyzed
by VIEW (CDP) and SAP2000 (SDP)

Figure 4.12 Individual TO-i Truss in L-Shaped Assembly
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Member# CSI Values Percent Increased

(+)/Decreased (-)VIEW (CDP) SAP2000 (SDP)

(%)

1 0.838 0.402 -52

2 0.724 0.491 -32

3 0.843 0.277 -67

4 0.709 0.310 -56

5 0.972 0.687 -29

6 0.822 0.397 -52

7 0.600 0.340 -43

8 0.778 0.678 -13

9 0.905 0.382 -58

10 0.946 0.517 -45

11 0.870 0.524 -40
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5. In sub-assembly A, the hip jack truss (HJ-10) is connected to the corner

jack trusses (CJ2, CJ4, and CJ6) and the girder truss (MHG-1 truss).

Figures 4.9 and 4.10 show the tributary areas of the HJ- 10 truss analyzed

using the CDP and SDP, respectively. The connecting (CJ-2, CJ-4, and

CJ-6) trusses carry the load for the HJ- 10 truss. Hence, by using the SDP,

there is no load applied to the HJ-10 truss. Table 4.7 shows the CSI values

of the HJ-10 truss in the L-shaped assembly obtained from the CDP and

SDP and their percent differences. Figure 4.13 shows the individual HJ- 10

truss. For all of the members of the HJ-10 truss, when the truss is analyzed

using the SDP, the CSI goes down from 31% to 90%. CSI values of this

truss (HJ- 10) analyzed by the SDP are lower than those analyzed using the

CDP. The maximum CSI of the HJ-10 truss decreases from 0.970 (CDP)

to 0.364 (SDP) by 62%. The maximum percent decrease in CSI occurs in

truss member 6, which is about 90%. The HJ-10 truss is connected to CJ

trusses (i.e. CJ-2, CJ-4, and CJ-6 trusses). When the assembly is analyzed

by the SDP, the load is transferred from the CJ trusses to the HJ-10 truss

through the load-distributing elements. Although the HJ- 10 does not carry

applied load directly, the load transferred from the CJ trusses is properly

accounted for, when analyzed by the SDP.



Table 4.7 CSI Comparison for HJ-10 Truss from L-Shaped Assembly Analyzed
by VIEW (CDP) and SAP2000 (SDP)
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Figure 4.13 Individual HJ-l0 Truss in L-Shaped Assembly

Member# CSI Values Percent Increased

(+)IDecreased (-)

(%)

VIEW (CDP) SAP2000 (SDP)

0 0.624 0.113 -82

1 0.474 0.207 -56

2 0.857 0.272 -68

3 0.001 N/A N/A

4 0.970 0.364 -62

5 0.196 N/A N/A

6 0.435 0.043 -90

7 0.107 0.074 -31



4.3.1.2 Complex Assembly

The complex assembly is composed of 5 sub-assemblies as shown in Figures

4.14 and 4.15. The reduced-applied-load effect occurs in all five sub-assemblies.

In sub-assembly E, because other trusses (S-3, S-5, S-6, S-7, EJ-5 trusses)

frame into the MHG-2 truss (as shown in Figure 4.8), which is located next to a

Corner Jack truss (CJ-6 truss), only the load from the tributary area between MHG-2

and CJ-6 is applied to MHG-2 and the tributary width is only 0.5 ft. The tributary

areas of the MHG-2 truss based on the CDP and SDP are shown in Figures 4.14 and

4.15, respectively. The CJ-6 truss, located near MHG-2, and other trusses (S-5, S-6,

S-7, EJ-5 trusses), which are connected with MHG-2, carry the load from one side of

the truss (MHG-1). Hence, MHG-2 carries less loads (about 87.5% less) and has

lower member forces when compared with those obtained from the single truss

analyzed individually. Table 4.8 shows the CSI values of the MHG-2 truss in sub-

assembly E obtained from the CDP and SDP, and their percent differences. The

MHG-2 truss is shown in Figure 4.16. For all of the members of the MHG-2 truss,

when analyzed using the SDP, the CSI goes down from 24% to 44%. Based on the

CDP and SDP, the same truss member (#2) has the maximum CSI. The maximum

CSI based on the CDP is 0.954 while the maximum CSI from the SDP is 0.595. The

maximum CSI decreases by 38%. The maximum decrease (44%) in CSI of the MHG-

2 truss occurs in truss top chord member 1 and it decreases from 0.6 14 (CDP) to 0.342

(SDP). For other members, CSI reduces from 20% to 40%. This shows that when a

truss is connected from both sides, its tributary loading area considerably decreases,

resulting in the reduction in CSI value.
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Figure 4.14 Tributary Areas of HJ-1O, HJ-11, S-1O, and MHG-2 Trusses in
Complex Assembly from CDP

J-IJ-1O

Figure 4.15 Tributary Areas of HJ-1O, S-1O, and MHG-2 Trusses in Complex
Assembly between SDP and CDP
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Table 4.8 CSI Comparison for MHG-2 Truss from Sub-Assembly E of Complex
Assembly Analyzed by VIEW (CDP) and SAP2000 (SDP)
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4 5

Figure 4.16 Individual MHG-2 Truss from Sub-Assembly E of Complex Assembly

Member#

CSI Values Percent Increased

(+)/Decreased (-)

(%)
VIEW (CDP) SAP2000 (SDP)

0 0.889 0.521 -41

1 0.614 0.342 44

2 0.954 0.595 -38

3 0.546 0.415 -24

4 0.794 0.511 -36

5 0.621 0.365 41

6 0.049 0.037 -24
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In addition to the reduced applied load due to trusses framing into other

trusses, the applied load is also reduced because some trusses in an assembly are

spaced less than 2 feet on center, leading to smaller tributary area. In sub-assembly C,

S-9 and S-b trusses are spaced only 0.67 ft. on center, and the S-b truss has a

tributary width of 1.33 ft. Figures 4.14 and 4.15 also show the tributary area of the S-

10 truss in sub-assembly C for the CDP and SDP, respectively. Therefore, the load

assumed by the SDP is decreased by 33.5%. Table 4.9 shows the CSI values of

selected members of the S-b truss in sub-assembly E of the complex assembly

obtained from the CDP and SDP, and their percent differences. Only truss members

with high CSI differences are shown. The complete table is shown in Appendix K.

The S-b truss is shown in Figure 4.17. For all of the truss members of the S-10 truss,

when the truss is analyzed using the SDP, the CSI goes down from 12% to 31%.

