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Measured Field Test Data

J.R. Hayes, Jr.; W.J. Hall; S.L. Paul
‘US Army Construction Engineering Lab., Champaign, IL,USA

The Israeli Defense Forces (IDF) conducted a series of full-
scale high explosive tests, in which two complete reinforced
concrete structures were subjected to zirblasts from the above-
ground detonations of bare explosive charges that simulated general
purpose bomb detonations in the medium to far field. In a
cooperative research effort, the Israeli Air Force (IAF) and US Air
Force Engineering and Services Center (AFESC) initiated a project
to anlayze the test data, with emphasis on exposed wall
acceleration-time histories, and use of the actual wall motion
histories to validate several available structural response models
that have been developed for wuse in designing protective

structures.

This paper reports on the efforts of the University of
Illinois Civil Engineering Department and the US Army Construction
Engineering Research Laboratory (USACERL), in support of AFESC, to
compare wall motions. predicted by finite element models with
observed wall motions in the actual field tests, and with motions
predicted by established single-degree-of~freedom (SDOF) analysis
procedures. The objective was to determine the relative merits of
performing structural analyses using the more sophisticated finite
element modelling technique, versus simplified SDOF models that are

available.

Accelerometers were located on the "inner" faces of the field
test wall sections at several key points for response measurements.
The paper will compare motion histories of the walls that were
derived from integrating the accelerometer data with the finite
element models and summaries of the SDOF model results.

The commercially available program ADINA is being used for the
finite element analyses. The ADINA program is noted for its
nonlinear and dynamic analysis capabilities; it is currently being
used at several US Department of Defense organizations and thus is
a program of choice. Different material and element modelling
techniques will be covered in the paper.

The paper will report the results of these finite element
analyses and compare them with both the observed data and the SDOF
mcdels, to provide analysts and designers with assistance in
- determining the most appropriate method to use in modelling
reinforced concrete box structures subjected to airblast effects in
the mid to far field.
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ABSTRACT

Modern warfare grants no safe haven. A few years ago an airbase well
behind the front 1ine was considered immune from the threat of death and
destruction characterizing an infantry battiefield. Now there is no front
1ine, and the lethality of the battlefield threatens every major overseas
airbase. This is because the range, accuracy, and destructive power of
modern weapons pose the same threat to an airbase command post as to a tank.
That situation mandates that Air Force civil engineers anticipate the
nature, extent, and mission capability consequences of facility damage, and
develop strategies to recover from it.

To meet this threat, the United States Air Force Engineering and
Services Center at Tyndall AFB, FL is developing a computer-based, expert
system-assisted, postattack facility damage assessment system for airbases,
and expedient repair methods for bomb-damaged, mission-critical structural
facilities. Taken together, facility damage assessment and expedient repair
are called facility recovery.

BACKGROUND

In 1985 at Spangdahlem AB, FRG the NATO airbase survivability exercise
SALTY DEMO dramatically underscored the need for reliable postattack com-
munications and a facility recovery plan. The Air Base Operability (ABO)
concept evolved from SALTY DEMO. Its five phases are defense, survival,
recovery, aircraft sortie generation, and sortie support. This article
deals with the recovery phase of ABO, called Base Recovery After Attack
(BRAAT), and specifically with rapid assessment of damage to mission-
critical structural facilities, and expedient repair of those facilities,
using preplanned methods and prepositioned resources.

Expert Systems

In general, expert systems are computerized databases consisting of
specialized knowledge, combined with decision 1logic based on rules
(heuristic, or rule of thumb, and exact), which can be accessed through
a user-friendly interface. Figure 1 shows the basic concept of an expert
system. The inference engine shown in the figure is a set of logical rules
used to apply the knowledge base. An example of an expert system is an
automobile trouble-shooting system, which diagnoses breakdowns and suggests
repair methods.




-5-

Expert System Design For Airbase Postattack Facility Damage Assessment

The computerized expeft system POST-DAM will assess damage to struc-
tural facilities. Its major features are:

: (1) Uses the C Language Integrated Production System (CLIPS), deve-
loped by NASA's Mission Planning and Support D1v1s1on at the Lyndon B.
Johnson Space Center.