Although the load goes down by as much as 33.5%, the CSI decreases by 31% at the

high end and 12% at the low end. This is because this S-b truss is a two-ply truss,

which is stiffer than adjacent one-ply trusses and it attracts more load, resulting in

higher member forces and CSI. The maximum CSI in the S-b truss occurs in truss

top chord member 0 and decreases by 20% compared to the CDP. The maximum

decrease in CSI for the S-i 0 truss is about 30%, and it occurs in truss top chord

members 4 and 5, truss bottom chord member 11, truss web members 16, 21, and 22.

The CSI values of the other two truss bottom chords (#9 and #10) decrease by 23%

and 21%, respectively. All the truss members, which have a maximum decrease in

CSI (30%), have low CSI values and are much lower than 1.00, which is the upper

limit in design. Therefore these percent differences in CSI are not critical in design.



Table 4.9 CSI Comparison for S-1O Truss from Sub-Assembly C in Complex
Assembly Analyzed by VIEW (CDP) and SAP2000 (SDP)
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Additionally, Hip Jack trusses (HJ trusses) in all five sub-assemblies are

connected to Corner Jack trusses (CJ trusses) and girder trusses. Figures 4.14 and 4.15

show the tributary area for HJ trusses in all five sub-assemblies based on the CDP and

SDP, respectively. The connecting trusses carry the load for the HJ truss. Although

by using the SDP there is no direct load due to tributary area for the HJ trusses, the HJ

trusses are still loaded due to that transferred through the CJ trusses. Table 4.10 shows

Member # Member Type

CSI
obtained

from CDP
(VIEW)

CSI obtained
from SDP

(SAP2000)

Percent
Increased (+)/
Decreased (-)

(%)

0 TC 0.894 0.714 -20

4 TC 0.182 0.129 -29

5 TC 0.179 0.125 -30

9 BC 0.339 0.262 -23

10 BC 0.35 0.276 -21

11 BC 0.475 0.331 -30

16 WEB 0.016 0.011 -31

21 WEB 0.202 0.142 -30

22 WEB 0.023 0.016 -30

I 2
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Figure 4.17 Individual S-10 Truss in Sub-Assembly C of Complex Assembly
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the CSI values for the HJ-10 truss in sub-assembly A obtained from the the CDP and

SDP and their percent differences. The HJ-10 truss is shown in Figure 4.18. For

almost all of the members of the HJ-l0 truss, when analyzed using the SDP, the CSJ

goes down by 37% to 83%. However, web member 5 of the HJ-10 truss has a higher

CSI based on the SDP. This is because the connecting girder truss (HG7A) and this

HJ-10 truss share the same web member, and the web member has higher forces than

expected when the truss is analyzed using the SDP. The CSI value of this web

member (truss member 5) increase from 0.106 (CDP) to 0.348 (SDP) by 228%.

Although the maximum increase in CSI is 228%, the CSI only increases to 0.348,

which is still much lower than 1.00. The CSI decrease in the HJ truss is explained in

Section 4.3.1.1. In this case, the maximum percent decrease in CSI for the HJ-10 truss

occurs in overhang member 0. The maximum CSI of the HJ-10 truss decreases by

38%. The CSI values for truss members 1, 3, and 4 decrease by 47%, 37%, and 69%,

respectively.

Table 4.10 CSI Comparison for HJ-10 Truss from Complex Assembly Analyzed
by VIEW (CDP) and SAP2000 (SDP)

Member# Member
ype

CSI obtained
from CDP
(VIEW)

CSI obtained
from SDP

(SAP2000)

Percent Increased
(+)/Decreased (-)

(%)

0 OH 0.624 0.105 -83

1 TC 0.548 0.293 -47
2 TC 1 0.625 -38

3 BC 0.655 0.412 -37

4 WEB 0.537 - 0.164 -69

5 WEB 0.106 0.348 228



Figure 4.18 Individual HJ- 10 Truss from Complex Assembly

Based on CDP, the total applied load is about 154900 lb., while the total load

based on SDP is only 141600 lb. The load difference is about 13300 lb. It shows that,

in most cases, the CDP tends to be on the conservative side for design. However, in

an L-shaped assembly, the CDP does not consider the load from the overhang while

the SDP include the load due to the overhang. In this case, the CDP is unconservative.

This study shows that the SDP improves the analysis in terms of a more realistic

applied load, which is usually lower than assumed by the CDP. Therefore, the SDP

generally helps to reduce the usage of raw material (smaller section for truss member

and/or lower grade of truss member) and improve life safety through better

understanding of the structural behavior of roof assemblies.

4.3.1.3 T-Shaped Assembly

The reduced applied load effect also occurs in the T-shaped assembly. Based

on the CDP the total applied load is about 136500 lb., while the total load based on the

SDP is only 132700 lb. The load difference is about 3800 lb. In this assembly the

load difference is small because it only occurs where T-2 trusses (at locations 6 to 21)

are supported by a TG-1 truss as shown in Figure 4.6. The CSI decreases from 0.94 1

(CDP) to 0.847 (SDP), i.e. by 10%. This system behavior for the T-shaped truss

assembly is similar to what is discussed for the L-shaped and complex assemblies.
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4.3.2 Deflection Compatibility

Currently, the CDP assumes that a truss has a roller support on one end and a

pinned support on the other end. Both types of supports have vertical restraint, which

do not allow for any vertical deflection. In reality, trusses are not always supported by

a wall, but sometimes supported by other trusses. Therefore, the vertical deflection at

the end that is supported by other trusses is not zero.

The CDP analyzes one truss at a time and assumes zero vertical deflection at

both supports for all trusses in an assembly. When the CDP analyzes the supporting

truss, there is a vertical deformation at the connecting point. Therefore, at the same

(connecting) point in the assembly there are two different deflection values predicted

by the CDP. This shows that the CDP provides displacement incompatibility, which

represents unrealistic results. For example, based on the CDP, the T-2 truss in the T-

shaped assembly (Figure 4.20) has zero displacement at the connecting point, where

the T-2 truss is supported by the TG-1 truss. However, analysis (CDP) of the TG-1

truss shows that the connecting point has a deflection of 0.26 inch.

Unlike the CDP, the SDP simultaneously analyzes all the trusses in an entire

assembly. Therefore, it provides the same deflection for all the connecting point

between trusses supported by other trusses. This shows that the SDP gives

displacement compatibility, which represents realistic results.

This system effect is called the truss-to-truss support effect. The current

design method does not recognize the truss-to-truss support effect because it assumes

the same support conditions (pinned-roller supports) for all trusses in an assembly,

even though some trusses may not have the same support condition, as mentioned

earlier. This may lead to excessive deflection differences at the connecting points

between trusses.
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Table 4.11 shows the deflection of panel points for T-2 trusses based on the SDP at

selected locations (at locations 7, 11 to 16 and 20) and based on CDP (last row). The

T-2 truss is shown in Figure 4.19. The CDP assumes that all trusses in the assembly

have the same support conditions. The deflection based on the CDP is the same for all

T-2 trusses in the T-shaped assembly. However, the support conditions of each truss

in the assembly are not the same. The SDP with more realistic support conditions

provides different deflections for each T-2 truss at different locations as shown in

Table 4.11. Since the T-2 trusses at locations 11 to 16 are supported by TG- 1, these

trusses become more flexible, resulting in larger deflections on one side. For example,

the T-2 trusses at locations 11 to 16 have panel point deflection of 0.46 inch on the

side supported by the TG- 1 truss. That is almost two times higher than that of 0.29

inch on the same side based on the CDP. Although T-2 trusses at locations 7 and 20

are supported by a girder truss, they are located near the wall support of the girder

truss. Therefore, these T-2 trusses have smaller differential deflections of panel

points. From Table 4.11, the panel point deflections of 0.29 inch on the side supported

by the TG-1 truss are slightly higher than that of 0.23 inch on the other side supported

by a wall. This also occurs in the L-shaped assembly and complex assembly.



Table 4.11 Deflection Comparison for T-2 Truss from T-shaped Assembly
Analyzed by VIEW (CDP) and SAP2000 (SDP)

Figure 4.20 Individual T-2 Truss from T-Shaped Assembly

Table 4.12 shows the deflections of the connecting point between the T-2 truss

at location 14 and TG-1 truss in the T-shaped assembly. By using the SDP to analyze

all trusses in the assembly, the connecting points between the supports of the T-2

trusses and the bottom chord of the TG-1 truss, as shown in Figure 4.20, deflect

vertically 0.24 in. Unlike the SDP, the CDP analyzes one truss at a time. The CDP

assumes that no deflection occurs at those connecting points when analyzing the T-2

truss. However, at the same connecting point, when analyzing the TG-1 truss, the

CDP provides a vertical deformation of 0.26 in. Therefore, different deflections are

obtained by the CDP, or displacement incompatibility. On the other hand, the SDP

represents more realistic results by obtaining deflection compatibility.
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Truss Location Deflection (inch) at Node# (based on SDP)
4 5 6 7 8

7 0.23 0.26 0.27 0.29 0.29
11 0.29 0.37 0.38 0.45 0.46
16 0.29 0.34 0.38 0.45 0.46
20 0.23 0.26 0.27 0.29 0.29

Deflection (inch) of
individual truss

obtained from CDP

0.19 0.20 0.19 0.20 0.19



4.3.2.2 L-Shaped Assembly

Deflection incompatibility also occurs in the L-shaped assembly. S-i, S-2, S-

3, S-4, MH-1, and MHG-1 trusses are supported by a girder (TG-i) truss (Figure

4.21), which is a more flexible support. Table 4.13 shows the deflections of the

connecting point between the S-1 truss and TG-1 truss using both the SDP and CDP.

Figure 4.21 shows the connecting point between S-i and TG-1 trusses. By using the

CDP, the deflection at the connecting point supported by TG-1 truss is zero, but when

analyzing the TG-1 truss, the deflection at the connecting point is 0.29 in. At the same

point in the assembly, the CDP yields two different deflection results, or displacement

incompatibility. However, because the SDP simultaneously analyzes all trusses in the

assembly, the deflection at the connecting point is 0.20 in, deflection compatibility.

Truss Type

(Truss Location)

Vertical Deformation (in.)

CDP (VIEW) SDP (SAP2000)

T-2 (14) 0 0.24

TG-1 0.26 0.24
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Table 4.12 Deflection Results of the Connecting Point between T-2 Truss at
Location 14 and TG-1 Truss in T-Shaped Assembly Analyzed by
VIEW (CDP) and SAP2000 (SDP)



Figure 4.21 Connecting Point between S-i Truss and TG-1 Truss in
T-shaped Assembly
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Table 4.13 Deflection Results of the Connecting Point between S-i Truss and TG-
1 Truss in L-Shaped Assembly Analyzed by VIEW (CDP) and
SAP2000 (SDP)

Truss Type Vertical Deformation (in.)

CDP (VIEW) SDP (SAP2000)

S-i 0 0.20

TG-i 0.29 0.20



4.3.2.3 Complex Assembly

The same deflection incompatibility in T-shaped and L-shaped assemblies also

occurs in the complex assembly. The S-8 truss in sub-assemblies C is supported by

more flexible supports (TG-1 truss) on one end as shown in Figure 4.22. Table 4.14

shows the deflection of the connecting point between the S-8 truss and TG-1 truss in

the complex assembly. According to Table 4.14, the CDP provides two different

deflections for the same point in the assembly, with deflection incompatibility.

However, the SDP yields only one deflection of 0.20 inch at the same point in the

assembly, or deflection compatibility.

Table 4.14 Deflection Results of the Connecting Point between S-8 Truss and TG-
1 Truss in Complex Assembly Analyzed by VIEW (CDP) and
SAP2000 (SDP)
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This phenomenon is not considered by the CDP because it cannot monitor the

realistic support conditions of trusses in an assembly. It may lead to unexpectedly

large differential deflections at the connecting point between trusses and the girder

truss, resulting in cracking in the ceiling, as has already been observed by several truss

investigators.

Truss Type Vertical Deformation (in.)

CDP (VIEW) SDP (SAP2000)

S-8 0 0.20

TG-1 0.29 0.20
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Figure 4.22 Connecting Point between S-8 Truss and TG-1 Truss in
Complex Assembly
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4.3.3 Stiffer truss

It is a well-known fact that, in the assembly, stiffer trusses generally attract

more load and affect how load is distributed among trusses in the assembly. In this

investigation, the stiffer trusses in the assembly are gable-end trusses, two-ply girder

trusses, and the trusses in hip systems. Because these stiffer trusses attract more load,

the adjacent trusses attract less load, resulting in lower member forces, and lower CSI

values in adjacent trusses.