(2) POST-DAM will operate on a personal computer without requiring
extensive memory or storage.

(3) The POST-DAM system will be located in the Base Civil Engineer
Damage Control Center (DCC), with damage assessment teams (DATs) in the
field observing damage and feeding information into POST-DAM through a two-
way digital burst communication system which is part of the Survivable BRAAT
Communication System (SBCS). ' '

(4) POST-DAM will use information from a DAT to assess a structure's
condition, and, if the damage is not too severe, will recommend expedient
repair procedures ‘consistent with avaitable materials, equipment, personne]
and repair time. .

: Faci]ity Damage Assessment

The first step in airbase facility recovery is damage assessment, as
shown in Figure 2. Initial estimates of mission-critical facility damage
are obtained from observations reported to the DCC by personnel assigned to
those facilities. Next, a more detailed damage assessment is accomplished
by dispatching DATs to those mission-critical facilities known to have been
damaged. By using two-way digital burst transmitters, the DATs can
communicate with the DCC.

The next step is for DCC personnel to evaluate the information from the
DATs. The evaluation begins with a basic decision: whether to accomplish
expedient repair. Three factors are considered: mission impact, degree of
damage, and resource availability. Table 1 shows the expedient repair
decision 1logic. Expedient repair of structural facilities (ERSF) is
attempted only if the damage has caused significant mission impact, is of
moderate degree, and repair resources are available.

At this point, the expert system POST-DAM is employed to assist the
assessment. POST-DAM is a personal. computer database .program of antici-
pated, expediently repairable damage modes, and the results of a continuing
real  time inventory of available repair resources. Expedient repair
estimates include the repair strategy and the required 1abor, materials, and
equipment.  The field assessment data is fed into the POST-DAM survivabie
personnel computer, ~and POST-DAM returns feasible expedient repair
strategies. These are prioritized, and transmitted to the Base Commander in
the SRC, who makes the final decision on whether and how to accomp11sh expe-

dient repair.

Facility Expedient Repair

The key to rapid postattack facility recovery is to have thought
through the process beforehand, and thus be prepared for all reasonably
1ikely expediently repairable damage modes for each mission-critical
structural facility. This means = knowing what expedient repair method will
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be used for each damage mode, having sufficient material, equipment, and
skilled personnel on hand to execute the repairs, and constantly training
repair personnel to maintain proficiency. Expedient repair must be
accomplished in 3-4 hours, so the methods must be quick and simple. Table 2
shows criterfa used to screen possible expedient repair methods, prior to
evaluating the most promising candidate methods in greater detail. Table 3
shows the detailed numerical method used to rank candidate methods for each

damage mode. Each criterion, for each category, was scored between 1 (poor)

and 5 (excellent), A total score of 38,5 was the highest possible. Table 4

summarizes expedient repair methods evaluated for the most likely, expe-
diently repairable damage modes for mission-critical airbase structures.
The repair methods are listed in order of merit for each damage mode, and
are described in detail in Reference 1.

Summary

The connection between the facility damage assessment program,
POST-DAM, and the expedient repair methods being developed is that the
expedient repair methods for all anticipated damage modes, plus the resour-
ces, personnel, and time to execute them, will be stored in POST-DAM. This
minimizes facility recovery time, by doing everything possible beforehand.
The repair process itself is also shortened, because everyone involved knows
what to do, and how to do it as efficiently as possible. This is the
essence of military readiness.
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TABLE 1. EXPEDIENT REPAIR OF STRUCTURAL FACILITIES (ERSF)
DECISION LOGIC.

DEGREE OF DAMAGE

‘MISSION IMPACT Moderate Major
Insignificant do nothing do nothing
repair if
Significant resources abandon
available;
otherwise abandon

TABLE 2. EXPEDIENT REPAIR SYSTEM SCREENING CRITERIA.