4.3.3.1 T-Shaped Assembly

In the T-shaped assembly, the gable-end trusses are located on the edge of the

assembly. The gable-end truss is supported along the bottom chord members. The

gable-end truss is stiffer when compared with adjacent trusses supported only on both

ends. The gable-end trusses are at locations 1, 26, and 37 as shown in Figures 4.3 and

4.4. Table 4.15 shows the combined reaction from both supports based on the CDP

and SDP. The combined reaction of the gable-end truss based on the CDP is 3676

pounds. This shows that the gable-end trusses at different locations have the same

combined reactions when analyzed based on the CDP. However, based on the SDP,

which assumes a more realistic condition, the combined reactions of gable-end truss at

different locations are different. The combined reactions of gable-end trusses at

locations 1 and 26 are 3997 pounds and that of the gable-end truss at location 37 is

3887 pounds. As seen in Table 4.15, the maximum difference between the CDP and

SDP is 321 pounds (approximately 9%), which is not much different. Based on the

research studies done by Wolfe and McCarthy (1989) and Lafave (1990); the results

show that a loaded truss in an assembly with load-distributing elements only carries

60% of the applied load. It shows that the load is transferred among trusses through

the load-distributing elements. Although a stiffer truss usually attracts load from

adjacent trusses, the load is also transferred to adjacent trusses through the load-

distributing elements and the stiffer loaded truss does not always attract as high a load
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as expected. Therefore, the combined reaction of the stiffer truss based on the SDP

only increase by 9%.

Table 4.16 shows the CSI values for selected members in the gable-end trusses

in the assembly. Figure 4.23 shows the individual gable-end truss. One member from

the overhang, two members (left and right sides) from the truss top chord, three

members (left, middle and right sides) from the bottom chord, and two members from

the web are selected to show their CSI values. Only a limited number of members are

shown in Table 4.16 because the gable-end truss contains a large number of members

(42) and each type of member (overhang, top chord, bottom chord and web) behaves

similarly. However, the complete table is shown in Appendix F. In bottom chord

members, CSI values only increase by 13%, while the CSI values of top chord and

web members increase by 22% to 26%, respectively. In reality, bottom chord

members of gable-end truss are entirely supported by a wall, and the load is then

transferred directly to the supports. Therefore, their CSI values do not increase as

high as those in the top chord and web members. The maximum increase in CSI is

26%, but the CSI only increases from 0.072 to 0.091. The CSI is still well below 1.00.

Table 4.15 Combined Reaction Comparison of Gable-End Truss Analyzed by
VIEW (CDP) and SAP2000 (SDP)

Gable-end truss at location Combined Reaction (lb.)

CDP (VIEW) SDP (SAP2000)

1 3676 3997

26 3676 3997

37 3676 3887



Table 4.16 CSI Values of Gable-End Truss (GE) Analyzed by VIEW (CDP) and
SAP2000 (SDP) (See complete table in Appendix J)
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Figure 4.23 Individual GE Truss in L-Shaped Assembly
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Member Truss
Type

CSI for
Individual

Trusses

CSI from SAP in
Assembly at location

(SDP)

Max. CSI
from

assembly

Percent
Increased

(+)/
Decreased

(-) (%)
VIEW
(CDP)

1 26 37

0 OH 0.37 0.420 0.420 0.417 0.420 14

7 TC 0.069 0.080 0.080 0.084 0.084 21

8 TC 0.069 0.079 0.079 0.084 0.084 22

16 BC 0.077 0.084 0.087 0.083 0.087 13

23 BC 0.013 0.014 0.015 0.014 0.015 13

28 BC 0.015 0.017 0.017 0.016 0.017 13

32 WEB 0.045 0.055 0.055 0.051 0.055 22

39 WEB 0.072 0.091 0.091 0.088 0.091 26



4.3.3.2 L-Shaped Assembly

The gable-end trusses are not present in the L-shaped assembly, but there are

two-ply girder trusses in this assembly. This two-ply truss is stiffer than a regular

truss because it is composed of two trusses nailed/stapled together. The stiffer truss

attracts more loads. The combined reactions of the two-ply girder S-i truss based on

the CDP are 3488 pounds while the combined reactions of the S-i truss based on the

SDP are 3803 pounds. In the SDP, the reactions are higher than those analyzed by the

CDP because the S-i truss is a stiffer truss compared to adjacent trusses and attracts

more load. Although the reactions of the S-i truss based on the SDP increase, they

only increase by approximately 9%, already mentioned in Section 4.3.3.1.

Table 4.17 shows the CSI values of selected members of the S-i truss from the

L-shaped assembly analyzed by the CDP and SDP and their percent differences. Only

truss members with high CSI difference are selected including one overhang, four top

chord members, two bottom chord members, and four web members. However, the

complete table is shown in Appendix J. The S-i truss is shown in Figure 4.24. For all

of the truss members of the S-i truss, when analyzed based on the SDP, the CSI

increases by 11% to 88%. This is because the S-i truss is stiffer and attracts more

loads. The maximum CSI in this truss occurred in top chord member 6, increased

from 0.89 1 (CDP) to 0.988 (SDP), i.e. by 11%. Both analysis methods (CDP and

SDP) show the same member receiving the maximum CSI values. The maximum

percent increase (8 8%) in CSI occurred in truss web member 16, the CSI increased

from 0.050 (CDP) to 0.094 (SDP). Moreover, the CSI of truss members (#2, #4, #5,

#8, #10, #13, #16, and #19) also increase over 50%. Although the percent increase is

over 50%, the CSJ value based on the SDP is only 0.484, which is much lower than

1.00 and this is not critical in design. The average percent increase is only 51% even

though the S-i truss is two S-i trusses nailed together. This is because although the

truss is a two-ply truss, its stiffness is not two times the stiffness of one truss.

Moreover, a truss in an assembly with load-distributing elements does not carry its
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entire applied load, but the load is transferred to adjacent trusses through the load-

distributing elements.