Operational Structural
simplicity strength
versatility stiffness
speed toughness
pot life durability
number of components protection
environmental limitations airtightness
bulk

weight Logistic

special equipment
skill requirements
training

manpower

safety

environmental reaction

no hazardous waste

availability
peacetime use
storage life
cost
reliability

maintainability




TABLE 3. EVALUATION MATRIX FOR COLUMN REPLACEMENT ERSF SYSTEMS.

—

Scores For Candidate ERSF Systems

Category

Criterion

Glulam Column

Shoring Jack

Operational

Weight Factor
0.40

Manpower

F-3

Safety

Simplicity

Versatility

Skill Requirements

Heavy Equipment

Environmental Range|

# Of Components

Special Equipment

Redundancy

Transportability

Category Score -

Weighted Score

o

N

Structural

Weight Factor|-

0.30

-Strength

Durability “;:

&l PRlolnlalsloslsloiwiw

Blast Resistance

|
|
i
i

wiw PAlno|s|lajoio|o|o|s|s|o

Fragment Resistance

Airtightness

Category Score.

Weighted Score-

Logistic ,

Weight Factor

0.30

Storage Life

Cost

Reliability

Maintainability

Peacetime Use

Availability

Category Score

Weighted Score

6.9

Total Score

29.5 (77%)
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TABLE 4. SUMMARY OF ERSF SYSTEMS VERSUS DAMAGE MODES.

STRUCTURAL DAMAGE MODE

DAMAGED STEEL FRAMED STRUCTURE

DESTROYED CONCRETE COLUMN

CRACKED CONCRETE COLUMN

EVALUATED ERSF SYSTEMS

CUTTING AND WELDING

INSERT SHORING JACK
INSERT GLULAM TIMBER COLUMN

INSTALL COLUMN SPLINT

—

2

1
2
3
4
5

1
2

—

R

USE VERTICAL SHORING
- GLULAM COLUMN
- SHORING JACK

INSTALL KING POST
ATTACH PLYWOOD PATCH
PLACE EARTH BERM COVER
PLACE PRECAST SLAB COVER
SHOTCRETE REPAIR

MASONRY BLOCK REPAIR
ATTACH PLYWOOD PATCH
PLACE EARTH BERM COVER
PLACE PRECAST SLAB COVER
SHOTCRETE REPAIR

MASONRY BLOCK REPAIR

FLOOR/ROOF BREACH

SYSTEMS FOR SEALING STAIRS
ACCESSING DAMAGED BUILDING -

STORY

SYSTEM

DAMAGED TLAST DOOR

~ AIRCRAFT SHELTER BLAST DOOR

) :
-

~—

1
2
3
4

1

=

ATTACH PLYNOOD PATCH
RAPID SET CONCRETE REPAIR
SHOTCRETE REPAIR

PLYWOOD PATCH

SHOTCRETE REPAI

REPLACE DAMAGED DOOR
INSERT THIRD DOOR
SEAL DOOR WITH SHOTCRETE

PRY OPEN DOCR

1)COVER WITH PLASTIC SHEETING

?)

COVER WITH ACRYLIC PANELS

RUPTURED AIRCRAFT SHELTER
FLOOR SLAB

1
2)

3)

INSTALL RAMP WITH AM2 MATTING
INSTALL RAMP WITH RAPID SET
CONCRETE

INSTALL RAMP WITH SHOTCRETE
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Comparison of Microcomputer Structural Response Models
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S.L. Paul, J.D. Haltiwanger, D. Grossman,
J.B. Gambill, J.R. Hayes, Jr.

5S Army {onstruction Engineering Lab., Champaign. It, US4
The Israeli Defense Forces (IDF) conducted a series of full-
scale high explosive tests, in which two complete reinforced
concrete structures were subjected to airblasts from the above-
ground detonations of bare explosive charges that simulated general
purpose bomb detonations in the medium to far field. In a
cooperative research effort, the Israeli Air Force (IAF) and US Air
Force Engineering and Services Center (AFESC) initiated a project
to analyze the test data, with emphasis on exposed wall
acceleration-time histories and the use of actual wall motion
histories to validate several available structural response models
that have been developed .for use in designing protective

- structures. ‘ y

. This paper reports on the efforts of the University of
Illinois Civil Engineering Department, the US Army Construction
Engineering Research Laboratory (USACERL), and the IAF, in support
of AFESC, to reduce the field test data and subsequently, to
compare the observed wall motions with motions predicted by
established analysis procedures.