In addition to the stiffer two-ply truss, the hip system is also stiffer than

adjacent trusses. The hip system in the L-shaped assembly is composed of Corner

Jack trusses and Hip Jack trusses. Because the hip system contains a group of trusses

with shorter spans (2-6 ft.) when compared with the Fink trusses (20-28 ft. span), it is

stiffer than the adjacent trusses. Moreover, based on their reaction comparison results,

the combined reactions of hip system trusses are higher when analyzed based on the

SDP. This shows that CJ (Sub-assembly B in Figures 4.9 and 4.10) trusses attract

more load. As a result, the maximum CSI of Corner Jack trusses, CJ-2, CJ-4, and CJ-

6, increases by 45%, 79%, and 13%, respectively, as shown in Table 4.18. The CSI

increase in CJ-6 is not as high as those in CJ-2 and CJ-4 trusses. This is because CJ-2

trusses, which are located next to the overhang, have tributary area from the roof

overhang. Based on the SDP, CJ-2 trusses have a higher tributary width of 3 feet,

while the CDP only assumes a 2-ft tributary width for all trusses. Therefore, the CSI

increase for the CJ-6 truss based on the SDP is not as high as other corner jack trusses.

The CSI increase in CJ trusses also occurs in the complex assembly. The results are

shown in Appendix K.

In addition to all the system effects mentioned earlier, the modeling method

also affects the structural response. In this investigation, it shows that the location of

load-distributing elements also affects how load is transferred among trusses in the

assembly. For example, the top chord member of the EJ-7 truss at location 32 is

connected to the load-distributing element, which transfers loads among trusses in

Sub-assembly A. Hence, the CSI of the EJ-7 truss at this location increases from

0.697 (CDP) to 0.864 (SDP) by 24% as shown in Table 4.18.



Table 4.17 CSI Comparison for S-i Truss from L-Shaped Assembly Analyzed by
VIEW (CDP) and SAP2000 (SDP)

Figure 4.24 Individual S-I Truss from L-Shaped Assembly

13

21m
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Member# Truss Type

CSI Values Percent Increased

(+)/Decreased(-)

(%)
VIEW (CDP)

SAP2000

(SDP)

0 OH 0.185 0.262 42

2 TC 0.245 0.419 71

4 TC 0.176 0.262 49

5 TC 0.06 1 0.09 48

6 TC 0.891 0.988 11

8 BC 0.313 0.484 55

10 BC 0.237 0.369 56

12 WEB 0.089 0.132 48

13 WEB 0.083 0.15 81

16 WEB 0.05 0.094 88

19 WEB 0.26 0.45 73

9m 10 10m 12 urn 147m 6 3m



Table 4.18 CSI Comparison for CJ and EJ Trusses from L-Sbaped Assembly
Analyzed by VIEW (CDP) and SAP2000 (SDP)
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4.3.3.3 Complex Assembly

The same effect from stiffer trusses in an assembly also occurs in the complex

assembly. However, all of the two-ply trusses in the complex assembly have smaller

tributary areas (i.e. having less than 2-ft spacing). With the smaller tributary area, the

two-ply truss has a lower applied load when compared with those assumed by the

CDP. Therefore, to investigate the effect of stiffer trusses, the applied load analyzed

by the CDP and SDP must be the same. In this phase of the study, the S-9 truss from

sub-assembly C in the complex assembly analyzed by VIEW (CDP) is assumed to

have the same amount of applied load as the S-9 truss in the assembly based on the

SDP. The results show that the combined reaction of a two-ply S-9 truss based on the

CDP (new applied load) is 2048 pounds while the combined reaction of the S-9 truss

based on the SDP is 2354 pounds. In the SDP, the combined reaction of the S-9 truss

is higher than those analyzed by the CDP because the S-9 truss is a stiffer truss

compared to adjacent trusses and attracts more load, resulting in higher reactions when

analyzed by the SDP. The results prove that the stiffer truss in the assembly attracts

more loads by showing a larger combined reaction. Although the reactions of the S-9

truss based on the SDP increase, they only increase by approximately 15%, already

discussed in Section 4.3.3.2.

Truss Type
Number of

Trusses

Maximum CSI
value from

Individual Truss
analyzed

using VIEW (B)

Maximum CSI
value from using

SAP (C)

Percent

Difference

(CB)xlOO/B

Increased (%)

CJ2 6 0.496 0.719 45
CJ4 6 0.41 0.734 79
CJ6 6 0.399 0.449 13

EJ-7 13 0.697 0.864 24
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Table 4.19 shows the CSI values of selected members of the S-9 truss in sub-

assembly C of the complex assembly analyzed by VIEW with CDP tributary area

(VIE W-CDP), VIEW with SDP tributary area (VIE W-SDP), and SAP2000 with SDP

tributary area (SAP2000-SDP), and their percent differences between VIE W-CDP and

SAP2000-SDP. Figure 4.25 shows the individual S-9 truss. For all of the members of

the S-9 truss, when analyzed based on VIE W-CDP, the CSI values are the highest

among the three approaches because the CDP does not recognize that this S-9 truss is

actually spaced less than 2 ft on center. In addition, VIE W-CDP assumes 2-ft

tributary width, resulting in higher applied loads.

The comparison between VIE W-SDP and SAP2000-SDP shows two identical

trusses in terms of their applied loads and geometrical properties. One of the trusses is

analyzed individually and the other truss is analyzed based on SDP. All of the truss

members based on SDP have higher CSI when compared with those based on CDP.

This is because the S-9 truss is a stiffer truss among adjacent trusses and attracts more

loads. The maximum CSJ in this truss occurred in a top chord member, which

increased from 0.622 (CDP) to 0.734 (SDP), i.e. by 18%. All three analysis methods

show the same member with the maximum CSI. The maximum percent increase

(42%) in CSI occurred in web member 12 where CSI increased from 0.20 1 (CDP) to

0.285 (SDP). Although the percent increase is 42%, the CSI value based on the SDP

is only 0.285, which is much lower than 1.00 (the upper limit in design), and this

increase is not critical in design. The average percent increase is 26% even though the

S-9 truss is a two-ply truss. The reason why the average percent increase in CSI is

only 26% is explained in Section 4.3.3.2.

The two major effects due to the stiffer-trusses found in this study are the

gable-end truss effect and two-ply truss effect. The CSI of a gable-end truss increases

an average of 26% (Table FlO in Appendix F), while the CSI of a two-ply truss (S-i

truss in L-shaped assembly) increases an average of 57% (Table G7 in Appendix G).

This is because the gable-end trusses are at the edge of the T-shaped assembly, and

attract load from only one side. On the other hand, two-ply trusses are usually



positioned between two one-ply trusses and they attract load from trusses on both

sides.