Accelerometers were located on the "inner"™ faces of the test
wall sections at several key points for response measurements. The,
paper will briefly describe the reduction of the accelerometer data
and its integration to obtain velocity and displacement histories.

Motion histories were "back-predicted" using several available
analytical techniques that use single-degree-of-freedom (SDOF)
" structural models. First, motions were predicted using the
standard procedures found in US Army TM 5-855-1, "Fundamentals cf
Protective Design for Conventional Weapons," and ESL-TR-87-57,
"protective Construction Design Manual." Next, motions were
predicted using the microcomputer program "SASDE," which was
developed at the University of Minnesota for AFESC. Finally, the
motions were predicted using the computer program "REICON,"
developed at the University of Florida for the US Air Force
Armament Laboratory. , ' ' ‘

The paper will compare the wall responses to the observed
loading environments in these full-scale tests, as determined by
each of the several analytical procedures identified above, with
the measured test data, and will discuss the relative merits of
each analytical method when applied to this type of problem.  These
comparative studies should enable analysts and designers to use
these analytical methods in a more informed and effective manner.
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FULL-SCALE BLAST TEST OF A REINFORCED SOIL BUNKER

Captain Richard A. Reid, PE

HQ AFESC/RDCS Tyndall AFB, Florida 32403-6001

Abstract

United States military forces have typically conducted warfighting
operations jJrom a network of main and satellite operating bases. However,
US participation in regional conflicts outside the sphere of influence of
existing US bases requires the rapid buildup of a warfighting airbase,
typically called a "bare base". The expedient nature of these bases
necessitates the use of temporary construction methods: tents, wood frame
structures, or lightweight metal buildings. Although functional, these
structures provide little protection from blast overpressure or small arms
fire. Structural hardening can be beyond the capabilities of the
logistical trail and engineering forces. Reinforced soil systems may
provide a means for rapid construction of protective shelters.

The response of a full-scale, conventionally reinforced soil shelter
to a variety of conventional blast loadings has been evaluated. The test
was instrumented to record the soil/wall interface pressures, interior
wall/roof/f oor accelerations, strain in the soil reinforcing strips, and
free field hlast pressures. Displacement of the structure was recorded
through integration of the recorded accelerations, and permanent
displacements were recorded via a survey. This paper will discuss the
various elerents of this test program.

Introductio.

Conventional reinforced concrete protective structures are currently
used by the United States Air Force to shelter aircraft, munitions, command
and control facilities and other critical warfighting functions from
conventional weapons attack. The advantages of reinforced concrete as a
construction material include its ability to be designed to a specific
strength, ahility to be placed in any size or shape, and well known blast
response characteristics. Some disadvantages to reinforced concrete
include its high cost, long construction time, reliance on large amounts of
quality construction materials, and the need for skilled labor. Therefore,
reinforced -oncrete is not well suited for use where modern construction
techniques and support are not available, or when expedient construction is
required. DBecause of these disadvantages, an alternative to reinforced
concrete construction was investigated.

As part of a joint effort between Terre Armee LTD, the Israeli Air
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Force, and the United States Air Forcr Engineering and Services
Center(AFESC), a reinforced soil structure was built and tested with
conventional weapons. This paper discusses the test program, including
what reinforced soil is, the construction process, test program, and
conclusions. It explains how this innovative construction technique
provides an alternative to reinforced concrete construction.

Reinforced Soil

The reinforcement of soil is analogous to the reinforcement of
Portland cement concrete. Both soil and concrete are weak in tension, but
strong in compression. To exploit on their strengths, and minimize their
weaknesses, each is made into a composite material by adding
reinforcement. This reinforcement gives the soil or concrete higher
tensile strength without adversely affecting compressive strength.
Therefore, the reinforcement of soil can be defined as the "inclusion of
resistant elements in a soil'mass to improve its mechanical properties"
(Mitchell and Villet, 1987). The reinforcements used in soil may be
synthetic materials, steel, or natural fibers. Since the test structure
was built by Terre Armee LTD of Tel Aviv, the patented Reinforced Earth
wall system was used. This particular system uses steel strips for
reinforcement.