Based on this investigation, the stiffer-truss effect occurs in all three

assemblies. However, the CDP does not directly include this effect. The SDP, on the

other hand, recognizes the stiffer-truss effect, where they attract more loads. To

represent more realistic structural response of trusses in an assembly, the SDP should

be used in designing and analyzing truss assemblies.
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Table 4.19 CSI Comparison for S-9 Truss from Sub-Assembly C of Complex
Assembly Analyzed by VIEW (CDP) and SAP2000 (SDP)
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Member

CSI Values
Percent Increased
(+)/Decreased (-)

(%) between B
and C

VIEW (CDP)
with the 2-ft

tributary width
(A)

VIEW (CDP)
with the same

tributary loading
area assumed by

SDP(B)

SAP2000
(SDP)

(C)

0 0.856 0.622 0.734 18

1 0.39 0.285 0.343 20

2 0.273 0.2 0.253 27

0.352 0.255 0.316 24

0.17 0.127 0.149 17

0.03 0.023 0.028 22

6 0.202 0.137 0.179 31

7 0.232 0.16 0.194 21

8 0.224 0.154 0.182 18

9 0.131 0.091 0.112 23

10 0.039 0.03 0.038 27

11 0.16 0.107 0.142 33

12 0.303 0.20 1 0.285 42

13 0.218 0.145 0.179 23

14 0.017 0.012 0.015 25

15 0.152 0.101 0.136 35

16 0.203 0.135 0.172 27

17 0.13 0.086 0.112 30

18 0.084 0.056 0.072 29
19 0.23 0.153 0.199 30

20 0.078 0.052 0.063 21

21 0.259 0.17 0.214 26
22 0.122 0.081 0.098 21

Average Increase in CSI (%) 26



Figure 4.25 Individual S-9 Truss from Sub-Assembly C of Complex Assembly

4.3.4 Cs! reduction

Because of the "system effects" discussed earlier, the CSI obtained from the

SDP normally decrease when compared with those from the CDP. The reduction of

CSI for each assembly is discussed below.

4.3.4.1 T-Shaped Assembly

Table 4.20 shows a CSI summary for trusses in the T-shaped assembly (Figure

4.4) analyzed by the CDP and SDP, and Figure 4.4 shows the position of individual

trusses in the T-shaped assembly. The T-shaped assembly has 3 gable-end trusses.

The gable-end truss (GE) is stiffer and attracts more load than adjacent trusses. The

adjacent trusses, which are located next to the gable-end truss, attract less load,

resulting in lower CSI. T-1 trusses at locations 2, 25, and 36 in the T-shaped assembly

are located next to the gable end truss. The CSI values of the T-1 truss at locations 2

and 25 decrease from 0.971 (CDP) to 0.393 (SDP) by 60%, and the CSI of the T-1

truss at location 36 decreases from 0.971 (CDP) to 0.418 (SDP) by 57%. Although

the adjacent trusses are affected by the stiffer truss (i.e. gable-end trusses), trusses

located farther away from the stiffer truss are less affected. The T- 1 truss at location

37 is located farther away from the gable-end truss. Its CSI values decrease from

22
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* The range of the maximum CSI of trusses at each location and their percent
difference
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0.97 1 (CDP) to 0.905 by 7%. This shows that a truss (i.e. T-1 truss) located farther

away from a stiffer truss (i.e. gable-end truss) has only a slight decrease in CSI.

For the T-2 truss, which is not located near the gable-end trusses in this

assembly, the percent difference in CSI only ranges from -6% to +2%. This shows

that gable-end trusses do not affect how load is distributed among the T-2 trusses.

Another observation is made for the TG-1 truss. Its CSI decreases from 0.94 1

(CDP) to 0.847 (SDP) by 10%. This is because the TG-1 truss in the T-shaped

assembly is framed by other trusses (T-2) and the SDP assumes that the connecting

trusses (T-2) carry the load from the side where they connect. Only the load from one

side of the truss is applied to it and the tributary width is about 1 ft. Therefore, by

using the SDP, the load from tributary area decreases roughly 50% when compared

with that assumed by the CDP.

Table 4.20 CSI Summary for Trusses in T-shaped Assembly Analyzed by
VIEW (CDP) and SAP2000 (SDP)

No. Truss
Type

# of
Trusses

Max. CSI
from CDP

(B)

MaxCSI
from SDP

(C)

Percent
Difference (C-

B)xlOO/B
Increased (%)

1 T-1 17 0.971 0.3930.905* 60to_7*

2 T-2 16 0.977 0.9210.995* 6to+2*

3 TG-1 1 0.941 0.847 -10

4 GE 3 0.395 0.3650.427* -8 to +8*
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In summary, for the T-shaped assembly, maximum CSI values for most trusses

decrease by 6% to 60% but CSI for one T-2 truss increases. This increase is only 2%

in this assembly and the CSI is still below 1.00 but in some other assembly, even 2%

increase may bring the CSI over 1.00. This is exactly the condition not recognized by

the CDP. Hence, the SDP provides improved safety of truss assemblies through

advanced analysis.

4.3.4.2 L-Shaped Assembly

Table 4.21 shows the maximum CSI of trusses in the L-shaped assembly

analyzed by the CDP and SDP, and their percent differences. Their differences and

reasons are discussed below;

The girder trusses, which are supported by other trusses, have smaller tributary

areas as explained earlier. As a result, the girder trusses have lower amount of

applied load based on the SDP compared with those based on the CDP.

Therefore, the CSI values of girder trusses (HG8A, MHG-1, and TG-1) in the

assembly are lower than those based on the CDP. The maximum CSI values of

HG8A, MHG-1, and TG-1 trusses decrease from 0.954 (CDP) to 0.637 (SDP),

i.e. by 33%, from 0.972 (CDP) to 0.895 (SDP), i.e. by 8%, and from 0.996

(CDP) to 0.656 (SDP), i.e. by 34%, respectively.

2. The L-shaped assembly includes the hip system where trusses are framing into

girder trusses, which leads to smaller tributary areas for some trusses. In

Figure 4.7, the HJ- 10 truss in the hip system has no load due to its tributary

area. It is because the Corner Jack trusses carry the load for the Hip Jack truss

as aforementioned. The maximum CSI in HJ-10 reduces from 0.970 (CDP) to

0.364 (SDP), i.e. by 62%. The CSI values of all the members in the HJ-l0

truss decreases. In addition to the HJ-10 truss, I-TJ-il in the other hip system

also has a reduction in CSI. In Table 4.21, the CSI of the HJ-ll truss

decreases from 0.845 (CDP) to 0.559 (SDP), i.e. by 34%.
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Not only does the SDP assume smaller total applied load as in reality, some

included trusses may have higher applied load based on the SDP. In the L-

shaped assembly, the T-2 truss at location 1 is connected to the overhang of the

roof and it is assumed by the SDP to have a tributary area including the roof

overhang. However, the CDP does not account for this effect. From Table

4.21, the CSI of T-2 truss at location 1 increases from 0.971 (CDP) to 1.135

(SDP), i.e. by 17%. The CDP classifies the T-2 truss at location 1 as safe,

while the SDP shows that the truss does not pass the design criterion of CSI

1.00. This shows that the CDP does not account for the fact that there is a roof

overhang connecting to the truss on the edge of the roof.

As explained earlier, trusses located next to stiffer trusses have lower CSI

values when they are analyzed by the SDP. The CSI values of S-2 and MH-1

trusses located near the two-ply girder MHG-1 truss decrease from 0.977

(CDP) to 0.877 (SDP), i.e. by 10% and 0.901 (CDP) to 0.707 (SDP), i.e. by

22%, respectively. Another example is the EJ-8 truss, which is located next to

the hip system and has a lower CSI when analyzed by the SDP. In fact, the

CSI of EJ-8 truss decreases from 0.960 (CDP) to 0.72 1 (SDP) by 25%.

Moreover, when trusses are located farther away from stiffer trusses, their CSI

values based on the SDP do not change as much. The CSI values of S-3 and 5-

4 trusses located farther away from the MHG-1 truss change only by 2%.

Because of the location of EJ-7 truss (at location 32), load from Sub-assembly

A is transferred through the load-distributing element. Therefore, the CSI of

EJ-7 at this location increases from 0.697 (CDP) to 0.864, i.e., by 24%. This

shows that the modeling method also affects the structural behavior of the

assembly.

Trusses in an assembly model are connected by load-distributing elements.

Based on the SDP, under applied loading, the load is transferred among trusses

through load-distributing elements. Therefore, most trusses in the assembly

have lower member forces, resulting in lower CSI values. For example, T-1
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has a lower CSI when it is analyzed by SDP. Its CSI decreases from 0.977

(CDP) to 0.872 (SDP) by 11%.

In summary, for the L-shaped assembly, maximum CSI for most trusses

decrease by 10% to 62% but CSI for one of the T-2 trusses increases. The decrease in

CSI values for those trusses occurs because of the system effects, including reduced

applied load and stiffer truss effects. These 'system effects' are not observed by the

CDP. This decrease in maximum CSI values can possibly contribute to reduced use of

raw material.

In addition, the increase of maximum CSI value of the aforementioned T-2

truss is 17% and brings it over 1.00, i.e. 1.135. This situation makes this truss unsafe

in the assembly. This is not recognized by the CDP. Hence, the SDP provides

improved safety of truss assemblies through advanced analysis.

Table 4.21 CSI Summary for Trusses in L-shaped Assembly Analyzed by
VIEW (CDP) and SAP2000 (SDP)

No
________________________________________

Percent

Difference

(C-B)x 100/B

Increased (%)

liLt -11

17

3 S-i

Sr
::,

IL

::jlI
7 MH-1 1 0.901 0.707 -22
8 MHG-1 1 0.972 0.895 -8
9 TG-1 1 0.996 0.656 -34
10 1 -33
11 13 24
12 3 -25

H HJ-10 1

HJ- 11 2



4.3.4.3 Complex Assembly

CSI reduction also occurs in the complex assembly. The complex assembly is

composed of 5 sub-assemblies, A, B, C, D, and E. Each sub-assembly will be

discussed next. Table 4.22 shows the maximum CSI of selected trusses in sub-

assemblies A, B, C, D, and E of the complex assembly analyzed by the CDP and SDP,

and their percent differences. Only trusses which have large CSI reduction (more than

10%), are selected to show in Table 4.22. The remaining CSI values from the CDP

and SDP are shown in Appendix H

The girder trusses, which are supporting other trusses, have smaller tributary

area as explained earlier. Each sub-assembly has girder trusses. Because

girder trusses have smaller tributary area in the SDP, their CSI values decrease.

The CSI values of HG7A in sub-assembly A and HG8A trusses in sub-

assembly B decrease by 15% and 19%, respectively. The maximum percent

decrease in CSI of a girder truss occurs in the MHG-2 truss in sub-assembly E.

It is because the MHG-2 truss is supporting other trusses from both sides of the

truss as explained in Section 4.3.1.2. Its CSI decreases from 0.994 (CDP) to

0.72 1 (SDP), i.e. by 27%. Moreover, the same also occurs in the SG-1 truss of

sub-assembly A.

Because some trusses in the complex assembly are spaced less than 2 feet,

their tributary area is smaller than those assumed by the CDP. Their CSI

values decrease when analyzed by the SDP. This effect occurs in SG-1 in sub-

assembly A, S-9 and S-b truss in sub-assembly C, and EJ-5- 1 (without

overhang), EJ-5-2 (with overhang), CJ-4-1 (without overhang), and CJ-4-2

(with overhang) trusses in sub-assembly E. The CSI values of SG-1, S-9 and

S-b, EJ-5-1, EJ-5-2, CJ-4-1, and CJ-4-2 decrease by 24%, 14%, 43%, 36%,

35%, 31%, and 39%, respectively.

Hip systems are present in all five sub-assemblies. As explained earlier in

Section 4.3.1.1, the Hip Jack (HJ) trusses in hip systems have no applied load
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due to tributary area. All HJ trusses in the complex assembly have lower CSI

when they are analyzed based on the SDP. Their CSI values decrease from

24% to 58%. The maximum percent decrease occurred in the HJ-7 truss in

sub-assembly E is 58%, the CSI of which decreases from 0.937 (CDP) to 0.394

(SDP).

4. Another case of CSI reduction is that a truss that is located next to a stiffer

truss (i.e. two-ply girder truss) attracting higher load, is less stiff and attracts

less load, resulting in a lower CSI. This effect occurs in H9A, S-9, and S-10

trusses in sub-assembly A, H1OA, H12A, S-2, S-3, S-6, and S-7 in sub-

assembly B, MH-1, S-6, S-7, and S-8 in sub-assembly C, H1OA in sub-

assembly D. The percent decrease in maximum CSI ranges from 4% to 30%.

The maximum percent decrease in maximum CSI occurs in the MH-1 truss in

sub-assembly C, 0.880 (CDP) to 0.6 16 (SDP) by 30%.