Comparison with Reinforced Concrete

The investigation of reinforced soil systems for protective
structures is of interest because it has many advantages when compared to
reinforced concrete. First of all, a structure built of reinforced soil is
mostly made from soil.

In many cases, the soil indigenous to the construction site is
adequate for use in the structure. This eliminates hauling of large
quantities of materials to the job site. -Secondly, this process requires
little skilled labor. Reinforced soil walls are built primarily by
unskilled laborers and a foreman, using only a front-end loader and a
roller. Although detailed cost comparisons between reinforced soil and
reinforced concrete structures have not been performed, conservative
estimates show reinforced soil to be 30% less costly then a reinforced
concrete structure. The reinforced soil structure can also be built much
faster then a reinforced concrete structure. Reinforced soil requires no
formwork, rebar placement, or long curing time. Use of a precast roof and
floor, as opposed to the cast-in-place roof and floor used in this test,
would further reduce both cost and construction time. Finally, reinforced
soil is a mobile system. Innovative uses of this construction technique
will permit its rapid deployment worldwide. )

The design and construction of this Reinforced Earth structure
generally followed the standard design procedure for static loading.
Initially, lightly reinforced concrete was poured at the test site. to
provide a floor for the structure and a level bearing surface for the first
course of concrete panels. The first course of concrete panels was placed
on the foundation, and backfill placed and compacted up to the first level
of reinforcement. The first layer of steel strip reinforcement was placed
on the backfill and bolted to special anchors embedded in the concrete
panels. The reinforcing strips were approximately 4 centimeters wide, 0.5
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Figure . 7Test Structure - Section. From /2/.

Figure 2. Test Structure — Plan. From /2/.
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centimeters thick, and 4 meters long. The second course of concrete panels
was placed, and backfill compacted up to the next level of reinforcement.
The reinforcing strips were installed, and the entire process repeateduntil
the wall had achieved its desired height. Once ail panels were in place,
forms were built for the cast in place reinforced concrete roof. Once the
roof had been placed and cured, a layer of soil was placed over it.

Test Program

The primary objective of the explosive test was to determine whether
a Terre Armee shelter would survive the effects of an explosion in an
adjacent munitions storage bunker. Assuming the structure would survive,
five subsequent tests were planned. In these tests, weapons were to be
detonated in the backfill of the test structure at varying distances from
i{ts interior walls. A final test was the detonation of a number of weapons
inside the test shelter. Because of security requirements, the exact
number, sizes and locations of the weapons cannot be discussed in this
article. o

Instrumentation

In order to maximize the benefit of this test to the scientific
community, detailed test instrumentation was used to measure the response
of the structure to conventional weapon effects.

A total of five different gage types were used to measure data during
this test. Soil interface gages were installed between the concrete wall
panels and backfill soil, to determine the blast pressure on the panels at
selected locations. Free field soil pressure gages were placed in the
soil, to measure the blast pressure in the soil. Air blast pressure gages
.were used on the surface burst tests to measure blast pressure near the
point of detonation and inside the shelter. Accelerometers were placed on
the same wall panels that had soil interface pressure gages. Finally,
strain gages were installed on selected reinforcing strips. These gages
were connected to a 32 channel Pacific Instruments portable data
acquisition system having a maximum sampling rate of 1,000,000 samples per
second. High speed cameras were also used both inside and outside the
shelter, to provide detailed video documentation of the test.

Results

The author is prevented by security requirements"from discussing the
size and placement of weapons used in this test. Therefore, the measured
pressures, accelerations, and deflections are not presented here, because
they would mean little without the associated weapon information. In ’
general terms, the response of this structure to some very large and some
very close detonations was impressive. Blasts beyond the reinforced soil -
berm had no noticeable effect on the structure. Detonations in