In summary, for the complex assembly, the maximum CSI for all trusses

decreases by 13% to 58%. In this case, it shows that the 'system effects,' not

recognized by CDP, provide advantages to truss assemblies by decreasing maximum

CSI values. For most trusses in this assembly, it is possible to save raw material by

either using lower grade material or providing higher spacing between trusses.

The analysis of three actual truss assemblies using the SDP, instead of the

CDP, has the following overall benefits: (1) improved truss system design by

including system behavior directly, (2) increase safety through improved analysis, and

(3) potential construction cost reduction.



Table 4.22 Maximum CSI of Trusses in Complex Assembly
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N Truss
Type

Sub-
Assembly

Number
0

Trusses

Maximum
Cs! value

from
Individual

Truss
analyzed

using VIEW
(B)

Max.
CS!

value
from
using

SAP (C)

Percent
Difference

(C-B)x100/B
Increased(+)
IDecreased

(-) (%)

Discussed in
Section

1 HG7A A 1 0.99 0.844 -15 4.3.4.3 (1)
2 HG8A B 1 0.961 0.776 -19 4.3.4.3 (1)
3 H9A A 1 0.478 0.456 -5 4.3.4.3 (4)
4 MHG2 E 1 0.994 0.72 1 -27 4.3.4.3 (1)
5 SG-1 A 1 0.964 0.731 -24 4.3.4.3 (1)&(2)
6 S-9 C 1 0.856 0.734 -14 4.3.4.3 (2)
7 S-10 C 1 0.894 0.514 -43 4.3.4.3 (2)
8 EJ5-1 E 2 0.455 0.289 -36 4.3.4.3 (2)
9 EJ5-2 E 1 0.45 1 0.294 -35 4.3.4.3 (2)
10 CJ4-1 E 1 0.267 0.185 -31 4.3.4.3 (2)
11 CJ4-2 E 1 0.41 0.249 -39 4.3.4.3 (2)
12 HJ-10 A 2 1 0.638 -36 4.3.4.3 (3)
13 HJ-1 1 B 2 0.85 0.573 -33 4.3.4.3 (3)
14 HJ-10 C 1 1 0.621 -38 4.3.4.3 (3)
15 HJ-10 D 2 0.85 0.648 -24 4.3.4.3 (3)
16 HJ7 E 1 0.937 0.394 -58 4.3.4.3 (3)
17 S-3 B 1 0.929 0.79 -15 4.3.4.3 (4)
18 MH-1 C 1 0.88 0.616 -30 4.3.4.3 (4)
19 S-6 C 1 0.892 0.774 -13 4.3.4.3 (4)
20 S-7 C 1 0.819 0.667 -19 4.3.4.3 (4)
21 H1OA D 1 0.496 0.421 -15 4.3.4.3 (4)



CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS

Based on the SDP for 3D roof truss assemblies, the results show that there are

system effects that are not accounted for by the CDP, but that could be directly

included by analyzing 3-D assembly models. The system effects observed by the SDP

are as follows:

There are differences between total applied loads assumed by the CDP and by

the SDP. This is because the CDP assumes that all trusses in an assembly have

the same spacing (i.e. 2 ft. o.c.) leading to the same tributary width. The SDP,

on the other hand, considers the actual tributary area among trusses in an

assembly, resulting in more realistic applied load. This difference often leads

to lower total applied load of trusses in an assembly. For example, in the

complex assembly model, the total applied load assumed by the CDP was

154900 pounds (assuming 2-ft on center spacing for every truss in the

assembly) while the total load based on the SDP was only 141600 pounds

(based on the actual tributary loading area in the assembly). The difference in

total applied load is not recognized by the CDP.

Based on the CDP, there would be a displacement incompatibility for trusses

supported by other trusses, but in the SDP, there is displacement compatibility

throughout the system. While the CDP shows no deflection at the supports of

trusses supported by a girder truss, the SDP shows that the same support

deflects the same amount as the girder truss at that point. This is because the

CDP always assumes that all trusses in the assembly are supported by walls.

However, in real truss assemblies, some trusses may not be supported by walls.

They are supported by other trusses, which are more flexible than those being

supported by walls. The deflection at the ends of trusses supported by more

flexible support (i.e. other trusses) usually increases when compared with those

supported by stiffer supports (i.e. a wall). In the case of trusses supported by
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other trusses, the deflections obtained by the SDP are higher than those from

the CDP.

In this study, the results also support the well-known fact that stiffer trusses

attract more loads in the assembly models, which results in an increase in CSI

values. The stiffer trusses consist of gable-end trusses in the T-shaped

assembly model, and 2-ply trusses and the hip system in both the L-shaped and

in complex assembly models. For example, in the L-shaped assembly, the

maximum increase in CSI values for the 2-ply S-i truss is 88% (Table 4.17).

Its maximum CSI increases from 0.89 1 (CDP) to 0.988 (SDP), i.e. 11% (Table

4.21). Because stiffer trusses attract more load, their adjacent trusses attract

less loads when compared with single trusses analyzed individually, which

leads to a reduction in CSI values. For example, the CSI of the MH-1 truss in

an L-shaped assembly decreases from 0.901 (CDP) to 0.707 (SDP), i.e. 22%.

This stiffer-truss effect occurs in all three assemblies.

CSI values based on the SDP are generally less than the CSI based on the

CDP. CSI values reduced from 6% to 60% in the T-shaped assembly, from

2% to 62% in the L-shaped assembly, and from 5% to 58% in the complex

assembly.

However, in some cases, the CSI values may increase. For example, in the L-

shaped assembly, the CS! of the T-2 truss at location I increases from 0.971

(CDP) to 1.135 (SDP), i.e., by 17%. This increase in CSI is caused by the

tributary area from the roof overhang, which was not included by the CDP. It

shows that the SDP provides more realistic structural responses with better

analysis.
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Based on this research study, there is an opportunity to improve the roof truss

assembly model and to capture more realistic results for complex 3-D roof truss

assemblies used in the housing industry. Recommendations for future research studies

are as follows:

Because the location of sheathing beams affects how loads are distributed

among trusses in assemblies, further study should be conducted to determine a

suitable way to represent the sheathing panels. For example, instead of using

beam elements, plate elements could be introduced to represent roof-sheathing

panels.

To capture the structural behavior of a real complex roof assembly, further

research studies should be conducted by testing a full-scale roof truss

assembly. Although this technique requires a large budget, it is the best way to

observe the structural behavior of such a complex structural system.
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